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FOREWORD

In view of the proliferation concerns caused by the use of highly
enriched uranium (HEU) and in anticipation that the supply of HEU to research
and test reactors will be more restricted in the future, this guidebook has
been prepared to assist research reactor operators in addressing the safety
and licensing issues for conversion of their reactor cores from the use of HEU
fuel to the use of low enriched uranium (LEU) fuel.

Two previous guidebooks on research reactor core conversion have been
published by the IAEA. The first guidebook (IAEA-TECDOC-233) addressed
feasibility studies and fuel development potential for light-water-moderated
research reactors and the second guidebook (IAEA-TECDOC-324) addressed these
topics for heavy-water-moderated research reactors. This guidebook, in five
volumes, addresses the effects of changes in the safety-related parameters of
mixed cores and the converted core. It provides an information base which
should enable the appropriate approvals processes for implementation of a
specific conversion proposal, whether for a light or for a heavy water
moderated research reactor, to be greatly facilitated.

This guidebook has been prepared at a number of Technical Committee
Meetings and Consultants Meetings and coordinated by the Physics Section of
the International Atomic Energy Agency, with contributions volunteered by
different organizations. The IAEA is grateful for these contributions and
thanks the experts from the various organizations for preparing the detailed
investigations and for evaluating and summarizing the results.
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PREFACE

Volume 4 consists of detailed Appendices I - K, which contain useful
information on the properties, irradiation testing, and specifications and
inspection procedures for fuels with reduced uranium enrichments.
Summaries of these appendices can be found in Chapters 9 - 11 of Volume 1
(SUMMARY) of this guidebook.

Appendix I contains information on the properties of aluminide, oxide,
and suicide dispersion fuel materials, cladding and structural materials,
corrosion resistance of aluminum alloy claddings, exothermic reactions, and
structural stability of MTR fuel elements. Descriptions are also provided
on the design, development, and qualification of LEU(8%) "Caramel" fuel and
on the development, testing, and general specifications of uranium-
zirconium hydride TRIGA-LEU fuel.

Appendix J summarizes requirements on the reliability of LEU fuel from
the point of view of a reactor operator and outlines the philosophy and
procedures that were utilized by the U.S. RERTR Program for non-destructive
and destructive PIE of miniplates and full-size elements. Extensive data
are provided on the irradiation and post-irradiation examination of HEU and
LEU dispersion fuels with high uranium density (> 1.7 g/crrr^). Data
includes burnup results, swelling and blister threshold temperature
behavior, results of metallographic examinations, and fission product
release behavior.

Appendix K discusses standardization of specifications and inspection
procedures for LEU plate-type fuels. Detailed examples of fuel
specifications and inspection procedures are provided for several fuel
element geometries and fuel types. Methodology for determination of
cladding thickness is also described.

The topics which are addressed in Volume 4, the appendices in which
detailed information can be found, and the summary chapters of Volume 1 are
listed below.

VOLUME 1
VOLUME 4 SUMMARY

Topic APPENDIX Chapter

Fuel Materials Data I 9
Irradiation and Post-Irradiation Examination (PIE)
of Dispersion Fuels with High Uranium Density J 10

Examples of Fuel Specifications and Inspection
Procedures K 11
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Appendix I
FUEL MATERIALS DATA

Abstract

Information is provided on the properties of aluminide,
oxide, and suicide dispersion fuel materials, cladding and
structural materials, corrosion resistance of aluminum alloy
claddings, exothermic reactions, and structural stability of
MTR fuel elements.

Descriptions are also provided on the design, development,
and qualification of LEU(8%) "Caramel" fuel with emphasis on
the OSIRIS experience of core conversion and on the
development, testing, and general specifications of uranium-
zirconium hydride TRIGA-LEU fuel with up to 45 wt-% U.



Appendix 1-1
PROPERTIES OF FUEL MEAT MATERIALS

Appendix 1-1.1

SELECTED THERMAL PROPERTIES AND URANIUM
DENSITY RELATIONS FOR ALLOY, ALUMINIDE,
OXIDE, AND SILICIDE FUELS

I.E. MATOS, J.L. SNELGROVE
RERTR Program,
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract
This appendix presents data on the specific heat, thermal

conductivity, and other properties of fuel meat materials commonly used,
or considered for use, in research and test reactors. Also included are
formulae relating the density of uranium in the fuel meat with the weight
fraction of uranium and the volume fraction of the dispersed phase.

1.0 URANIUM DENSITY RELATIONS

In general, the density and weight fraction of uranium in fuel meat
composed of aluminum, a dispersed phase, and voids can be written as:

Pu (1 - P) Pu/P.Al

PAI
- a W0 (1 - P) + a (1)

where

wu"
l ^
PD

(2)

P = Porosity = Volume of Voids
Volume of Solids + Volume of Voids

= Weight Fraction of Uranium in the Fuel Meat

W = Weight Fraction of Uranium in the Dispersed Phase

pA1 = Density of Aluminum =2.7

D = Density of the Dispersed Phase
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A useful formula in relating the terminology used by physicists and
the terminology used by fuel fabricators is the relationship between the

Duranium density in the fuel meat and the volume fraction (Vf) of the
dispersed phase:

Pu = wu (3)

The derivation of these formulae is given below.

Fuel meat Al
D = Dispersed Phase

v = Void

Al = Aluminum Matrix

Volume Balance for Fuel Meat: Vm = VD + VAI + Vv

Divide by M_ (mass of meat) : —— = —— + —— + —-
™ Mm "m "m "m

Substitute :
VD VD MD WD.

MD "m

VA1 VA1 MA1 W'AI
"m MA1

1 - WD ÏY. _ Xz. X™ _ -L
and ^ ' Vffl ^ - pff

to obtain:

I - P - Wr

PD PAI +~ - «D (~PAI PAI PD

Substitute: = —— —— = WU Pm and WU = WU WDm

to obtain:

Solve for

Also:

(l - P) W,
- WT

PAI
i / i

Pu = (i - P) wu

PAI

i "
PD

- a WT
PAI

= a

which is Eq. (1)

ÜLL = ÎÎLL ÎÎ2. Ï2. = W
D

Vm MD VD Vm ~ "U
v which is Eq.(3)

14
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Fig. 1. AI-U Aluminum-Uranium

2 . 0 THE URANIUM-ALUMINUM SYSTEM

The uranium-aluminum system-'- (Fig. 1) contains three compounds -
UA13, and UA14 - which are formed during cooling down from the molten2state. Some properties^ of these compounds are listed in Table 1:

Table 1. Some Properties of Uranium-Aluminum Compounds

Compound

UA12

UA13

UA14*

Density,
3/CHr

8.1

6.8

6.1 (Theoretical)
5.7 ± 0.3 (Measured3)

HUD

0.813
0.744

0.685
0.640

Melting
EûiûL, °C

1590

1350

730

*The compound UA14 has a defect structure^ in which some of the
uranium sites are unoccupied. The compound corresponds stoi-
chiometrically to UAl4.g (also referred to as UQ gAl4).

Since UA12 and UA13 react with an excess of aluminum at moderate
temperatures to form UAl^, the relative amounts of these compounds that
are present in the fuel meat of a finished plate or tube is a function of
the wt-% of the uranium and the fabrication processes and heat treatments
that are utilized.
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3 . 0 URANIUM-ALUMINUM ALLOY FUEL

For uranium-aluminum alloy fuel with less than ~25 wt-% U, the alloy
is mostly aluminum and UA14. Above ~25 wt-% U, a considerable amount of
meta- stable UA13 may be present. The amount of retained metastable UA13
increases with increasing uranium content and with increasing impurity
content. If it is advantageous, the brittle UA14 phase can be
suppressed^ in favor of the more ductile UAl3 phase through the use of
ternary additions such as silicon.

3.1 Uranium Density Relations for U-Al Alloy Fuel
The densities of UAlß and UA14, the corresponding weight fractions of

uranium in each compound, and the value of the parameter a in Eq. (2)
are:

Uranium
Compound

UA13

UA14

Density,
a/cm
6.8
5.7 ± 0.3

ÏÏUD

0.744

0.640

a.
0.300

0.305

The relationships between the uranium density and the weight fraction
of uranium in the fuel meat, and between the uranium density and the
volume fraction of the uranium compound are:

(1 - P) Wu _ 0.370 pu
P" - 0.370 - a Wu W" - (1 _ P) + a pu

PU = 5.1 VfUA13 pu = 3.7 VfUA14

3.2 Specific Heat of U-Al Alloy Fuel

The specific heat of U-Al alloy fuel meat depends on the relative
amounts of its constituents and their respective specific heats. The
specific heat of "pure" aluminum is given by:5

Cp,Al = 0.892 + 0.00046 T J/g K, T in °C (4)

Measured specific heats for pure uranium-aluminum compounds such as
UAl3 and UA14 are not available. The best data available are calculated^
from specific heat data for uranium and aluminum employing Kopp's law"
and values of excess heat capacity. The data presented in Ref. 6 yield
the following specific heats for UA13 and UA14 :

Cp,UAl3 = 0.329 + 0.00021 T J/g K, T in °C (20-600 °C) (5)

Cp,UAl4 = 0.473 + 0.00024 T J/g K, T in °C (20-600 °C) (6)

Using W D = 0.744 for fully-enriched UAl3 and Wy0 = 0.640 for fully-
enriched UA14:
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Cp,U-Al alloy = (1.0 - Wu/0.744) Cp,Al + (Wu/0.744) Cp,UAl3
(100% UA13)

= 0.892 + 0.00046 T - Wu (0.757 + 0.00034 T) J/g K, T in °C

Cp,U-Al alloy = (1.0 - Wu/0.640) Cp,Al + (Wu/0.640) Cp,UAl4
(100% UA14)

= 0.892 + 0.00046 T - Wö (0.655 + 0.00034 T) J/g K, T in °C

Since most plate-type research reactor fuels contain < 25 wt-% U, the
uranium compound in the fuel meat is mostly UA14. At 25 wt-% U and 40°C,
for example, specific heats for U-A1 alloy calculated assuming 100% UA14
and 100% UA13 differ by less than 4%. In practice, only a small fraction
of the uranium compound is likely to be UA13.

3.3 Thermal Conductivity of U-A1 Alloy Fuel

The thermal concuctivity of U-A1 alloy fuel meat decreases with
increasing weight fraction of uranium-^ as shown in Fig. 2. A linear
regression of the data points for the as-cast material yields the
relation:

K = 2.17 - 2.76 Wu

K = thermal conductivity of fuel meat, W/cm K
Wy = weight fraction of uranium in the fuel meat.

2.5

2.0

1.5

a•D
P.I.

0.5

O-Material cast from reactor-grade
U(99.5 pure) and Al(99.99 pure)

Q-Same specimen after heat treatment
for five days at 620 °C

•xQ AI + UA14 phase

boundary •^
-•o

0.1 0.2 0.3 0.4 0.5
Weight fraction of uranium

0.6

T«

0.7

Fig. 2. Thermal Conductivity of U-A1 Alloy at 65°C (Ref. 10).
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Thermal Conductivity versus Temperature for
Various Loadings (in Wt%U) of U-A1 Alloy Fuel
(Ref. 10).

Data presented in Fig. 3 for various uranium weight loadings in
uranium-aluminum alloy fuel indicate only a small decrease in thermal
conductivity with increasing temperature. Over the temperature ranges
expected in research and test reactors, the thermal conductivity of U-A1
alloy fuel meat can be assumed to be constant.

The thermal conductivity of a fuel plate can be calculated using:

'plate "meat 2 tclad
'clad

(7)

where tpiate' '"meat' anc* tclad are tne thicknesses of the plate, fuel
meat, and cladding, respectively.

The thermal conductivity of 1100 Al cladding, for example, is 2.22
W/cm K. For U-Al alloy fuel meat containing 21 wt-% U with a thickness
of 0.51 mm and 1100 Al cladding with a thickness of 0.38 mm, the thermal
conductivity of the fuel plate would be 1.92 W/cm K.

4.0 UA1X-A1 DISPERSION FUEL

The information presented in Section 2.0 on the uranium-aluminum
system also applies to UAlx-Al dispersion fuel. The three broad steps in
the manufacture of UA1X-A1 dispersion fuel are production of the UA1X
powder, fabrication of the UA1X-A1 core compacts, and fabrication of the
fuel plates.

Specified and typical properties-'--'- of the UA1X powder and UA1X-A1 core
compacts that are used to manufacture finished fuel plates with uranium
densities up to 1.7 g/cm^ for the Advanced Test Reactor (ATR) are shown
in Table 2. Typical UA1X powder consists of about 6 wt-% UA12, 61 wt-%
UA13, and 31 wt-% UA14. During the hot rolling and annealing steps in
fabricating fuel plates, almost all of the UA12 reacts with aluminum from
the matrix to form UA13 and some of the UAlß reacts with aluminum to form
UA14. Thus, the core (fuel meat) of a finished plate contains UA13 and
UA14 as the fuel compounds. The actual fractions of UA13 and UA14 in a

18



Table 2. Properties of Uranium Aluminide (UAlx) Powder and Core
Compacts Used to Manufacture Fuel for the ATR Reactor
(From Ref. 11).

Powder

Isotopic Composition:
235U content
238U content
236U content
234U content

Chemical Composition:

Uranium
Oxygen
Carbon
Nitrogen
Hydrogen
Nonvolatile matter
Easily extracted fatty

and oily matter
EBCa

Physical Properties:

Particle size,
U.S. standard mesh

Crystalline constituents-
by x-ray diffraction

Core Compacts

For ATR zone loaded

core fuel loading,
g 23^U/cm3 core

(maximum) wt% UA13 in core

Uranium concentration,
U atom/cm3 of core (maximum)

Specified

93.0 + 1.0 wt%
6.0 ± 1.0 wt%
0.3 ± 0.2 wt%
1.2 maximum wt%

69.0 ± 3.0 wt%
0.60 wt% maximum
0.18 wt% maximum
0.045 wt% maximum
0.020 wt% maximum

99.0 wt% minimum

0.2 wt% maximum
30 ppm maximum

-100 +325 mesh
= 75% minimum

-325 mesh
= 25% maximum

50% UAl3 minimum
no unalloyed U

1.00, 1.30, 1.60

1.00 g 235U/cm3
1.30 g 235U/cm3
1.60 g 235U/cm3

1.00 g 235U/cm3
1.30 g 235U/cm3
1.60 g 235U/cm3

Typical

93.19
5.37
0.44
1.00

71.28
0.25
0.05
0.032
0.005

99.9

0.09
<6

76.0
24.0

6% UAl2b
63% UA13
31% UA14

46.4
54.4
62.8

2.76 x 1021
3.58 x 1021
4.41 x 1021

aEBC = equivalent boron content
"Either UA12 or UA13 reacts with an excess of aluminum at moderate
temperatures to form UAl4. Thus, the finished fuel plate cores, ready
for reactor use, contain UAlß and UA14 as the fuel compound. 1
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finished plate will vary from manufacturer to manufacturer depending on
the processes and heat treatments that are utilized in fabricating the
powder, core compacts, and fuel plates.

In the following discussions, it is assumed that the UA1X in the fuel
meat of finished fuel plates consists of 60 wt-% UAl3 and 40 wt-% UA14.

4.1 Uranium Density Relations for Aluminide Fuel

For UA1X in the meat of finished fuel plates that consists of 60 wt-%
UA13 and 40 wt-% UA14, the density of the UA1X is:

PUAIX = WUA13 PUAI3 + WUA14 PUAI4
= 0.6 (6.8) +0.4 (5.7) =6.4 g/cm3

using the measured densities of UA13 and UA14 from Table I.
Additionally, the weighted value of x in UA1X (taking 4.9 aluminum atoms
per uranium atom in UA14) is about 3.8 and the uranium weight fraction
(WUD) in the UAlx is about 0.70.

Substituting these values into Eq. (2), a value of "a" = 0.306 is
obtained. The relationships between the uranium density and the weight
fraction of uranium in the fuel meat, and between the uranium density and
the volume fraction of the dispersed phase are then:

(1 - P) Wu ____0.370 pu____
Pu = 0.370 - 0.306 Wu Wu =

 {1 _ P) + 0.306 py

PU = 4.5 VfUA1*

A plot-'--'- of the fuel meat (core) density and porosity of uranium
aluminide fuel for different uranium densities is shown in Fig. 4. The
figure indicates that at constant core density, the porosity increases
with increasing uranium loading. For calculational purposes, an average
porosity of 7 vol-% is commonly used.

4.2 Specific Heat of Aluminide Fuel
Using Eqs. (5) and (6), the specific heat of UA1X that consists of 60

wt-% UA13 and 40 wt-% UA14 is given by:

Cp UA1X = WUAl3 Cp UA13 + WUAl4 Cp UAl4

= 0.387 + 0.00022 T J/g K, T in °C

The specific heat of UA1X-A1 fuel meat is obtained by summing the
specific heats of the UA1X and aluminum phases, weighted by their
respective fractions:

Cp,UAlx-Al = (1.0 - Wu/0.7) Cp,Al + (Wu/0.7) Cp,UAlx

= Cp^Al + 1-43 Wu (Cp(UAlx ~ CprAl)

= 0 .892 + 0 . 0 0 0 4 6 T - Wy ( 0 . 7 2 2 + 0 . 0 0 0 3 4 T) J/g K, T in °C
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Fig. 4. Core Density and Porosity of Uranium Aluminide Fuel Plates
with Different Fuel Loadings (Ref. 11).

4.3 Thermal Conductivity of Aluminide Fuel

Available data on the thermal conductivity of aluminide fuels (that
are typical of those in reactor use) are limited to three data points
(Ref. 6) calculated for ATR sample fuel plates using thermal diffusivity
measurements (Ref. 10) at Battelle Northwest Laboratories on MTR-ETR type
fuel plates. The data from Table II of Ref. 6 are reproduced in Table 3
below.

Table 3. Thermal Conductivity of ATR Sample Fuel Plates Calculated (Ref.
6)from Thermal Diffusivity Measurements (Battelle Northwest,
Ref.10).

Plate Fuel

Thermal
Diffusivity,

cm^/s
25°C 600°C

Fuel Plate
Density, g/cm^

25°C 600°C

Heat
Capacity,

J/g °C
25°C 600°C

Thermal
Conductivity,

W/cm K
25°C 600°C

P-l-1047 UA1X 0.32 0.25 2.953 2.830 0.766 0.996 0.724 0.703

P-l-1048 UA1X 0.38 0.33 2.980 2.855 0.758 0.984 0.858 0.925

P-5-576 UA1X 0.33 0.24 3.00 2.872 0.737 0.963 0.728 0.661
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Thermal conductivities in Table 3 were obtained using the relation:

K = a p Cp
where K is the thermal conductivity, a is the thermal diffusivity, p is
the density of the plate, and Cp is the heat capacity.

The sample fuel plates in Table 3 had a thickness of 1.296 mm, with a
6061 Al cladding thickness of about 0.394 mm and an assumed fuel meat
thickness of 0.508 mm. The fuel meat contained about 35.4 vol-% UA1X
(57.7 wt-% UA1X) and had a porosity of about 6 vol-%. The matrix
material was X8001 aluminum alloy and the uranium density in the fuel
meat was about 1.6 g/cm3.

The thermal conductivity of the UA1X-A1 fuel meat can be calculated
from the fuel plate data in Table 3 using the relation:

'plate "meat 2 tclad
Kplate Kmeat Kclad

where t iate, tmea^, and tc^a(^ are the thicknesses of the plate, fuel
meat, and cladding, respectively. 6061 Al cladding has a thermal
conductivity of 1.80 W/cm K and is essentially constant over the
temperature range considered. The thermal conductivity of the UA1X-A1
fuel meat for the three fuel plates listed in Table 3 is then:

Table 4. Calculated Thermal Conductivities of the UA1X-A1 Fuel
Meat in the Three Sample Fuel Plates in Table 3.

Vol-% Percent
Thermal Conductivity
of Fuel Meat, W/cm K

P
p
p

Plate
-1-1047
-1-1048
-5-576

Fuel
UA1
UA1

Meat
x-Al
x-Al

UAlx-Al

UA1

35.
35.
35.

X

4
4
4

Porosity
6
6
6

25°C
0.
0.
0.

,376
.474
,378

0
0
0

600°
.361
.527
.334

C

The thermal conductivity data for UA1X-A1 fuel at 25°C are plotted in
Fig. 8 (Section 6), which compares the thermal conductivities of UsOg-Al,
U3Si2-Al, and UßSi-Al fuel meats as a function of the volume percent of
fuel dispersant plus voids. From the data in Fig. 7, we conclude that
all four of these dispersion fuels have approximately the same thermal
conductivity. Since the thermal conductivities of UA1X and 03812 and the
metallurgical properties of UA1X-A1 fuel and U3Si2~Al fuel are very
similar, we suggest that the measured thermal conductivity data for

l fuel be used for UA1X-A1 fuel as well.

5.0 DISPERSION FUEL

5.1 Uranium Density Relations for Oxide Fuel

The density of the high-fired 0303 used by the High Flux Isotope
Reactor (HFIR) at ORNL is 8.22 g/cm3 and W = 0.846. Substituting these
data into Eq. (2), one obtains a = 0.294. The relationships between the
uranium density and the weight fraction of uranium in the fuel meat, and
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Fig. 5, Void Content of U O -AI Fuel Meat
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between the uranium density and the volume fraction of the dispersed
phase are then:

Pu =
(1 - P)

0.370 - 0.294
0.370 Pu

(1 - P) + 0.294 pu

Pu = 7.0 VfU3°8

The void content of U30g-Al fuel meat depends on the concentration of
0303 and to a lesser extent on the fuel meat thickness. The void content
as a function of UßOs concentration for plates with two fuel meat
thicknesses fabricated by ORNL-'-^ are shown in Fig. 5. Appropriate values
of P for use in the uranium density relations should be obtained from
this figure or from similar data supplied by the fuel manufacturer.

5.2 Specific Heat of Oxide Fuel

Specific heat data-^ for UßOg in the temperature range from 0-300°C is
represented approximately by the linear relationship:

= 0.27 + 0.00030 T J/g K, T in °C

If Wu is the uranium weight fraction and Cp,Al is the specific heat of
aluminum [Eq. (4)], the specific heat of the U3Û8-A1 fuel meat is given
by:

Cp, = (1 - Wu/0.848) Cp,Ai + (Wu/0.848) C

= 0.892 + 0.00046 T - Wu (0.734 + 0.00019 T) J/g K, T in °C
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Fig. 6. Thermal conductivity of U308-A1 core region depends
significantly on the volume fraction of U308 + voids.

5.3 Thermal Conductivity of Oxide Fuel

Figure 6 shows a curve of measured-'-'' thermal conductivity versus
uranium loading for l^Oß-Al dispersion material. For the lightly loaded
dispersions, the decrease in conductivity with increasing volume fraction
of U3Û8 is linear, primarily due to the substitution of the low
conductivity oxide (k ~ 0.3-0.5 W/m K)15 for aluminum. As more U30g is
added, however, the thermal conductivity drops more dramatically. In the
range of uranium loadings between 2.5 and 3.1 g/cm^, the thermal
conductivity ranges from 30 to 12 W/m K.

6.0 U3Si2~Al AND U3Si-Al DISPERSION FUELS

The development and testing of uranium suicide fuels has been an
international effort, involving national reduced enrichment programs,
several commercial fuel fabricators, and several test reactor operators.
Numerous results of this effort have been published previously. Some of
the results are summarized in this section.

As with the uranium-aluminum system, the uranium-silicon system
normally consists of a mixture of intermetallic compounds, or phases.
The quantity of each phase present depends upon the composition and
homogeneity of the alloy and on its heat treatment. Since the different
phases behave differently under irradiation, knowledge of the phases to
be expected in the fuel is necessary to correctly interpret test results
and to prepare specifications. For this reason, a detailed discussion of
the phases in the uranium-silicon system is presented in Appendix 1-1.2
(Ref. 16). Further properties of uranium suicide fuels can be found in
Refs. 17-19.

6.1 Uranium Density Relations for Suicide Fuels

The densities of the U3Si2 and U3Si dispersants that were measured at
ANL, the corresponding weight fractions of uranium in each dispersant,
and the value of the paramater "a" in Eq.(2) are given below.
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Suicide
Dispersant

U3SÎ2

UsSi

wt-% Si

7 .5

4 . 0

Measured
Density g/cm3

12. 2a

15. 2b

Wu

0 . 9 2 5

0 . 9 6 0

a

0.312

0.317

aAs-arc-cast.
bAfter heat treatment of 72 h at 800°C.

The relationships between the uranium density and the weight fraction
of uranium in the fuel meat, and between the uranium density and the
volume fraction of the dispersed phase are then:

Pu =
(1 - P) 0.370 pu

0.370 - a Wu (1 - P) + a pu

with appropriate values of the parameter "a" for each dispersant.

= 11.3 Vfu3si2 = 14.6 VfU3Si

Porosity remaining after fabrication of dispersion fuel meat provides
space to accomodate the initial swelling of the fuel particles under
irradiation. Data obtained at ANL from measurements^ on
miniplates are plotted in Fig. 7. These data are well fit-'-' by the cubic
function:

2 3Vp = 0.072 VF - 0.275 Vp + 1.32 Vp

where Vp and VF are the volume fractions of porosity and fuel dispersant
in the meat, respectively. The amount of as-fabricated porosity
increases significantly as the volume loading of fuel dispersant
increases because it becomes more difficult for the matrix aluminum
matrix to flow completely around all fuel particles, especially those in
contact with one another^O.

10 15 20 25 30 55
VOLUME FRACTION, 7,

40 45 50

Fig. 7. Percent Porosity as a Function of the Volume Percent of U.Si in
U3Si2-Al Fuel Meat.
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It is important to note that the porosity in the fuel meat of
fabricated fuel plates varies from fabricator to fabricator due to
differences in manufacturing techniques in the aluminum alloys of the
cladding. For example, consider the nominally identical U3Si2 fuel
elements fabricated by B&W, CERCA, and NUKEM for irradiation testing in
the Oak Ridge Research Reactor. The porosity content of the fuel cores
produced by a given fabricator remained virtually constant, but there was
a varaiation from fabricator to fabricator: 4 vol-% for CERCA, 7-8 vol-%
for NUKEM, and 9-10 vol-% for B&W. Differences in material or
fabrication parameters which might have contributed to the different
amount of porosity include: (1) strength of the aluminum alloy used for
frames and covers -- the CERCA alloy was by far the strongest while the
B&W alloy was the weakest; (2) the rolling temperature — 425°C for CERCA
and NUKEM and ~500°C for B&W; (3) the amount of fines in the UsSi2 powder
— 40 wt-% for CERCA and 17-18 wt-% for NUKEM and B&W; (4) the rolling
schedule, especially the amount of cold reduction; and (5) the
relationship between the size of the compact and the size of the cavity
in the frame.

6.2 Specific Heats of Suicide Fuels

The specific heats of U3Si2 and U3Si as a function of temperature have
been derived-^ from plots of specific heat data^l for stoichiometric 038!
and for a U-Si alloy at 6.1 wt-% Si:

Cp,U3Si2 = 0.199 + 0.000104 T J/g K, T in °C

Cp,U3Si = 0.171 + 0.000019 T J/g K, T in °C

If Wu is the uranium weight fraction and Cp,A]_ is the specific heat of
aluminum [Eq. (4)], the specific heats of U3Si2~Al and U3Si-Al fuel meat
are given by:

Cp, U3Si2-Al = (1 - Wu/0.925) Cp,Al + (Wu/0.925) Cp,UsSi2

= 0.892 + 0.00046 T - Wu (0.749 + 0.00038 T) J/g K, T in °C

Cp, U3Si-Al = (1 - Wu/0.960) Cp,Ai + (Wy/0.960) Cp,U3Si

= 0.892 + 0.00046 T - Wu (0.751 + 0.00046 T) J/g K, T in °C

6.3 Thermal Conductivity of Suicide

Both U3Si2 and U3Si have a thermal conductivity of -15 W/m K22.
Values of the thermal conductivities of the fuel meat in unirradiated
U3Si2~Al dispersion fuel plates, measured at 60°C, are listed in Table 5
and are plotted in Fig. 8.^3 Most of the samples were cut from miniature
fuel plates produced at ANL for use in out-of-pile studies. Two samples
came from a full-sized plate from a lot of plates fabricated by CERCA for
the ORR test elements. The porosities of these miniplates follows the
trend discussed in Section 6.1 but are somewhat larger, owing,
presumably, to the different shape of the fuel zone than in the
miniplates fabricated for irradiation testing (cylindrical rather than
rectangular compacts were used).
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Table 5. Thermal Conductivities of UsSi2-Aluminum Dispersions

Sample
Identif-
ication

CS148
CS106
CS140
CS141
CS142
CERCA #1
CERCA #2
CS143

Fraction
of Fuel

-325 Mesh,
wt-%

15
15
0

15
25
41.5
41.5
15

U3Si2
Volume-'-
Fraction, Porosity, 2

% vol-%

13.
32.
39.
37.
39.
46.
46.
46.

7
3
4
0
1
4
4
4

1
6
9
9
9
4
4
15

.9

.0

.2

.3

.5

.0

.0

.4

Thermal
Conduct . of
Dispersion
at 60°C, W/m K

181
78
40
48
40
59
59
13.9

Temperature
Coefficient,

W/m K2

0
0
0
5
0
0
0
0

.148

.029

.014
x 10~4

.017

.161

.076

.010

•'•Determined on the thermal conductivity specimens using a radiographie
technique.

2Average value for roll-bonded fuel plate.
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In Fig. 8, the thermal conductivity decreased rapidly as the volume
fraction of fuel plus porosity increases (and the volume fraction of
aluminum matrix decreases), owing to the -14 times larger thermal
conductivity of aluminum than U3Si2- For very low volume loading of
U3Si2» it would be expected that the thermal conductivity of the
dispersion would be proportional to the amount of aluminum present, since
the aluminum matrix should provide a continuous thermal path. Indeed,
this is the case for sample CS148. At higher volume fractions of U3Si2
plus void, however, the aluminum ceases top be the continuous phase, and
the thermal conductivity decreases more rapidly than the volume fraction
of aluminum. At very high loadings the aluminum ceases to play a
significant role, and the thermal conductivity approaches that of the
fuel. It may even become lower than that of the fuel alone because of
poor thermal contact between fuel particles. The microstructure of the
meat, specifically the distribution of the voids, can significantly
affect the thermal conductivity. It appears that thin planar regions in
which voids are associated with fractured fuel particles are responsible
for the large difference in thermal conductivity exhibited by the CERCA
samples and sample CS143. The larger void content of the CS samples than
measured in the miniplates fabricated for irradiation testing or in
full-sized plates most likely indicated the presence of more of such
planar void regions. Therefore, it is believed that the thermal
conductivity curve in Fig. 8 for U3Si2~Al fuel meat represents
essentially a lower limit for the thermal conductivities of full-sized
fuel plates.

The data for U3Si2~Al dispersions are virtually indistinguishable from
those obtained in the same series of measurements for U3S1-A1
dispersions. They are also quite similar to data obtained in other
measurements of thermal conductivities of UA1X-A1 dispersions" and 0303-
Al dispersions.-*-^ The U3O8-A1 data fall somewhat below the U3Si2~Al
data, possibly because the friable nature of U3Og leads to the formation
of more planar void regions than are present in U3Si2~Al fuel.

REFERENCES

1. Metals Handbook, Eigth Edition, Volume 8, "Metallography, Structures,
and Phase Diagrams" (1973).

2. H.S. Kalish et al.,"Uranium Alloys" in Reactor Handbook , Vol. I,
Materials, p. 174, C.R.Tipton, Ed., Interscience Publishers, Inc., New
York (1960) .

3. B.S. Borie, "Crystal Structure of UAl,}", Journal of Metals, Vol. 3,
September 1951, p. 800.

4. D. Stahl, "Fuels for Research and Test Reactors, Status Review, July
1982", ANL-83-5, December 1982.

5. CRC Handbook of Chemistry and Physics, 58th Edition (1977).

6. R.R. Hobbins, "The Thermal Conductivity and Heat Capacity of UA13 and
UA14", Aerojet Nuclear Company Interoffice Correspondence, January 4,
1973.

7. Handbook of Chemistry and Physics, 40th Ed., Chemical Rubber
Publishing Co.(1958).

8. L.S. Darken and R.W. Gurry, Physical Chemistry of Metals, McGraw-Hill
(1953) p. 158.

28



9. P. Chiotti and J.A. Kateley, "Thermodynamic Properties of Uranium-
Aluminum Alloys", J. Nucl. Mat. 32, 135 (1969).

10. J.L. Bates, "Thermal Diffusivity of MTR-ETR Type Fuel Plates,
Battelle Pacific Northwest Laboratories Report BNWL-CC-456 (Jan. 10,
1966) .

11. J.M. Beeston, R.R. Hobbins, G.W. Gibson, and W.C. Francis,
"Development and Irradiation Performance of Uranium Aluminide Fuels in
Test Reactors", Nuclear Technology 49, 136 (1980) .

12. G.L. Copeland and M.M. Martin, "Fabrication of High-Uranium-Loaded
U3O8-A1 Developmental Fuel Plates," Proc. International Meeting on
Development, Fabrication, and Application of Reduced-Enrichment Fuels
for Research and Test Reactors, Argonne National Laboratory, Argonne,
Illinois, November 12-14, 1980.

13. Y.S. Youloukian and E.H. Buyco, Thermophysical Properties of Matter,
Vol. V, "Specific Heat - Nonmetallic Substances" (1970).

14. G.L. Copeland and M.M. Martin, "Development of High-Uranium-Loaded
l Fuel Plates," Nucl. Tech. 56, 547 (1982).

15. Y.S. Youloukian and E.H. Buyco, Thermophysical Properties of Matter,
Vol. I, "Thermal Conductivity" (1970) .

16. R.F. Domagala, "Phases in U-Si Alloys", Proc. 1986 Int. Mtg. on
Reduced Enrichment for Research and Test Reactors, Gatlinburg,
Tennessee, November 3-6, 1986, Argonne National Laboratory Report
ANL/RERTR/TM-9, CONF-861185 (May 1988) p. 45.

17. J.L. Snelgrove, R.F. Domagala, G.L. Hofman, T.C. Weincek, G.L.
Copeland, R.W. Hobbs, and R.L. Senn "The Use of U3SÏ2 Dispersed in
Aluminum in Plate-Type Fuel Elements for Research and Test Reactors",
ANL/RERTR/TM-11, October 1987.

18. R.F. Domagala, T.C. Weincek, and H.R. Thresh, "Some Properties of U-
Si Alloys in the Composition Range from UßSi to U3Si2", Proc. 1984
Int. Mtg. on Reduced Enrichment for Research and Test Reactors,
Argonne, Illinois, October 15-18, 1984, Argonne National Laboratory
Report ANL/RERTR/TM-6, CONF-8410173 (July 1985) p. 47.

19. T.C. Weincek, R.F. Domagala, and H.R. Thresh, " Thermal compatibility
Studies of Unirradiated Uranium Suicide Dispersed in Aluminum", Proc.
1984 Int. Mtg. on Reduced Enrichment for Research and Test Reactors,
Argonne, Illinois, October 15-18, 1984, Argonne National Laboratory
Report ANL/RERTR/TM-6, CONF-8410173 (July 1985) p. 61.

20. T.C. Weincek, "A Study of the Effect of Fabrication Variables on the
Quality of Fuel Plates," Proc. 1986 Int. Mtg. on Reduced Enrichment
for Research and Test Reactors, Gatlinburg, Tennessee, November 3-6,
1986, Argonne National Laboratory Report ANL/RERTR/TM-9, CONF-861185
(May 1988) p. 54.

21. H. Shimizu, "The Properties and Irradiation Behavior of U3Si2"/
Atomics International Report NAA-SR-10621 , p. 14 (July 25, 1965).

22. A.G. Samoilov, A.I. Kashtanov, and V.S. Volkov, Dispersion-Fuel
Nuclear Reactor Elements, (1965), translated from the Russian by A.
Aladjem, Israel Program for Scientific Translations Ltd. . Jerusalem,
pp. 54-57 (1968) .

23. R.K. Williams, R.S. Graves, R.F. Domagala, and T.C. Weincek, "Thermal
Conductivities of U3Si and U3Si2-Al Dispersion Fuels", Proc. 19th Int.
Conf. on Thermal Conductivity, Cookville, Tennessee, October 21-23,
1985, in press.

29



Appendix 1-1.2

PHASES IN U-Si ALLOYS*

R.F. DOMAGALA
RERTR Program,
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract

The binary (two-component) U-Si system contains a
total of seven "compounds." The most U-rich compounds are
of interest to the RERTR community because they are now
being employed as fuels in research and test reactors.
The nomenclature used in describing these fuels and the
metallurgical significance of the notations recorded may
have different meanings to people from different technical
backgrounds. This paper is a succinct exploration of the
principles of phase equilibria and the realities of com-
mercial fabrication as applied to U-Si alloys. It is an
attempt to record in referenceable and retrievable form
information of value to the continued development, appli-
cation and understanding of suicide fuels.

INTRODUCTION

Discussions of suicide fuels as applied to the RERTR Program often in-
volve considerations of the relative amounts of the various phases (distin-
guishable crystalline entities) present in U-Si alloys at different Si levels.
This topic is being reexamined more carefully as the requirements for certain
reactors exceed the U levels possible with "pure" U Si . In many ways this
report is a supplement to the paper on the properties of selected U-Si alloys
as well as the work of A. E. Dwight on the U-Si and U-Si-Al systems. It is
intended to serve as a brief exposition of the nature of binary systems as
applied to an understanding of the microstructural situations likely to be
encountered in utilizing U-Si alloys as fuels for nuclear reactors.

Within this paper certain rules and principles of binary diagrams are
employed. More detailed discussions of these principles may be found in any
textbook on physical metallurgy. Two "classic" monographs on the subject may
be of interest to those who wish to pursue the subject in depth. '

DISCUSSION

Table 1 is a list of the calculated and experimentally measured compo-
sitions of U Si, U Si and USi, the three most U-rich phases in the U-Si sys-
tem, which is shown in Fig. 1.

* Work supported by the US Department of Energy, Office of Spent Fuel Management and Reprocessing
Systems, under contract W-31-109-Eng-38.
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Table 1. Weight Percent Silicon and Density for
U-Si, U„Si2 and USi

i Lid O 1Z

Method (a)

U3Si 3.78

U3Si2 7.29

USi 10.56

wt.% Si

Method (b)

3.79

7.31

10.58

Method (c)

3.9
7.3
10.6

Density Determined
at ANL, g-cm

15. 2d

12.2e

10. 9f

(a) Calculated for natural U (a.w. 238.03).
(b) Calculated for 20% enriched U (a.w. 237.4).
(c) Experimentally determined for depleted U.
(d) For 4.0 wt.% Si alloy heat treated at 800°C, presumed to be at

equilibrium.
(e) For 7.3 wt.% Si as-arc-caat alloy.
(f) For 10.6 wt.% Si as-arc-cast alloy.

In all calculations and plots that follow, I have used the 3.9 wt.% Si
figure for the composition of U_Si and have rounded off the value for U_Si„
at 7.3 wt.% Si and for USi at 10.6 wt.% Si. The densities recorded in Table 1
for these phases have been used as necessary.

The density figures and the microstructural conditions they represent
require some amplification. The three compounds (the terms "phases,"
"intermetallic compounds," and "intermediate phases" may be used inter-
changeably) of interest here are often described as "line compounds." In the
language of phase diagrams this means that within the experimental ability to
define composition, a single formula and composition is assigned to each
compound. They are represented, therefore, as vertical lines in the diagram.
From a practical point of view — even in terms of research activity — it
may be considered essentially impossible to produce an alloy at the exact
stoichiometry of a line compound and of such atomistic homogeneity that only
the "pure" phase is present. One always expects to see in a microstructure a
small but finite amount of the phase to the left or the right of the compound
of interest. It is even possible, with minor perturbations in the distribu-
tion of the two components (U and Si in this case), that there may be regions
where the phase to the left of the compound of interest is present and other
regions in the same piece of material where the phase to the right of the
compound is present.

The statement in the preceding paragraph regarding the possible presence
of three (or more) phases in a binary (two-component) system violates one of
the fundamental tenets of phase equilibria — Gibbs's Phase Rule. This rule
states that in a binary system at equilibrium, there may be at most two phases
coexisting in any area of the diagram. Three phases may exist at equilibrium
only along a horizontal line in such a diagram. Such horizontal lines in a
binary system are called "invariant reaction lines" or "invariant reaction
isotherms." The boundary conditions for Gibbs's Phase Rule as stated above
are as follows: the alloy is at equilibrium, the pressure is constant, and
the vapor phase is considered non-existent. "Constant pressure" for systems
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Fig. 1. U-Si Phase Diagram.

of the U-Si type may be considered to encompass values ranging from very high
vacuum to pressures of several hundred atmospheres.

Gibbs's Rule further demands that at constant pressure and equilibrium,
no more than three phases can coexist in a binary alloy under any conditions.
Therefore, any discussion regarding more than two phases coexisting in a
binary alloy (except on an invariant reaction isotherm) describes, by defini-
tion, a non-equilibrium state.

To potentially complicate the story a bit more, the presence of impuri-
ties (and they are inevitably present) can lead to the existence of other
phases which may or may not be distinguishable under the microscope, depending
on their size and the magnification employed. Impurities must also be ex-
pected to be in "solid solution" (i.e., within the crystalline lattice) in
each of the phases present. The presence of such impurities in solid solution
is discernible only with analytical procedures capable of accurately detecting
very small quantities of a foreign species. Often such equipment and tech-
niques are not available, or simply do not exist.

The density figures recorded in Table 1 were used for all calculations.
The value of 10.9 g-cm~ for USi is probably accurate to+0.1 g-cm . Values
determined for U-Si» have varied from ̂ 11.9 to„12.2 g-cm ; I have arbitrarily
used the 12.2 figure. The value of 15.2 g-cm~ for U Si represents our best
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Fig. 2. Weight % (w/o) and vol.% (v/o)
of U_Si vs. w/o Si. Alloys at equilibrium.
Temperature < 925°C.

value for an equilibrated alloy at 4.0 wt.% Si. We know that there is a
finite amount of U Si in such an alloy, but I chose not to adjust the density
figure accordingly.

Figure 2 is a plot of wt.% and vol.% (w/o and v/o) U Si_ as a function of
Si content, based on application of the tie line and lever principles for
alloys at equilibrium. Figure 3 is a similar plot for USi as function of Si
content at Si levels between U_Si and USi, also for equilibrium conditions.
Equilibrium is emphasized because neither of the principles may be quantita-
tively applied to a non-equilibrium state. Nevertheless, for arc-cast alloys
in the range 7.3 to 10.6 wt.% Si and for properly heat treated (e.g., 800°C
for 72 h, air cool) alloys in the range 3.9 to 7.3 wt.% Si, it is reasonable
to presume that a macroscopically homogeneous melt (alloy) will approach the
equilibrium condition. The formulas used to generate these plots are pre-
sented in the Appendix.

One concern is with alloys between U_Si and U Si~. As vendors consider
the fabrication of fuel elements at total U loadings exceeding those possible
with U Si they must move into the two-phase (U Si + U Si ) field to take
advantage of the higher U density possible with U_Si. The sacrifice, however,
is to accept the presence of a phase (U,Sii_which has been demonstrated to
develop large fission gas bubbles at high U burnups. Our experimental data
for irradiated fuels in this two-phase field are somewhat limited. At ANL we
have produced eight miniplates with "U.Si.. " (a formula used to designate a
composition of nominally 5.5 wt.% Si). Seven of these have been sent to ORNL
for irradiation in the ORR. Our analyzed compositions for "U-Si.. " are 93.32
wt.% U + 5.86 wt.% Si (MEU alloy) and 93.74 wt.% U + 5.70 wt.% SI'XLEU alloy).
Postirradiation examination studies have only recently been initiated.
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For equilibrated (properly heat treated) compositions between U„Si and
U„Si„, we see that at 5.41 wt.% Si we have exactly 50 vol.% of each phase. In
simplest terms, compositions greater than 5.41 wt.% Si will have microstruc-
tures in which U.,Si7 is volumetrically the dominant phase. Nevertheless, U_Si
may be a continuous phase even though it is a minor constituent. Because or
the way U»Si9 crystallizes from the liquid state and because of the morphology
of the annealed microstructures, there is evidence that the U_Si phase is
continuous (interconnecting) up to ̂ 6 wt.% Si.

Under non-equilibrium conditions, alloys between 3.9 and 7.3 wt.% Si may
be expected to contain (U + UiSi? + uosi)» where U designates uranium
solid solution, in percenfiges that cannot be calculated quantitatively. It
is possible to say, though, that the amounts of U
with heat treatment (below 925°C) and the amount oï
ultimately reaching the equilibrium value.

and UoSi- will diminish
U_Si will increase,

It is important to remember that U.,Si is formed by a peritectoid reaction
(the horizontal line at 925°C in Fig. 1) and that any as-cast alloy in the
range 0 to 7.3 wt.% Si will have some U present in the microstructure. This
is true even if the molten alloy is perfectly homogeneous, and irrespective of
the melting or casting techniques used. The amount of U in an as-cast alloy
may be calculated by the same procedures used to produce Figs. 2 and 3, and a
plot of such data is shown in Fig. 4. In generating Fig. 4, I have simplified
the presentation by assuming no solid solubility of Si in U. Formulas for
calculating wt.% and vol.% U in this composition range are shown in the
Appendix.

The peritectoid formation of U-Si suggests, but does not guarantee, that
U Si will not be present in an as-cast alloy. Peritectoid reactions in metal-
lic systems are usually sluggish and require long-time anneals to initiate and
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Fig. 4. Weight % (w/o) and vol.% (v/o)
of Uranium Solid Solution (U ) vs. WeightegPercent Si. As-cast alloys.

complete. As a matter of record, this author has never seen U_Si present in
an as-cast structure of a binary alloy, no matter what casting technique was
used or section size (mass) produced.

For alloys heat treated below 925°C, the peritectoid reaction U + U3Si?
•* U„Si occurs and at equilibrium, there is no U remaining in alloys with
3̂.9 wt.% Si. All heat-treated alloys in the composition range 0-3.9 wt.% Si
will have no U Si remaining. The wt.% of U will be a linear function of
the Si content in the stated range with 100%SS at 0% Si and 0% U at 3.9
wt.% Si. The kinetics of the peritectoid read
Kimmel et al.

ion have been studied by G.

Concern has been periodically expressed about the possible existence of
Si-rich compounds (e.g., USi ) in U-Si alloys with 7̂.5 wt.% Si. Such a
circumstance violates the rules of phase equilibria unless the molten alloy
was grossly heterogeneous before freezing. During irradiation or prolonged
heat treatment of fuel powders dispersed in Al, however, U(AlSi)_ will form.
This is in fact the phase that is predicted by Dwight's study oF the U-Al-Si
system. U(AlSi)„ is a shorthand notation for UA1. with some of the Al
positions occupied by Si atoms.

In some fuel alloy specifications, the fabricator may be required to
identify the amount of each phase present in a fuel alloy as determined, for
example, by x-ray diffraction analysis. It is important to recognize that
under the best of conditions, at least 5 vol.% of a phase must be present to
show up in a diffraction pattern. More likely, 10 vol.% is required before
lines from that phase will be evident. Also, the pattern is generated by
diffraction from approximately the top 20 A layer of each particle. Thus,
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depending on particle size, the diffraction pattern may represent the phases
present in only a small percentage of the bulk of the sample. Therefore,
x-ray diffraction of powders is not a good analytical tool for the identifi-
cation of the amount of each phase present in a multiple-phase alloy.

SUMMARY AND CONCLUSIONS
A principal point of this paper as it applies to RERTR fuel alloy

development and fabrication is simply this:

Whenever a U-Si fuel is described, a notation such as U_Si, U_Si1 ,
U-Si„ or USi may be recorded or spoken. For other fuels, equivalent notations
might be U.Fe, U,Mn, or U„SiAl, for example. The descriptive formulas must
not be taken literally. In all cases, at least one other phase is present;
the amount of the second phase is quantitatively related to the content of
deliberate additions (and impurities) in the alloy.

In all the development and fabrication work with U-Si alloys, composi-
tions have always been selected to be on the Si-rich side of the stoichio-
metric compound. This choice was deliberately made to preclude the presence
of U in the alloy and therefore in the fuel particles. Uranium solid
solution will be absent only if the molten alloy is homogeneous before
freezing and, in the case of alloys between 3.9 and 7.3 wt.% Si, after proper
heat treatment. It had been presumed that the presence of U would be detri-
mental to the irradiation performance of suicide fuels. However, recent
evidence from postirradiation examinations indicates that the presence of some
U is not detrimental to the performance of an Al-matrix dispersion fuel.
The U primarily reacts with Al to form uranium-aluminide, a very stable
fuel, during irradiation.

Recognizing that perfect homogeneity and equilibrium are goals which one
can approach but cannot achieve, we must always expect to have more than one
phase in a fuel alloy.
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APPENDIX

Given below are formulas for calculating percentages of phases present in
the U-Si system. Densities and compositions are rounded off to the first
decimal, w/o = wt.%; v/o = vol.%.

1. For alloys in the two-phase field l̂ Si (3.9 w/o Si) plus U Si (7.3 w/o
Si), annealed below the peritectoid temperature (925°C) for tne "proper"
equilibration time:

/ \ / „ 0.1 w/o Si - 3.9(a) w/o U3Si2 = — —— 2~4 ———— x

w/o U.Si = 100 - w/o U_Si2

w/o U

<b) V/° U3S12 " Too-- w/o Usl wATU^ * 10°

IsTz + izTz
v/o U.Si = 100 - v/o U3Si2

2. For equilibrated alloys in the two-phase field U„Si (7.3 w/o Si) plus
USi (10.6 w/o Si):

(a) w/o USi = W/° Ŝ " 7'3 x 100

w/o U Si = 100 - w/o USi

w/o USiin Q
(b) V/° USi = ÏÔÔ-T w/o USi w/o USÎ X 10°

12.2 + 10.9
3. For as-cast alloys between U (0 w/o Si) and U Si (7.3 w/o Si), not heat

treated:

t ^ t „ 7.3 - w/o Si ,,.-(a) w/o U = ———— =— ̂ ——— x 100ss 7.3

w/o U_Si_ = 100 - w/o U3 2 s s

w/o Uss

(b) v/o U = -r-r-7———-.—̂ -i——7—-— x 100ss 100 - w/o U w/o U_____ ss ____ss
12.2 + 19.1

v/o U.Si0 = 100 - v/o U3 2 s s
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Appendix 1-2
PROPERTIES OF CLADDING AND STRUCTURAL MATERIALS

Appendix 1-2.1

DESCRIPTION AND QUALIFICATION OF SOME ALUMINUM
ALLOYS USED BY CERCA AS CLADDING MATERIALS

COMPAGNIE POUR L'ETUDE ET LA REALISATION
DE COMBUSTIBLES ATOMIQUES (CERCA)
France

Abstract

The specifications, physical and mechanical properties, and
qualification of some of the aluminum alloys used by CERCA as
cladding materials for MTR fuel elements are described.

The aluminum alloys used in France for cladding MTR elements
produced by CERCA were specially developped in the early
sixties by the French CEA to resist water corrosion in operating
conditions of research reactors.

I - Specifications and Properties

I - 1 AG 1 N. E. . AC 2 N. E. and AG 3 N. E. aluminum a l l n y « * 1 »
The threealloys are aluminum - magnesium alloys with the
following chemical composition :

AG
AG
AG

2
3

NE
NE
NE

!:
2.

8
5

4

4
Mß
Mg
Mg

ic

4
i.
2.
3.

4
3
0

W
W
W

l%
Other elements specifications are the same for the two
alloys, namely, in weight percentage :

0,2

0,2 <

Other

B
Cd
Cu

^ Fe
Si

£F^Si
Li
Cr
Mn

elements

< 0,001
< 0,001
< 0,008
^ 0,4
< 0,3
< 0,5
< 0,001
< 0,3
< 0,7

( each ) < 0,03

NE means " Nuclear Grade - water ".
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Physical and mechanical properties are not part of specifi-
cations. Information about these properties can be derived
from published data relating to standard, non nuclear,
AG alloys, although it should be pointed out that tolerances
on their impurities levels are different from those specified for
the nuclear grade N. E. alloys :

Standard AG 2 Standard AG 3
( mean values j

Density ( g/cc ) 3». 2.7 jv 2.7

Melting Point ( deg. C ) ^j. 650 a, 650

Specific Heat ( J/g/deg. C ) - ru 0. 96

Thermal conductivity - 2 / 1 . 3
( w/cm/deg. C )

Linear Expansion Coefficient - t» 25. 7
between 20 and 300°C
( 1 öVdeg. C )

Average Tensile Strength(hbars ) ( 1 )
at 20'C ~ 20 si 24
at 200'C ~. 16,5 ^ 20

Average Yield Strength ( at 0,2%
alongation in h bars )

at 20°C v 9.5 jrw 13
at 150eC _v 9 ^ 1 2
at 200*C ^ 8 *, 11.5
at 250'C v 7.5 ^ 10•v

(1 ) S0me references indicate significantly lower values
for these characteristics.

1-2 AlFeNi ( N. E. grade ) alloy
This alloy is generally preferred to AG 2 NE and AG 3 NE
in cases where unusually high coolant or plate surface
temperature are to be expected.

Chemical composition ( weight per cent )

0.

0.

1.
0.

0.

0.

0.

0.

8

8

8

8

2

2

06

02

4
<
4

4
<
<
^
<

Fe ^
Ni 4

Fe + Ni

Mg ^

Cr ^

Mn 4

Zn 4

Ti <^

1.

1.

1.

0.

0.

0.

0.

2

2

2

5

6

14

08

42



OPERATING EXPERIENCE IN PRANCE WITH AL ALLOYS CLADDINGS FOR PLATE ELEMENTS

!
Reactor
Name

SILOE

- ——— !
OSIRIS

PECASB

TRITON

ULYSSE
ISIS

ORPHEE

EL 3

RUF

Thermal
power (MW)

35

-T-r ..̂ JJ J. -

70

35

1.5

0.1
0.8

14

18

57

Cladding

AGI ,AG2
and
AG3

M

H

-"" ——— "•'

M

tl

II

ALFENI

Exposure time
in core(approxi . )

150 days

90 days
arerag«

———— —————— 1

. „ -,
^ 1 0 years

120 days

57 days

44 days

———————————— j
!

Total immersion
time (core-t-pool)

mini 2 years
maxi 5 years

av. 2 years
max. 4 years

....... -r. _ „ .*..*_--..-__ -|

>10 years

""" ™™ ™ ————— -- LLL1«_»«. Lj

|__ ———————————— ————————————————————————

!
240 days
minimum

Operating experience
with this type of
cladding
_____________-J
14 years

13 years

12 years

13 years

18 years

6 months

'- '^ —' " - -^

9 years

10 years

Number of CERCA
plates irradiated

30.000

4̂0.000

15.000

>6.000

170
> 400

ox 800

0,3.000

8.500

u>



The maximum permissible content for other elements are
the same as for AC 3 NE.

B

Cd

Cu

Li

Si
Zn

0.001

0.001

0.008

0.001

0.3

0.03

Regarding mechanical properties, the following minimum
values are guaranteed for AlFeNi N. E. alloy at 20*C, in
the annealed state :

Tensile strength at least 18 hbars

Yield strength (0 ,2% elongatioi) - 8 hbars

Elongation - 16 %

Furthermore the ALFeNi ( Ne grade ) alloy has been tested
succesfully for corrosion resistance at temperature as high
as 250*C.

II - Performances and operating experience

The three type of alloys have demonstrated excellent stability
under neutron irradiation and such a good corrosion resistance
in normal reactor operating conditions that they are always used
in their normal state (i. e. without protective coating of any kind).

Their safety as cladding materials is backed by many years
operation in French and loreign reactors without any single plate failure.
This operating experience is best exemplified in the following
table limited to MTR reactors located in France. When it is
remembered that a number of other reactors in the world are
also using them with equally good results, it appears in
conclusion that these aluminum alloys are well qualified for
use as cladding materials of MTR fuel elements.
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Appendix 1-2.2

NUKEM CLADDING AND STRUCTURAL MATERIALS

NUKEM GmbH
Hanau,
Federal Republic of Germany

Abstract

The composition and maximum content of some of the aluminum
alloys used by NUKEM as cladding and structural materials
for MTR fuel elements are described.

SHEETS OF AI Mg l

Composition and Maximum Content of Alloys

The alloy AlMgl (Material No. 3.3315) DIN 1725 Tl. l is produced from
the material Al 99.5 H (Material No. 3.0250) DIN 1712 Tl. l by adding magnesium
whereby the special tolerances as to boron, cadmium, lithium, cobalt, copper,
and zinc have to be adhered to.

Composition in Weight Percentage

Mg 0.7 - 1.1
Al rest

Maximum Content of Alloys in Weight Percentage

B 0.001 Fe 0.45
Cd 0.001 Li 0.001
Co 0.003 Mn 0.15
Cr 0.10 Si 0.30
Cu 0.008 Zn 0.05
Other elements 0.05 each
Other elements 0.15 in total

SHEETS OF Al Mg 2

Composition and Maximum Content of Alloys

The alloy AlMg2 (as Material No. 3.3525 DIN 1725 Tl.l edition 1967) is
produced from the material Al 99.5 H (Material No. 3.0250) DIN 1712 Tl.l by
adding magnesium whereby the special tolerances as to boron, cadmium, lithium,
cobalt, copper, and zinc have to be adhered to.
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Composition in Weight Percentage

Mg 1.7 - 2.4
Al rest

Maximum Content of Alloys in Weight Percentage

B 0.001 Fe 0.40
Cd 0.001 Li 0.001
Co 0.003 Mn 0.30
Cr 0.30 Si 0.30
Cu 0.008 Zn 0.03

Ti 0.1
Other elements 0.05 each
Other elements 0.15 in total

SHEETS AND PLATES OF AL 6061-TO

Composition and Maximum Content of Admixtures

The Alloy 6061 is produced according to ASTM B-209, whereby the special
tolerances for boron, cadmium, cobalt, and lithium must be observed.

Composition in % by Weight

Mg = 0.80-1.20
Si = 0.40 - 0.80
Cu = 0.15 - 0.40
Cr = 0.04 - 0.35
Fe = 0.70
Mn = 0.15
Zn = 0.25
Ti = 0.25
Al remainder
Other elements
Individual : 0.05
Total : 0.15

Special Conditions in % by Weight

B £ 0.001
Cd <_ 0.001
Co < 0.003
Li £ 0.008

Mechanical Characteristics According to Condition TO (Soft)

Tensile strength max. 150 N/m2

0.2 proof stress max. 85 N/m2

Elongation min. 18 %
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Appendix 1-2.3

BABCOCK AND WILCOX CLADDING
AND STRUCTURAL MATERIALS

BABCOCK AND WILCOX
United States of America

Abstract

A listing of specifications for the aluminum alloys used by
Babcock & Wilcox as cladding and structural materials for
fabrication of research reactor fuel elements is provided.

The following table shows materials used by B&W for research reactor
element fabrication. The list is not inclusive but represents materials used
successfully to fabricate research reactor elements. The current revision of
the specifications listed is used.

Aluminum Alloy Specifications

Plate Cladding, Dummy Plates, Side Plates

HOOF ASTM B209 aluminum-
alloy plate

6061 Clad with 1100, QAA-200 aluminum alloy
6061-T6, bar, rod, shapes, and
6061-TO extruded tube 6061, 6062
6061-T651 (U.S. Federal

Specification)
ASTM B221-81, extruded
tubing

6061-T6511 (Tubes)
6063-T5 (Tubes)

End Fittings (adapters, combs, bails, handles, etc.)
356-T6 ASTM B26 aluminum alloys
356-T21 and casting or ASTM B618

aluminum alloy investment
casting

5G70A-T6
5G70A-68 ASTM B108-68 aluminum alloy

permanent mold casting
6061-T651 ASTM B211 or B221 aluminum

alloy
6061-T6 bars, rods, wire

ASTM B209 aluminum alloy
sheet and plate
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The maximum impurity content for aluminum components except end fittings
is reported in ppm with boron not to exceed 15 ppm. Otherwise the material
composition must conform to the standard specification (ASTM).

For aluminum cladding and structurais, the chemistry specification is
based on the chemistry of the melt. Results of the chemical analyses and
mechanical property tests, including yield strength, are also provided by
the supplier and overchecked as necessary by B&W.
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Appendix 1-3
CORROSION RESISTANCE AND EXPERIENCE WITH

ALUMINUM ALLOY CLADDINGS

Appendix 1-3.1

WATER CORROSION OF ALUMINUM ALLOY CLADDINGS

ARGONNE NATIONAL LABORATORY
RERTR Program,
Argonne, Illinois,
United States of America

Abstract

Literature applicable to the water corrosion of aluminum alloy
claddings in research reactors is reviewed for the purposes of
specifying operating parameters and estimating reasonable
service lifetimes.

Introduction
Aluminum alloys have been, and are, being used In water-cooled production,

research, and test reactors since the beginning of the nuclear enterprise.
Thus, there Is a voluminous literature dealing with the aqueous corrosion of
aluminum and its alloys under a variety of conditions. It Is not the purpose
of this section to present a comprehensive review of this literature. Rather,
a portion of the literature relevant to research rectors, i.e. that applicable
to corrosion In reclrculatory systems operating below 200°C and with provision
for pH and Impurity control, will be considered for the purposes of specifying
operating parameters and estimating resonable service lifetimes.

Corrosion Behavior
The corrosion behavior of aluminum alloys Is sensitive to temperature,

pH, and flow rate. The behavior of alloy 1100 (99% min. Al) at tempertures up
to 95°C Is summarized in Fig. I.1 Figure 2 summarizes the corrosion behavior
of the same alloy over a wider range of temperatures.2 In evaluating the
relevance of the data in Figs. 1 and 2 to particular cases it should be noted
that 1 HDD (mg/cm2/day) is equivalent to 13.5 pm/yr (0.53 mils/yr).

The data summarized in Figs. 1 and 2 were obtained in high purity water
(except for the acid and alkali used for pH control) and in the absence of
reactor radiation. Chlorides and heavy metals e.g. Ni, Cu, Co, Pb, Sn and
Hg, in concentrations above ~0.1 ppm (above 0.02 ppm for Cu), particularly in
solutions of pH below 6 lead to severe pitting.1»3 At temperatures up to
~150°C, water velocities up to 7.6 m/sec (25 ft/sec) do not adversely affect
corrosion behavior.2 At higher temperatures, the effects of flow rate and
surface/volume ratio are complex.1* Corrosion rate Increases slightly with
temperature in the range of interest to research reactors and increases also
with flow rate in an unsaturated (with respect to corrosion product)system.5
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The corrosion rate of freshly exposed alloy is rapid, but it decreases paraboli-
cally to a lower constant rate as corrosion product builds up.6 This corrosion
product is a multi-layered aluminum oxide and there is evidence that dissolu-
tion of at least one of these layers can have a significant effect on the
corrosion rate.?"11 The dissolution rate is a function at least of tempera-
ture, pH, and refreshment rate but there is no generally acceptable model of
the detailed behavior.

Alloys with improved corrosion behavior at higher temperatures have been
developed.2»1«»12 However, it is expected that the commonly used aluminum alloys
(e.g. 6061 - 0.25 Cu, 0.6 Si, 1.0 Mg, 0.25 Cr and 5052 - 2.5 Mg, 0.25 Cr) will
behave similarly to 1100 and these improved alloys under research reactor
conditions.2 Although quantitative data are limited, there is evidence that
reactor irradiation does not adversely affect the corrosion behavior of
aluminum alloys.12 For example, specimens Of 6061 aluminum exposed in the
core of the ORR at 57°C (135°F) for one year showed a very low corrosion rate
of less than 1.3 ym/yr «0.1 mils/yr).13

Conclusions and Recommendations

Based upon the data presented above it is clear that research reactors
can be operated in such a manner that corrosion of the aluminum cladding is
not a practical limit on fuel element lifetime. The recommended conditions to
achieve the desired long service life are pH between ~5 and ~6.7, preferrably
~6, and chloride and heavy metal concentrations as low as can be achieved, at
least ~0.02 ppm for Cu and below 0.1 ppm for the others. It is emphasized
that these recommendations apply to periods of down-time as well as to those
periods when the reactor is operating. The effect on uniform corrosion rate of
periods of exposure at pH outside the recommended range can be estimated from
the data in Figs. 1 and 2. Increase in concentration of chlorides and/or
heavy metals will lead to severe pitting, including complete penetration of the
cladding, in relatively short time.

It is also worth noting that care should be taken during storage in air
to keep humidity or contamination (e.g., from fingerprints) from plate surfaces,
particularly if the plates have not been cleaned and passivated.

REFERENCES

1. J. E. Draley and A. Greenberg, "The Applications of Materials in Low
Temperature Water and Organic Liquid Cooled Reactors," Nuclear Metallurgy,
IMD, Special Report No. 2, AIME (Feb. 1956).

2. J. E. Draley and W. E. Ruther, "Aqueous Corrosion of Aluminum Alloys at
Elevated Temperatures," Geneva Conference Paper 535 (1955).

3. C. R. Schmitt, J. M. Schneyer, and J. M. Googin, "Corrosion Behavior
of Aluminium in Water," Report Y/DA-7055 (Feb. 1977).

4. J. E. Draley and W. E. Ruther, "The Corrosion of Aluminum Alloys in
High-Temperature Water," in Corrosion of Reactor Materials, Vol. 1,
pp. 477-498, IAEA (June 1962).

5. R. L. Dillon, "Dissolution of Aluminium Oxide As A Regulating Factor
in Aqueous Aluminum Corrosion," HW-61089 (August 31, 1959).

51



6. H. P. Godard, W. B. Jepson, M. R. Bothwell, and R. L. Kane, "The
Corrosion of Light Metals," Corrosion Monograph Series, John Wiley &
Sons, 1967.

7. R. L. Dillon, "Dissolution of Aluminum Oxide As A Regulating Factor in
Aqueous Aluminum Corrosion," AEC-Euratom Conference on Aqueous Corrosion
of Reactor Materials, TID-7587, pp. 134-152 (July 1960).

8. J. E. Draley, Shiro Mori, and R. E. Loess, "The Corrosion of 1100 Aluminum
and of Aluminum-Nickel Alloys, ibid., pp. 165-187.

9. J. E. Draley, Shiro Mori, and R. E. Loess, "The Corrosion of 1100 Aluminum
in Oxygen-Saturated Water at 70°C," J. Electrochemical Society, Vol. 110,
p. 622 (June 1963),

10. Shiro Mori and J. E. Draley, "Oxide Dissolution and Its Effect on the
Corrosion of 1100 Aluminum in Water at 70°C, ibid, Vol. 114, p. 352
(April 1967).

11. A. Berzins, J. V. Evans and R. T. Lowson, "Aluminum Corrosion Studies:
II Corrosion Rates in Water," Aust. J. Chem., 30, 721-31 (1977).

12. K. Viden, "Aluminum Alloys with Improved Resistance in High-Temperature
Water," in Corrosion of Reactor Materials, Vol. 1, pp. 499-537, IAEA
(June 1962).

13. P.D. Neumann, "The Corrosion of Aluminum Alloys in the Oak Ridge
Research Reactor," ORNL-3151 (June 23, 1961).

52



Appendix 1-3.2

POINT CORROSION DEFECTS OF FRG-2 FUEL ELEMENTS

W. KRULL
GKSS — Forschungszentrum Geesthacht GmbH,
Geesthacht, Federal Republic of Germany

Abstract

Experience with point corrosion defects of FRG-2 fuel elements
is described along with the measures that were taken to overcome
point corrosion problems.

At the end of 1970 an increasing activity concentration in the air
of the reactor hall of the FRG-reactors was measured. Using the wet
sipping method, defect fuel elements could be localized in the
reactor core of the FRG-2 (15 MW). Point defects (0 < 1,2 mm) have
been detected in the hot cells. Typical defects are shown in fig.
1-3. The electric conductivity of the primary coolant (light) water
was below 1 uS and e.g. no Cl- and Cu-ions could be found.

The FRG-1 (5 MW) and the FRG-2 (15 MW) use the same MTR-type fuel
element: 23 plates, UAlx meat, 180 g U-235, 93 % enriched, Al 99,5
canning material and anodic treatment coating.
To overcome the point corrosion problems the following parameters
were changed

canning material
Al 99,5 to Al 99,85, AlFeNi, AlMgl

- surface treatment
anodic treatment to chromatisation, only etching, cooking 0,5 h
and cooking 16 h (to provide a so-called corrosion resistant
boehmite coating /!/)
reduction of the max. permissible surface defects from 100 [t to
60 u.

By far the best experience was obtained with fuel elements with Mg-
based Al-alloy canning materials and 16 h cooked (boehmite) surface
treatment.
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1 Cracks in the anodic treatment coating

Fig- 2 Point defects without washout
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Fig. 3 Point defects with washout

Such fuel elements have been in operation since 1975 in the FRG-2
reactor and no further defects have occured. It should be noted that
point corrosion defects initiated by surface defects have never been
found and that the FRG-1 reactor using the same fuel elements as the
FRG-2 reactor and having a similar water quality was free from
fission product release all over the years.

More information about failed fuel elements can be found in the
literature /2 - 9/.

55



REFERENCES

/!/ D.G. Altenpohl: Use of boehmite films for corrosion protection
of aluminium, Corrosion 18_ (1962) 4, p. 143-153

/2/ W. Krull, G. Robert: The operation and utilization of the
research reactors at the research center Geesthacht, Confe-
rence on research and test reactors, ANS-Transactions (1974),
p. 26-27

/3/ M.H. Brooks: Detection and identification of failed fuel ele-
ments - HFBR, ANS-Transactions, Conference of Reactor Operat-
ing Experience /1977) 37-38

/4/ D.R. Boisblanc, C.F. Leyes, M.H. Barts: Process water fission
product activity from MTR fuel assemblies, MTRL-54-62

/5/ L.J. Harrison: In-pile mechanical failure of MTR fuel assem-
blies, (1963) IDO 16862

/6/ J.W. Dykes, J.D. Ford, K.R. Hoopingarner: A summary of the
1962 fuel element fission break in the MTR, /1965) IDO 17064

111 R.H. Clark, J.W. Cure: Detecting leaks in plate-type elements,
ANS-Transactions Supplement 2 p. 5-6 (1971)

/8/ H.R. Hilker, F.C. Fogarty: Test reactor operating experiences
with failure-prove fuel, ANS-Transactions Supplement 2
p. 20-22 (1971)

/9/ J.L. Eagan: Multiple failure of MTR-type fuel elements at
LPTR, ANS-Transaction Supplement to Volume 12 p. 61-62 (1969)
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Appendix 1-3.3

NOTE ON UK EXPERIENCE RELATING TO
CORROSION OF MTR FUEL

R. PANTER
United Kingdom Atomic Energy Authority,
Harwell, Didcot, Oxfordshire,
United Kingdom

Abstract

Experience in the U.K. related to corrosion of MTR fuel elements
clad in pure aluminium is described. Recommended conditions for
demineralized water are provided along with the surface treat-
ment used to passivate complete Harwell fuel elements.

U.K. experience relates only to fuel clad in pure aluminium, assembled
by mechanical means or by inert gas shielded welding or brazing with either
pure aluminium or aluminium-silicon alloy.

Elements have been used for up to 15 years in low power reactors, in
some cases followed by high power use to normal burn-up. Prior to repro-
cessing, elements are stored in water for between two and five years. No
cases of corrosion failure have been experienced in water of good quality.

The conditions recommended are demineralised water of
conductivity 0.2 to 1.5y mho/cm2

pH 5.5 to 6.5
Fe not more than 0.01 ppm
Cu " " " 0.01 ppm
Cl " " " 0.2 ppm

Any particles of rust from unprotected mild steel in the water cause
rapid pitting corrosion of aluminium.

It is worth noting that storage in air prior to use also requires dry
and clean conditions, particularly if the aluminium surface has not been
chemically cleaned and passivated. Some cases of failure prior to irradiation,
in elements assembled by salt-bath dip brazing, were due to brazing flux
trapped in crevices in the structural elements. This method of assembly is
no longer used.

It has been found advantageous to passivate complete elements to remove
any particles of foreign metal on the surface and to reduce the initial oxida-
tion in the reactor water. The treatment used for Harwell elements is:

1. Clean mechanically if necessary, degrease using methanol and blow
off any dust with compressed air.

2. Soak in 10% w/w nitric acid at 40°C for 5 minutes.
3. Rinse in running water.
4. Soak in demineralised water at 40°C for 5 minutes.
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5. Soak in clean demineralised water at 70°C for 15 minutes - this
provides an opportunity to check that no contamination has been
carried over.

6. Dry in air at 100°C.
The visual result of this treatment is less attractive than mechanical

or chemical cleaning, but the surface is less susceptible to corrosion in
damp air or in water.
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Appendix 1-3.4

ALUMINIUM CORROSION DATA

C. BAGLIN
GEC Energy Systems Limited,
Whetstone, Leicester,
United Kingdom

Abstract

Literature related to pitting corrosion of the aluminium used in
the cladding of research reactor fuel elements is reviewed. Key
data and conclusions are summarized.

The corrosion rate of aluminium and its alloys under normal research
reactor conditions of relatively low temperature and high water purity, can
be kept very low. Generally the higher the degree of purity of the
aluminium the greater its corrosion resistance. However, certain elements
such as magnesium and zinc can be alloyed in amounts up to 1% with refined
(99.99%, AA-1099) aluminium without reducing the corrosion resistance of
the pure metal (Ref. l). Under research reactor conditions either commercial -
purity aluminium or 2S (99.0%, AA-1100) are used because high-purity aluminium
is susceptible to intergranular corrosion in deoxygenated water at slightly
elevated temperature (Ref. 2). A corrosion rate of 0.01 ml/yr at 50°C has
been achieved using AA-1100 (Ref. 3). The control of the pH of the water
system between 5 and 7 is essential and this produced little significant
changes in the latter corrosion rate (Ref. 3). An increase in the temperture
of the water system causes an increase in the film formation on the surface of
the aluminium, which at 80°C was sufficient to prevent further pitting corrosion
to AA-1100 (Ref. 4). Pitting corrosion was found to be sensitive to water
composition at different temperatures with even a small addition of copper to
the water causing some pitting to occur even at higher temperatues (Ref. 4).
The initiation and rate of pitting are influenced by the flowrate of the water
and a velocity of only 8 fpm suppresses the pitting of AA-1100 sheet completely
(Ref. 5). The effects of water conductivity on the corrosion resistance of
aluminium has been little documented, but a value of between 0-5 umho is
generally desirable.
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Appendix 1-3.5

CRNL EXPERIENCE WITH ALUMINUM CLADDING CORROSION

R.D. GRAHAM
Reactor Technology Branch,
Chalk River Nuclear Laboratories,
Atomic Energy of Canada Limited,
Chalk River, Ontario,
Canada

Abstract
CRNL experience with corrosion of the aluminum fuel cladding
used in the NRU and NRX research reactors is described. Both
reactors currently use HEU(93%) uranium-aluminum alloy rod-type
fuel.
NRU has had no problems with corrosion of the aluminum fuel
cladding. NRX, which uses single pass, untreated water for fuel
cooling and for which the fuel residence time is much longer
than NRU, has generally had good performance from aluminum
cladding. However, from 1975 to 1979, NRX had considerable
trouble with cladding corrosion. That problem appears to have
been resolved.

1. INTRODUCTION
The Chalk River Nuclear Laboratories (CRNL) at Chalk River,Canada, have two high power research reactors, NRX which began operation in

1947, and NRU which began operation in 1957 (see Table 1). Both reactors
have used aluminum fuel cladding throughout their lives. Both reactors
currently use highly enriched (93% U-235) uranium-aluminum alloy rod-type
fuel. NRU has had no problems with corrosion of aluminum fuel cladding.
NRX, which uses single pass, untreated water for fuel cooling, and for which
the fuel residence time is much longer than NRU, has generally had good
performance from aluminum cladding, but from 1975 to 1979 NRX had
considerable trouble with cladding corrosion. That problem now appears to
have been solved.
2. NRX
2.1 Fuel Cladding Corrosion

The current NRX fuel design, the Mark IV, has been in regular use
since 1971. Details of the design and operating conditions of the Mark IV,
and the previous Mark I design which was in use from 1962 to 1974, are given
in Table 2. Briefly, both designs consist of bundles of seven fuel rods.,
the Mark IV fuel being 274 cm long and clad with 0.076 cm of Alcan 6102
aluminum, compared to a fuel length of 245 cm and a clad thickness of
0.114 cm of Alcan 2S (AA #1100) aluminum for the Mark I design.

Alcan 6102 is a "customer alloy" having purity similar to or higher than
IS, but with more rigid specifications of alloy content.
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TABLE 1. HIGH POWER RESEARCH REACTORS AT CRNL

NRX NRU

General:

- Reactor type
- Moderator
- Reflector
- Coolant
- Nominal power
- Neutron flux: thermal

fast

- First critical

Vessel :

- Shape
- Dimensions (inside)
- No. of lattice sites

Control and Safety:
- Regulation method
- Shutdown devices

- Poison compensation and
flux adjustment

Fuel Coolant:
- Type
- Flow
- Direction of flow
- Pressure: inletoutlet
- Inlet temperature
- Chemistry

Tank type
D20Graphite
H2025 MW (thermal)
Avg. 4.8 x 1013 n/(cm2-s)Max. 1.3 x 10*4 n/(cm2-s)Avg. 1.6 x 10*2 n/(cm2.s)Max. 4.3 x 1012 n/(cm2-s)
July, 1947

Vertical cylinder
0. 267 cm x H. 320 cm
Vert. 199 (through-tubes)

- Moderator level control
- 6 640 shut-off rods

gravity fall plus partial
moderator dump (6 valves)

- 4 Co adjuster rods

H20, single pass, untreated
150 kg/s
Down
1.2 MPa
0.3 MPa
2-20°C
pH 6.5-7.5
Conductivity 400-600 uS/m
Total sol ids 45-65 ppm
Fe 0.1-0.4 ppm
Cu 0.01-0.04 ppm
Chlor ide 0.1-0.2 pom
02 5-15 ppm

Tank type
020
H20
D20
135 MW ( thermal )
Avg. 1.4 x 1014 n/(cm2-s)
Max. 4.0 x lOl4 n/(cm2.s)
Avg. 1.3 x 10*3 n/(cm2-s)
'Max. 4.5 x 1013 n/(cm2-s)
November, 1957

Vertical cylinder
D. 349 cm x H. 366 cm
Vert. 227 (not through-tubes)
Horiz. 2
NOTE: Bottom of vessel forms
coolant distribution header
for fuel.

Sequential control rods (6)
18 gravity fall control rods
(11 cadmium, 7 cobalt)

on-power refuelling and 4
adjuster rods

D20 (in series with moderator)
2000 kg/s
Up (exits into vessel)
0.65 MPa
0.15 MPa
25-35°C
- min. purity 99.75% D20
- Conductivity approx. 20
- Al less than 2 ppm
- 02 less than 0.3 ppm

A total of about 270 Mark IV assemblies have been irradiated to
date, including about 60 presently in the reactor. Cladding failures, as
detected by increased radioactivity in the coolant, have occurred in 74 of
these assemblies. Examination of several of these assemblies indicates the
failures were due to aggressive external pitting corrosion. In comparison,
only three cladding failures occurred out of a total of 340 Mark I fuel
assemblies irradiated.

As indicated in Tables 3 and 4, the early Mark IV assemblies were
not affected: none of the fuel installed during 1971 and 1972 failed, and
only three of the assemblies installed during 1973 suffered cladding
failures, at essentially full burnup. However, the majority of fuel
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TABLE 2. REACTOR FUEL ASSEMBLIES

NRX NRU
Mark I Mark IV

Fuel Material:

- Type
- Composition

- U density
- % U-235

Fuel Elements:

- Type

- Diameter (unclad)
- Length

Cladding:

- Type

- Material
- Thickness
- No. fins/ rod

- Fin size: W
H

Assembly:

- General

- No. rods/assembly

- Spacing of fuel centres

U-A1 alloy
72 wt% Al-
28 wt% U

0.97 g/cm3

93%

Rods
(pencils)
0.635 on
245 cm

Extruded
Aluminum

2 S (AA 1100)
0.114 cm
3 (helical)

0.102 cm
0.094 cm

Rods
suspended
inside Al
flow tube

7 (1 central,
6 outer)

-1.12 cm

U-A1 alloy
72 wt% Al-

28 wt% U
0.97 g/cm3

93%

Rods
(pencils)
0.635 cm
274 cm

Extruded
Aluminum

Alcan 16102
0.076 cm
Outer 4 (hel.)
Inner 6 (hel.)
0.076 cm
0.127 cm

Rods
suspended
inside Al
flow tube

7 (1 central,
6 outer)

-1.054 cm

U-A1 alloy
79% wt% AI-21 wt% U

0.69 g/ cm3

93%

Rods (pencils)

0.549 cm
274 cm

Extruded Aluminum

Alcan #6102
0.076 cm
6 (straight)

0.076 cm
0.127 cm

Rods suspended inside
Al flow tube

12 (3 inner, 9 outer)

Inner - on radius 0.65 cm

Maintained by

- Coolant area over fuel

Operating Conditions:

- Coolant flow
- Coolant velocity
- Maximum power to coolant

(Limit)
- Max. surface heat flux
- Max. clad surface

temperature (calculated)
- Residence time in reactor
- Lifetime energy output
- Fuel management scheme

Spacers Fins (hel.)
every 43 cm

-5.7 cm2 -4.2 on?

2.1-2.4 kg/s
3.7-4.2 m/s
740 kW

2.1-2.4 kg/s
5.0-5.7 m/s
800 kW

180 W/cm2 200 W/cm2

140°C 135°C
600-800 d 900-1500 d
180-240 MW'd 290-350 MW'd
(Normally) assembly starts
life near centre of core -
moved (about 5 times)
progressively to outside of
core

Outer - on radius 1.72 cm
Spacers (6 over length)

-14.3 on2

12-14.5 kg/s
7.7-9.1 m/s
2100 kW
260 W/cm2
135°C
Approx. 300 days
305 MW'd
Assembly starts near outside
of core - moved towards centre

assemblies installed in 1974, 1975 and 1976 failed. The failure rate
declined for fuel installed during 1977 and 1978 although there was a
tendency to schedule removals earlier than usual. As of June 1982, no
cladding failures have occurred in fuel assemblies installed after the third
quarter of 1978, and no cladding failures at all have occurred since the end
of 1979.
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TABLE 3. NRX FUEL CLADDING FAILURES BY DATE OF INSTALLATION (MARK IV ASSEMBLIES)

Year
Installed

1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981

TotalInstalled

4
3227
26
2528
31
20
33*
20*
21*

Cladding Failures
No.

0
0
3
19
23
15
8
6
0
0
0

Days in
Reactor

_
.

1100
785
625
690
635
460.
-
-

Burnup
(MU-d)
.
.

311
275
250
245
225
194.
.
-

Scheduled Removals
No.

4
30
16
6
27
12
5
0
0
0

Days in
Reactor
10701170
1515
1310
1245925
950
800-
.
-

Burnup
(MH-d)
293
309
352
353
340
288
287
274-
-
-

Other
Removals

0
2
8
1
0
6

11
6
13
3
1

Some of these assemblies were still in reactor as of June 1982 (about 60 assemblies inreactor).

TABLE 4. NRX FUEL CLADDING FAILURES BY DATE OF REMOVAL (MARK IV ASSEMBLIES)

Year
Removed

1974
1975
1976
1977
1978
1979
1980
1981
1982

to June 1)
Total Avg.

Total Rods
Removed

12
26
23
59
17
39
24
8
4

210

Cladding Failures
No.

0
5
17
26
10
16
0
0
0

74

Days in
Reactor

_
465
700
745
680
650.
-
.

686

Burnup
(MW-d)

_

228
255
270
237
235_
.
-

251

Scheduled Removals
No.

9
17
2
29
3

11
11
3
1

85

Days inReactor
1020
1060
1090
1465
1135
955
885

1141
1360

1170

Burnup
(KW-d)
292
298
310
348
324
291
283
303320

313

Other
Removals

3
4
4
4
4
12
13
5
3
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2.2 Examination of Failed Fuel
Several Mark IV assemblies with cladding failures were examined.

All failures appeared to be due to localized pitting corrosion leading to
penetration of the cladding, with longitudinal slits developing in the worst
cases. All failures occurred at the base of the fins, although some less
severe pitting was observed away from the fins as well. Failures generally
occurred slightly downstream of the maximum flux position, in the region of
highest cladding temperatures. No failures were observed on central fuel
elements which operate at slightly lower power than the outer elements due
to flux depression. All fuel elements examined were covered with a layer of
crud deposits, consisting of roughly 70% iron oxides, 20% aluminum oxides,
and 10% organics. It was noted that little or no crud build-up was present
at the base of the fins.
2.3 Cause of Failure

Since the early Mark IV assemblies were not affected, it was
concluded that some change had occurred to produce corrosive conditions in
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NRX Mark IV fuel assembly (not to scale).

later fuel assemblies. Investigation of operating conditions, water
chemistry, materials and fabrication did not reveal any major changescorresponding to the start of the cladding failures. One of the most likely
suspects discovered was the use of a lubricant containing a high proportionof nickel as an anti-seize compound on the threads of the stainless steel
valve sections attached to both ends of the flow tube. While the corrosionmechanism has not been definitely confirmed, it is believed that the region
at the base of the fins was susceptible to pitting and a small amount ofimpurities, probably nickel leached from the valve lubricant, depositing on
the cladding was sufficient to cause localized galvanic corrosionpreferentially in that region.

The nickel-bearing lubricant was in use for an undetermined length
of time. Since it is applied by the reactor operators during the finalassembly prior to installation it escaped the normal quality control checksof the fabrication process. Use of this compound was recognized as a
potential cause of the corrosion and stopped in November, 1978. It was
replaced with a silicone dielectric. No failures have occurred in fuel
assemblies installed after that time.

A sharp corner at the base of the fins is believed to have
contributed to the susceptibility of that region because of erosion of theprotective oxide film by turbulent flow of hot coolant, slightly higher
surface temperatures than elsewhere, and some residual stress fromextrusion. The corners of the extrusion die have been rounded to produce a
larger radius of curvature at the base of the fins on all NRX fuel elementsproduced since February 1979.
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Other things probably contributing to the general susceptibility
of the cladding to corrosion are the general water chemistry particularly
the traces of copper and the long residence time of the Mark IV assembliesin the reactor.

2.4 Activity Releases Due to Cladding Failures
Releases of radioactivity to the NRX coolant as a result of these

cladding failures are relatively small. Typically the failures are
initially almost undetectable on monitoring instruments and the release rate
slowly increases over a period of 2 to 4 weeks (occasionally longer) until a
failure is confirmed, and the failed fuel assembly located and removed.

Routine analysis of non-gaseous fission product releases indicate
that the average cladding failure resulted in releases in the order of
0.005% of the inventory for each fission product nuclide in the entire fuel
assembly. In general the fission products appear to be retained in the
metal matrix of the fuel alloy, being released only through erosion of the
alloy and recoil from the exposed surface. In one of the worst cladding
failures examined, about 0.08 cm3 of fuel meat had been eroded away and it
was estimated that this represented a release of about 0.017X of the fission
product inventory of that fuel assembly. In all cases the quantities of
fission products released were very small fractions of the release limits
for the CRNL site.

Releases of individual gaseous fission product nuclides have not
been measured, but the fact that no significant release of activity is
initially detectable suggests that there is little or no diffusion of gases
out of the fuel. It is believed that gaseous fission product releases are
of the same order of magnitude as non-gaseous releases.

3. NRU
The present NRU fuel design has been in use since 1964, although

the uranium density has changed several times: from 0.29 g/cm3 to
0.42 g/cm~ in 1966, to 0.54 g/cnr in 1968, and to the present
0.69 g/cm3 in 1969. The fuel assembly consists of twelve rods, with fuel
length 274 cm, and clad with 0.076 cm of Alcan 6102 aluminum (see Table 2).

Operating conditions for NRU fuel assemblies are slightly more
severe than for NRX fuel, but there is a much shorter residence time in the
reactor and better quality coolant. Over 1200 of these assemblies have been
irradiated in the reactor. To date there has been no evidence of cladding
failure or excess corrosion.

4. CONCLUSIONS
Aluminum has been used successfully at CRNL as a cladding material

for highly enriched fuel, with surface heat flux to 260 W/cm2, with
in-reactor residence times in some cases over four years, and in both good
quality and untreated coolant. General operating limits applied to this
cladding at CRNL are: coolant velocity less than 9.1 cm/s; and surface
temperature less than 135°C for Alcan 6102, or less than 160°C for 2S
(AA .1100).
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CROSS SECTION THROUGH FUEL

GUIDE TUBE

TOP OF REACTOR
VESSEL

D20 OUTLET

FUEL ELEMENTS
FLOW SPACER

FLOW TUBE

HANGER PLATE

DOUBLE BULGE END

BOTTOM OF
REACTOR
VESSEL

NRU fuel assembly (not to scale).

Experience with corrosion indicates that sharp corners should be
avoided, and care taken to maintain quality control throughout fabrication,assembly, and operation of the fuel to avoid introducing impurities.
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Appendix 1-3.6

WATER AND CORROSION TECHNOLOGY OF
LIGHT WATER RESEARCH REACTORS

H. PIEPER
Kernforschungsanlage Julien GmbH,
Julien, Federal Republic of Germany

Abstract

Light water is used as primary coolant and as moderator in most
of the research reactors. In order to keep the corrosion of the
structural materials used in the reactor as small as possible,
specific requirements must be fulfilled both with respect to the
water quality and also the engineering design of the system.
The values which are associated with the fulfillment of these
objectives may be termed "chemical parameters."

Suitable measures will be discussed which influence these chemi-
cal parameters and which satisfactorily fulfil l the requirement
to be met by water chemistry. In addition, experience gained in
operating the Jülich FRJ-1 reactor will be demonstrated.

Light water used in the reactor as a primary coo lant se rves as
a heat transfer medium and as a moderator . The influence of this
water on the structural mater ia ls normally used such as:

- aus ten i t i c chrome nickel s tee ls (we ld c ladd ings , p iping, pumps,
f i t t ings and heat exchange rs ) ,

- and high-puri ty a luminium or a lumin ium-magnes ium a l loys
(fuel element c ladd ing, reactor v e s s e l , in ternals e t c . )

must in this case be as s l ight as p o s s i b l e .

The fo l lowing requirements must be ful f i l led by the water qual i ty
quite general ly :

1. No or only little a g g r e s s i v e n e s s in order to main ta in a min ima l
rate of metal loss from the st ructura l mate r ia ls -

2. The probabi l i ty of the occurrence of selective co r ros ion forms
through ionogenic or so l i d water impuri t ies shou ld be as sma l l
as p o s s i b l e -

3. Rad iochemica l hydrogen and oxygen format ion ( r a d i o l y s i s )
must be suppressed by suitable measures .
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In a d d i t i o n the engineering design of the system should guarantee
that the formation of activatedcorrosion products can be m i n i -
mized, wich means that:

4. Transport and deposition of corrosion products should be in-
fluenced in such a way that contamination of the primary
c i r c u i t remains s l i g h t , i.e. if p o s s i b l e no material s h o u l d
deposite in the core zone and only short residence times
should occur here -

5. The deposition of corrosion products on the heat transfer
surfaces (fuel elements and heat exchangers) should there-
fore also be avoided as far as possible.

The de-ionized water used in the reactor primary coolant loop
is more or less aggressive towards the structural materials
used in the research reactor, especially if it is contaminated
with oxygen and other substances such as chloride, sulphide
or also traces of heavy metals. In order to minimize these
i m p u r i t i e s ' chemical attack on the structural material as far
as possible water chemistry for its part aims at preventing
damage and operational impairments by an appropriate mode of
operation.

The data exhibiting a connection with the f u l f i l l m e n t of this
objective can be designated "chemical parameters". By suitable
measures which influence the chemical parameters the demands
made on water chemistry can be satisfactorily fulfilled.

Among these measures is the d e f i n i t i o n of di rectly measurable
quanti ti es. In the Federal R e p u b l i c of Germany these measurable
q u a n t i t i e s are for example la i d down in the water specifications
for reactor primary cooling water in BWR's and PWR's.

Even today these v a l u e s are strictly speaking not g u i d e l i n e s
for research reactors, although some of the reactors have been
in operation for more than 20 years. In this respect one ad-
heres rather to the various operating regulations, usually
taken over from other reactor stations, to the manufacturers'
technical specifications, as well as to the fuel element war-
ranty clauses, which as a rule all determine the maximum permis-
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Table 1: VGB*standards for reactor water and reactor feed water
in BWR installations in continuous operation (1973)

conduc
c h 1 o r i
s i l i c a
total
total
sodi urn

ti vi ty
de

i ron
copper
and potass

25°C
(CD
(Si02)
(Fe)
(Cu)
i urn

uS/cm
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

reactor
water

< 1
<0.2
< 4

-
-

reac
feed

<0

0
0

tor
water

.15
-

.025

.003
-

* VGB = Technische Vereinigung der Großkraftwerksbetreiber e.V
-Technical Association of Major Power Station
Operators

sible concentrations of various substances in the reactor primary
water and feed water which may not be exceeded in operation.

Stainless steel as a structural material in the primary system
is susceptible to stress-corrosion cracking if chloride is also
present in the water in addition to oxygen. In the case of
a l u m i n i u m and aluminium-magnesium alloys there is a danger of
pitting corrosion at higher chloride concentrations. Since re-
search reactors favour a swimming pool design as a reactor type
one does not in any case have any influence on the oxygen con-
centration in the pool water, and therefore only the chloride
concentration can be limit e d as a function of the oxygen content.
However, selective forms of corrosion can be largely e l i m i n a t e d
by such a restriction of the chloride concentration. The maximum
permissible concentration of chloride ions in the primary cooling
water is identical to the value of the VGB g u i d e l i n e . Today, how-
ever, in the operation of a research reactor with a we!1-function-
ing p u r i f i c a t i o n system values remain clearly below this l i m i t .

Other ionogenic impurities or dissolved substances need not nec-
essarily be specified with respect to their maximum p e r m i s s i b l e
concentration. Nevertheless, with careful monitoring they can
g i v e indications of whether the behaviour of the primary cooling
water which is to be expected on the basis of the given water
chemistry actually occurs. This behaviour could in p r i n c i p l e
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also be observed from the analysis of certain activation prod-
ucts (e.g. Co-60, Co-58, Mn-54, Na-24), if this e x a m i n a t i o n were
carried out regularly.

The determination of l i m i t s becomes senseless however, if
orders of magnitude are thereby obtained which are no longer
analytically detectable. Therefore the observation of the water
specification is not always sufficient to avoid damage. The
consideration of further, not directly measurable values is
e q u a l l y important.
There are substances which cause detrimental effects even if
present in non-analytically detectable amounts . Tab! e 2 gives
a rough survey of this type of substance; it does not claim
to be exhaustive. A closer quantification is not normally carried
out. The introduction of these substances into the primary cool-
ing water can only be prevented, or rather kept under control,
by counter measures .
The following are among the necessary measures for influencing
the c h e m i c a l parameters:

1 • !?l§nt_op_erati on

In respect of the chemical parameters the plant operation
w i l l concentrate on the observation of the water specifi-
cation. The values are monitored by instrumentation and
laboratory analyses and can be controlled by means of the
water p u r i f i c a t i o n systems' mode of operation and the flow
of water in the circuit.

ng_measures

Among these are the correct design and the proper functioning
of the water p u r i f i c a t i o n system (filtration, ion exchanger),
r e l i a b l e make-up water c o n d i t i o n i n g , an optimal c i r c u l a t i o n
system (purification bypass) and sufficient d i m e n s i o n i n g
in terms of flow mechanics (no dead legs).

The composition of the high-grade steels, a l u m i n i u m and alu
m i n i u m - m a g n e s i u m alloys used with respect to their content
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Table 2: Survey of "forbidden" substances

substance typical occurrence effect

halogen-containing
materials

mercury

lead, cadmium,
tin
sulphide
cobalt, zinc,
silver
oil, grease

mechanical dirt

ionogenic contam-
inants
detergents

antistatic agents

decreasing agents,
Teflon, PVC, Neoprene

thermometers,
pressure gauges
shieldings, tools

molybdenum disulphide
materials, absorber
materials
preserving agents,
lubricants
drops of sweat, Kleenex-
tissues, residues of
foils, disposable gloves
salts, chemicals

soaps, derusting agents,
organic solvents

new plastic filter
cartridges

ion exchange resins leakages from purification
systems

decomposition to form
halogen
stress-corrosion
cracking
intercrystalline
corrosion
intercrystalline
corrosion
pitting
extensive activation
in the neutron field
decomposition into
acids corrosion
clogging, jamming

increased conductivity
corrosion
increased conductivity,
pH value change, corrosion
foaming
increased conductivity,
corrosion, foaming
decomposition
corrosion

of a l loy ing const i tuents and normal impurit ies must be speci-
f ied in such a way that, in the case of corros ion, if p o s s i b l e
no long- l i ved a c t i v a t i o n products can occur, or rather that
no s e l e c t i v e c o r r o s i o n s ( loca l e l e m e n t s , p i t t ing) can take
p l a c e under the p reva i l i ng cond i t i ons . Th i s inc ludes e .g .
the s p e c i f i c a t i o n s about the max imum c o b a l t , z inc or copper
con ten ts in these ma te r ia l s . Fur thermore , a t ten t ion mus t be
pa id that no " fo rb idden" s u b s t a n c e s ( T a b l e 2) be i n t r oduced
into the cool ing system by means of aux i l iary d e v i c e s , too ls ,
m e a s u r i n g i ns t rumen ts e tc . (mercu ry , h a l o g e n s , mo lybdenum
su lph ide, heavy m e t a l s ) .

4. C l e a n l i n e s s

Part icu lar care must be e x e r c i s e d when work ing on the open
coo l ing sys tem and reactor v e s s e l . Bas ica l l y only parts and
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experimental devices perfectly clean, indeed as a rule only
with pickled surf aces, shoul d be introduced into the primary
cool i ng water .

The water p u r i f i c a t i o n system was s p e c i a l l y mentioned
among the plant engineering measures for i n f l u e n c i n g the
c h e m i c a l parameters in the reactor primary coolant loop. It
is a p a r t i c u l a r task of t h i s purification system to
ensure the observation of the water specifications during
the operation of the reactor. This is why we s h a l l here once
more consider the major sources of the p o s s i b l e occurrence
of contami nation.

" ^§!SCiyß_*ä ter _cond i ti_oni_ ng

S l i p p a g e of unwan ted i o n s : ( C l ~ , S 0 , ~ ~ , Na , SiCk", CO ~
wi th depleted exchanger ma te r i a l s ,

- l eakages

In the heat exchanger in the case of pressure differences
between the primary and secondary or a n c i l l a r y coolant
loop ,

tu " teri a l s

S u r f a c e e r o s i o n s o r the normal c o r r o s i o n r a t e s o f h i g h - g r a d e
s t e e l a n d a l u m i n i u m ( t h e s e a r e a p p r o x . 0 . 0 0 5 m m / y e a r ) . T h e s e
dissolv ing impu r i t i es a r e a c t i v a t e d ( C r - 5 1 , M n - 5 4 , N a - 2 4 ) a n d
form a not i n c o n s i d e r a b l e r a d i a t i o n s o u r c e ,

- a c t i v a t i o n p r o d u c t s

o f the w a t e r , e s p e c i a l l y the n i t rogen i s o t o p e s N - 1 6 ( lha l f - l i fe
= 7 .2 s e c . ) and N - 1 7 ( h a l f - l i f e = 4 .2 s e c . ) , w h i c h b e c a u s e o f
their short ha l f - l i f e are only e f f e c t i v e dur ing o p e r a t i o n , neither
shou ld the a rgon i s o t o p e A - 4 1 be fo rgo t ten , wh i ch is formed as an
a c t i v a t i o n product due to the continual a i r c o n t a c t be tween the
pool wa te r su r f ace and the ha l l a i r . The hydrogen i s o t o p e H-3,
w h i c h is a l s o o b t a i n e d in the case of light water moderated research reactors
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with a s l i g h t b u i l d - u p rate, only plays a minor role as an activa-
tion product and radiation source, however it may on the basis of
its long half-life cause problems with respect to release during
primary cooling water leakages or system drainages.

- and f i n a l l y the impurities due to fiss i l e materi al s from leaky
fuel c l a d d i n g s (corrosion, h a i r l i n e cracks,diffus ion processes
during film b o i l i n g ) must also be mentioned. Above all iodine,the
inert gases xenon and krypton,but also uranium itself or Np-239
must be mentioned here. Even though the f i s s i l e product activity
does not influence the chemistry of the reactor water, it has no
significance in terms of weight, it does however have a consider-
able effect on the h a n d l i n g of the reactor water during analysis,
leakages or disturbances. The possible high specific activities
always affect the radiation protection measures which have to be
taken and therefore require particular attention during operation.

In respect of these possible sources of contamination in the reactor
primary cooling water specified above it is therefore the major task
of the water p u r i f i c a t i o n system to efficiently remove these impu-
rities from the reactor water where they have dissolved or have appearec
in the form of solids or c o l l o i d s , and thereby to achieve safe oper-
ation of the reactor and a good a v a i l a b i l i t y of the plant.

The combination of a mechanical cartridge filter with a
2 - 5 urn filter fineness (as a preliminary filter) with a
mixed-bed ion exchanger, whereby the ratio of the absorption
capacity cation.- to anion - exchange resin varies between
1 : 1, 1.5 : 1 up to 3 : 1 depending on the reactor plant,
has proved successful in all research reactors. The through-
put of the purification system is as a rule between 0.1 - 1 %,
in the case of i n d i v i d u a l systems even up to approx. 10 %
of the hourly c o o l i n g water circulation. In the same way puri-
fication variations are being operated in which the throughput
through the mechanical filter amounts to several times (e.g.
4-5 times) that of the mixed-bed filter. It is necessary to
additionally i n s t a l l a collecting filter for decomposed resin
particles (approx. 10 - 25 urn fineness) behind the mixed-bed
filter.
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We can report from our own experience on FRJ-1 that the primary
co o l i n g water is operated with the addition of free s i l i c a at
a concentration between 10 - 30 mg/kg. Extensive laboratory tests
at the b e g i n n i n g of the s i x t i e s showed that corrosion damage to
a l u m i n i u m as a structural material in contact with high-grade
steel or ferritic surface i m p u r i t i e s could largely be avoided
by the a d d i t i o n of s i l i c a . Our many years' experience w i t h FRJ-1
have completely confirmed this i n h i b i t i n g property of s i l i c a as
a protective c o l l o i d .

One of the accidents w h i c h occurred must be mentioned whereby
s l i g h t traces of c h l o r i d e , w h i c h had been left b e h i n d on the a l u -
m i n i u m c l a d d i n g after the hot water s e a l i n g of the finished fuel
plates, led to considerable p i t t i n g corrosion in the core after
the fuel elements in question had been briefly u t i l i z e d . This
brought about an extensive contamination of the primary c o o l i n g
water by escaping f i s s i o n products. W i t h respect to time the
detection of damage and exact preservation of evid e n c e for the
cause of corrosion presented a much greater problem than
the e l i m i n a t i o n of contamination in the primary system.

Another case of c o n t a m i n a t i o n , namely with Ag - 110, resulted
from the fact that the g a l v a n i c a l l y a p p l i e d nickel c l a d d i n g
of approx. 50 urn on the absorber rods previously used in our
f a c i l i t y was not completely non-porous. On this occasion
only a structural modification to the rods u t i l i z i n g a s o l i d
encasing made from high-grade steel plate could provide the
necessary impermeability.

We did not have any other type of corrosion problem in the
previous operating years. We can however in general mention that
a deterioration in water quality can occur r e l a t i v e l y r a p i d l y
as a result of the e l u t i o n of ions w h i c h have already been taken
up if the ion-exchange resins in the p u r i f i c a t i o n system are
not renewed in good time. This can indeed lead to increased corro-
sion rates in the core zone, possibly even to p i t t i n g . Therefore
the most important task of chemical system monitoring is to reg-
ister the b e g i n n i n g s of resin depletion in good time and to
arrange for appropriate measures to be taken. Nevertheless, it
must be emphasized that such processes do not take place at short
notice, rather they are indicated as a rule by certain tendencies.
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In our case the chemical analytical monitoring comprises one weekly
laboratory investigation during which the pH v a l u e , conductivity,
s i l i c a and c h l o r i d e content, turbidity and y- a ctivity are deter-
mined. The determination of all the i o n o g e n i c a l l y d i s s o l v e d impu-
rities and the y-spectrum is undertaken once during each operating
peri od.

In summing up one can say that with appropriate efforts and the
present state of knowledge - there are no basic d i f f i c u l t i e s in
producing good and satisfactory conditions on the primary side of
a lig h t water moderated research reactor from a corrosion chemistry
point of view and that these conditions can be f u l f i l l e d over a
long period of time. I n d i v i d u a l difficulties which may occur are
part of the chemist's bread and butter and must in each case be
i n d i v i d u a l l y overcome.
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Appendix 1-4
EXOTHERMIC REACTIONS

Appendix 1-4.1

EXOTHERMIC REACTIONS IN U3O8 DISPERSION FUEL

ARGONNE NATIONAL LABORATORY
RERTR Program,
Argonne, Illinois

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee

United States of America

Abstract

A summary is provided of the experiments conducted
since 1963 to study exothermic reactions in the
U3Og-Al system.

1 . INTRODUCTION

A dispersion of uranium oxide (U30e) in an aluminum matrix has been used
as the fuel material for several research and test reactors. Higher
uranium loadings in such material can be achieved by increasing the
relative amount of the U3O8 phase.[1]

The fact that a U3Oa and aluminum mixture is not in chemical equilibrium
was recognized very early. The possibility of a chemical reaction between
the oxide and the metal phase has been investigated by several independent
experimental efforts over two decades. The first experiments at Georgia
Tech indicated a potential for a rapid exothermic reaction when a UaOg-Al
mixture reached a sufficiently high temperature. Subsequent tests at the
Oak Ridge National Laboratory, Argonne National Laboratory, and Savannah
River Laboratory yielded much more information and understanding.

This appendix summarizes the experiments conducted since 1963 to study
exothermic reactions in the U3Og-Al system.

2 . EXPERIMENTAL STUDIES OF EXOTHERMIC REACTION

2.1 Georgia Tech Experiments

The exothermic reactions in the U3Og-Al system have been studied by
Fleming and Johnson.'2'3' As indicated by X-ray diffraction studies, the
reactions occur in two stages. The first is the reduction of U3O8 to UO2

U3O8 + 4/3 Al -» 3 UO2 + 2/3 A12O3 (1)

which releases 798 kJ/mole of U3O8 (based on heats of formation of U3O8,
UO2, and A12O3 of 3574.8, [4] 1085.0,M1 and 1676.8[5] kJ/mole, respectively).
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This reaction was observed in heating experiments within minutes after
the specimens reached a temperature of 649°C, slightly less than the
a luminum melting temperature of 660°C. The rate of reaction was
independent of U3O8 content, but increased with decreasing U3O8 particle
size.

The second stage in the reaction is the further reduction of UO2 to one
or more of the uranium-aluminum intermetallic compounds

U02 + (4/3 + x) Al -» UA1X + 2/3 A1203 (2)

This reaction releases 125, 141, or 158 kJ/mole of UO2 for x = 2, 3, or
4, respectively (based on heats of formation of UA12, UA13, and UA14 of
92.5, 108.4, and 124.7 kJ/mole, respectively) [6j . Fleming and Johnson's
estimate of the maximum credible energy release from both reactions as a
function of the U3Og/Al composition, is shown in Fig. 1. Their calculation
was based on UA1X thermochemical data from 1958 which yielded significantly
larger energy releases for reaction (2), namely, 188, 214, or 252 kJ/mole
of U02 for x = 2, 3, or 4, respectively. (Their value for the energy
release from reaction (1), 810 kJ/mole of U3O8, agrees reasonably well with
current values.)

Reaction (2) first occurs at temperatures ranging from 927°C to 982°C,
although a few specimens reacted several seconds after reaching a
temperature of only 815°C. As in reaction (1), the reaction rate increased
as oxide particle size decreased. Unlike the first reaction, however, the
second depends on composition (U30g loading) not only to determine the
product mix, but also the reaction speed. Fleming and Johnson postulated
two reasons for this increase in reaction rate with oxide loading. First,
the thermal conductivity decreases as the U30s volume fraction increases.
Thus, for higher 030g loadings, the fuel retains more of the heat generated
by reaction (1) for a longer time, and higher temperatures are attained.
Secondly, as shown in Fig. 1, there is a rapid increase of energy available
for release with U30a loading. The line gives the energy release, per

100

Fig. 1 Energy Available for Release by Complete
Thermite Reaction (Reference 7)
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Table 1. Effect of U3O8 Particle Size on Ignition Temperature

UsOg Particle Size ((im)

>149 (+100 mesh)
105-149 (100+140 mesh)
74-105 (-140+200 mesh)
53-74 (-200+270 mesh)
44-53 (-270+325 mesh)
<44 (-325 mesh)

Ignition
Temperature

1,065
1,050
1,015
995
970
970

Peak Area
(mv-sec)

0
93

130
181
165
118

Peak Height
(mv)

0
1.48
1.85
2.96
2.18
1.16

Source: Reference 2

Table 2. Effect of U3O8 Content on Ignition Temperature

UaOe Content w/o

85.4
79.5
74.5

Ignition
Temperature

(°C)

993
932
815

Peak Area
(mv-sec)

184
319
401

Peak Height
(mv)

2.98
4.56
2.85

Source: Reference 2

kilogram of fuel material, computed from the previously stated heats of
reaction, assuming the reactions proceed to the stoichiometric product mix.
Post-experiment analysis found no free uranium metal in the fuel specimens.

Fleming and Johnson utilized the technique of differential thermal
analysis'81 (DTA) to study the effect of U3O8 particle size and composition
(wt% UßOs) on the exothermic reaction. In DTA, reactions in a material
during slow heating are indicated by comparing the outputs of thermocouples
imbedded in the test specimen and in a nonreacting reference material.
Phase transitions and chemical reactions are indicated by variations in the
difference of the thermocouple readings. In the U3O8 exothermic reaction
experiments, a peak in the temperature difference indicated the exothermic
reaction.

The DTA results for various UßOg particle sizes showed that ignition
temperatures decreased with decreasing particle size in specimens
containing 85.4 wt% U3O8 (see Table 1). It was postulated that smaller
particle sizes resulted in a larger specific surface area and better
contact between the UßOg and aluminum phases. This enhances their
reactivity as indicated by the decline in ignition temperatures in Table 1.
The unexpected decline in DTA peak area and peak height for particle sizes
smaller than 53 (am was attributed to poor mixing of fine powders during
specimen fabrication, which caused the incomplete reaction.

The effect of fuel composition was also studied. Three samples, with
UaOe contents shown in Table 2, were heated and DTA indicated lower
ignition temperatures for lower loadings (in the composition range shown).
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Fig. 2 Temperature of U 0 -Al Specimens Heated at a Rate of
25 /minute (Reference 7)

Smaller UaOg content would allow better contact with the relatively larger
aluminum fraction and, like the smaller particle sizes, lower ignition
temperatures would result. This reaction would also be facilitated by
enhanced mass-action effects. The peak area data were consistent with the
specific energy release data of Fig. 1, witn peak area increasing with
decreased UaOg content, since these high loading were well beyond the
maximum specific energy release at about 60-70 wt% UTOg.

2 . 2 Experiments at Argonne

Fleming and Johnson also reported121 that the reactions in some
specimens were violent, with surface temperatures of over 2200°C observed
by optical techniques. This prompted studies of a wider composition range
in experiments at Argonne National Laboratory (ANL) ,'9' Pellets were
fabricated by cold-pressing UjOg powder (median particle size of 12 Jim)
with aluminum powder to obtain specimens with 30, 45, 60, 75, and 90 wt%
U30g. In one series of experiments, specimens of each composition were
heated in an induction heater at a rate of 25°C/minute in an argon
atmosphere. The specimen temperature, as measured by an imbedded
thermocouple during the heating experiments, is shown in Fig. 2. Self-
heating is especially apparent for the 60 and 75% wt% U30e specimens. A
maximum temperature of 1300°C, nearly 400°C above the maximum furnace
temperature, was observed for the 60 wt% U3Ug sample.

In a second series of heating experiments at ANL, the samples were
placed in an induction heater which was preset to achieve an equilibrium
temperature of 1250°C as rapidly as possible. The graphite container in
this heater reached the desired temperature in less than one minute. The
sample temperatures during these more rapid heating experiments as shown in
Fig. 3. The curves for successively higher UaOg content are displaced by
one minute intervals for clarity of presentation; the heating curve for an
inert stainless steel sample is shown for comparison. Self-heating is
again observed, with maximum temperatures of 1450°C, 1500°C, and 1600°C
achieved with 45, 60, and 75 wt% U3O8 samples, respectively. The
exothermic reaction in the dispersions begins at about the melting point of
aluminum (660°C) , as shown by the change in slope of the curves in Fig. 3.
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Chemical analysis of the specimens after heating indicated that the
reaction went to completion, with UA13 as the favored reaction product.
However, the violent reactions reported by Fleming and Johnson, t2' with
peak temperatures of 2200°C, self-heating rates of several thousand degrees
per second, and an ignition temperature of about 1000°C, were not observed
in the ANL experiments. A possible explanation, suggested by J. D.
Fleming,[6) was that the powder used by the ANL group (average particle
size of 12 Urn) was much finer than that used by Fleming and Johnson in
their experiments (44 (im). This may allow the reaction to begin slowly at
comparatively lower temperatures and leave less energy for rapid liberation
at higher temperatures.

These differences in experimental results prompted further study at ANL.
A series of experiments was designed to investigate the effects of varying
particle size, the possibility of oxygen release during the reaction, and
the effect of pre-heating the specimens in nitrogen atmosphere'101.
Powders with average particle sizes in the range of 74 to 149 (im, 44 to 53
(im, and less than 44 urn were formed with aluminum into samples containing
75 to 85 wt% UaOs- Contrary to Fleming's hypothesis, the coarser powders
produced less rapid reactions and lower peak temperatures. In agreement
with earlier ANL results, the highest peak temperature of 1700°C was
obtained with the smallest particles (44 pm). The possibility that oxygen
gas was being evolved, making it unavailable for further reaction, was
explored but none was found.

Some explanation of the discrepancies was offered by another series of
rapid heating experiments performed at ANL. This time the specimens,
containing 85 wt% U308 with average particle size of 12 (im, underwent
various pretreatments. One sample had no pretreatment, the second
contained aluminum powder which had been previously heated for 4 hours in
air at 600°C, and the third was pressed and then subjected to the same heat
treatment (4 hours at 600°C). Upon rapid heating, the third specimen
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Fig. 4 Temperatures of AO wt.% U 0 Samples During
Heating Experiments (Reference 10)

exhibited a violent reaction with a temperature peak of approximately
2200°C and a heating rate similar to the thousands of degrees per second
observed by Fleming and Johnson. A fourth sample, containing only 75 wt%
U30g, but sintered in the same fashion as the third specimen, also
exhibited this rapid energy release, with a peak near 1900°C. Thus, the
sintering of the sample, or some phenomenon induced by sintering, seems to
be the cause, at least in part, of the violent energy release. To check
the ramifications of this conclusion on the conventional U3O8 dispersion
fuels, specimens containing 40 wt% U3O8 were fabricated and half were
sintered while the remainder were left untreated. Rapid heating
experiments indicated an increase in reactivity in the sintered samples, as
seen in Fig. 4. Also, the self-heating rates were only 100 to 200°C per
second, much lower than those observed by Fleming and Johnson.

2.3 Experiments at Oak Ridge

The potential use of highly loaded U30g-Al cermet fuel to achieve
enrichment reduction, and the theoretical potential for large energy
releases from the exothermic reaction in such fuel prompted additional
experiments at Oak Ridge National Laboratory.1111 Differential thermal
analysis was employed to determine the temperature of onset, and enthalpy
changes during, the exothermic and other reactions. Also, X-ray
diffraction was used to determine which reactions were occurring during the
heating of U3Og-Al powder, and the mechanical properties of U3Og-Al fuel
plates were observed as the plates were heated past the temperatures at
which the exothermic reactions occur. Power mixtures and miniature fuel
plates of loadings ranging from 50 to 79 wt% U30e were studied.

The Oak Ridge group reported that differential thermal analysis
indicated that the U30g-Al mixture underwent an exothermic reaction between
600°C and the melting point of aluminum. X-ray diffraction studies of the
samples loaded with 50 wt% U30g showed no reaction products (A12O3),
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Fig. 5 Differential Thermal Analysis Results for U O -AI Sample
Loaded at 79 wt.% U.OQ (Reference 11)J o

however, even after heating to 725°C. The diffraction technique was
sufficiently sensitive to detect A12O3 if more than 10% of the mixture had
reacted, setting an upper limit on the degree of reaction attained up to
that temperature.

The melting of aluminum produced an endotherm at an onset temperature of
654°C, while the exothermic reaction caused by an exotherm with an onset
temperature near 880°C. Two more exotherms were observed at temperatures
greater than 1200°C. These features can be seen in Fig. 5, which presents
the results for a cold-pressed mixture containing 79 wt% UsOe. The areas
under the peaks can be analyzed to provide the enthalpy changes of the
reactions. This procedure is validated by the aluminum endotherm
calculations, which yield results very close to the heat of melting, as
shown in Table 3. The same procedure yields exothermic reaction heats for
the exotherm near 900°C of 445 ± 232 kJ/mole of U3O8 for fuel plate samples
containing ~46 wt% UsOe and 171 ± 43 kJ/mole of V^Og for fuel plate samples
containing ~35 wt% UßOe- No calibration was available for the higher-
temperature exotherms. The Oak Ridge group speculated that this failure to
even approach completion of the exothermic reaction may be due to (1)
reaction rate being inversely proportional to UjOg particle size; (2)
Fleming and Johnson have overestimated the heats of reaction; (3) part of
the exothermic reaction energy being released at higher temperature
exotherms around 1200°C; or (4) the reaction being diffusion controlled.
The last possibility results from the likely reaction sequence of aluminum
atoms diffusing through an A12Û3 crust before reaching and reacting with
the core material of a particle of 0303.

Since the heat evolved by the exothermic reaction was shown to be
relatively small, its effect should be negligible compared to: (1) the
sensible heat required to reach the aluminum melting point from operating
temperatures; (2) the aluminum heat of melting; and (3) the sensible heat
required to attain the exothermic reaction threshold at about 880°C.
However, if another energy source, like decay heat, could bring the fuel
temperature to the exothermic reaction threshold, reaction energy
sufficient to heat the material to the second reaction stage at about
1200°C may be liberated. This hypothesis was tested by heating miniature
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Table 3. Thermite Energy Release Data Derived from Differential
Thermal Analysis Results for 79 wt% UO (Reference 8)

Run
Number

1
2
15
17

Aluminum
Melting
Onset
Temperature

<°C)

654
654
654
654

Calculated AHa

(J/g)

394
390
357
403

Thermite Reaction Heat (J/g)

Calculated

79.1
76.1
55.6
85.4

From Fleming
and Johnson

1090
1090
1090
1090

aCompare to 397 J/g literature value.
J.D. Fleming and J.W. Johnson, "Exothermic Reactions in Al-U30g

Composites," pp. 649-66 in Research Reactor Fuel Element Conference, TID-
7642, Book 2, (1962) .

fuel plates in air in an electrical resistance furnace.
observed that:

The investigators

1) The aluminum cladding melted and flowed away from the fuel meat after
reaching 640°C.

2) The fuel meat, under heating to 1400°C, remained solid but warped
under its own weight.

3) There were no violent thermal effects, explosions, or gas releases.

The Oak Ridge group concluded that the use of higher UaOg loading
fuel meat to permit conversion from HEU to LEU does not present additional
safety concerns due to the potential for exothermic reactions. Their
results extend to higher loadings (up to 79 wt% UsOg) the observation that
the diffusion-controlled exothermic reaction is too slow to contribute
significantly to the severity of a fuel melting accident, even if the
exothermic threshold near 900°C is reached.

2.4 Experiments at Savannah River

A series of experiments performed at the Savannah River Laboratory'12-
13 ' using both cold-pressed pellets and pieces of clad fuel tubes have
yielded results very similar to those of the experiments at Argonne and Oak
Ridge. The energy released from the exothermic reaction when a cold-
pressed pellet containing 53 wt% of fine (<44 |im) ^Og particles was
plunged into a 1000°C preheated furnace was estimated from the time-
temperature graph to be -230 kJ/mole of U308. This is less than 20% of the
total energy available according to reactions (1) and (2). As in the Oak
Ridge work, the exothermic reaction in fuel tubes was found to be less than
in cold-pressed powder mixtures. In addition, two experiments related to
the self-propagation of the exothermic reaction were performed. No
evidence of a self-propagating reaction was found when a fuel tube was
heated with an acetylene torch or when a fuel tube was lowered into 1000°C
aluminum.
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An important discovery made at Savannah River provides at least a
partial explanation of why the exothermic reaction in fabricated fuel
plates is less energetic than in cold-pressed powder mixtures. They found
that, during processing, a solid-state reaction converts UsOg to U,jOg:

U3O8 + 5/6 Al -> 3/4 U4Og + A1203 (3)

Approximately 50% of the 0303 was converted to l^Og during fuel tube
fabrication. U<jOg also reacts with Al to form UO2 and A12U3, as follows:

U40g + 2/3 Al -» 4 U02 + 1/3 Al20a (4)

but the reaction only releases ~387 kJ/mole of U^Og. Therefore, the
exothermic reaction (4) of the U4Og produced from one mole of UaOg releases
only 290 kJ of energy compared to the 798 kJ produced had it reacted
directly.

3. IMPLICATIONS FOR ADVANCED FUELS

Consideration of the exothermic reaction between l^Oe and aluminum
indicate the following:

1) The reactor occurs in two stages: the reduction by aluminum of
to UO2 , followed by reaction of UO2 with aluminum to produce
intermetallic compounds of the form UA1X . The first reaction
proceeds slowly at temperatures around the melting of aluminum, but
both reactions may occur rapidly once the fuel temperature rises
above 850°C.

2. If the UsOg-aluminum mixture is heated at temperatures and for times
typical of fabrication of fuel plates, approximately 50% of the UaOg
is converted to U/jOg. The exothermic reaction of U<jOg also occurs in
two stages, but releases significantly less energy than the direct
exothermic reaction of UaOg and aluminum.

3. Thermodynamically, the maximum energy available from the exothermic
reaction of l^Og and aluminum is 1271 kJ/mole of U^Og (~81% of the
value estimated by Fleming and Johnson using the data available at
that time) . The corresponding value of the maximum energy available
from the exothermic reaction of U,jOg and aluminum is 1017 kJ/mole of
UijOg. Since one mole of U^Og produces only 3/4 of a mole of U^Og, the
U^Og-aluminum reaction releases an equivalent of 763 kJ/mole of
original

4. The reaction is diffusion-controlled and therefore cannot add
significant, rapidly liberated thermal energy during a high
temperature transient.

5. The exothermic reaction is not a barrier to utilization of highly
loaded UaOg-Al dispersion fuel to reduce the uranium enrichment in
research and test reactors.
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Appendix 1-4.2

A DIFFERENTIAL THERMAL ANALYSIS STUDY OF
UjSi-Al AND U3Si2-Al REACTIONS

R.F. DOMAGALA, T.C. WIENCEK, J.L. SNELGROVE,
M.I. HOMA, R.R. HEINRICH
RERTR Program,
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract

As part of the Reduced Enrichment Research and Test
Reactor (RERTR) Program, high density uranium compounds are
being evaluated as possible replacements for the fuels cur-
rently in use. UoSi and U-jSi» powders dispersed in an Al
matrix and roll bonded within 6061 Al alloy clad have per-
formed well under irradiation in the ORR. A consideration of
the heats of reaction between the suicides and the Al
components of a reactor fuel plate has now been addressed.

By following standard quantitative differential thermal
analysis (DTA) procedures, it has been demonstrated that
neither suicide shows any measurable heat of reaction until
the solidus temperature of 6061 (582°C) is exceeded. On heat-
ing, the exothermic reaction is quenched by the endothermic
change of state as the Al species melt. All detectable events
take place in the temperature regime from ~580 to ~660°C.

The heats of reaction per gram of fuel ranged from 304 ±
18 J for samples with 32 vol.% U^Si« in the fuel zone to
486 ± 54 J for samples containing 45 vol.% UoSi in the fuel zone.

I. INTRODUCTION

The Argonne National Laboratory (ANL) is managing the U.S. Reduced
Enrichment Research and Test Reactor (RERTR) program to develop
proliferation-resistant fuels. The main thrust of this effort is directed
toward a reduction of U enrichment of the uranium employed in the fuel
alloys from >90% (currently employed) to <20% (typically 19.7 ± 0.2%). As
a consequence of this enrichment reduction, an increase in the total amount of
uranium contained in a fuel element is required. However, at the lower en-
richment, the total U required in an element for the most advanced reactors
exceeds the amount that can be fabricated with present fuels and manufac-
turing techniques. For plate-type elements, the present fuels include
powders of U^Og or "UA1 " (a U-A1 alloy at about the composition of UA1,,
i.e., ~70 wt.% U) dispersed in a matrix of commercially pure Al powder and
roll bonded within a cladding of 6061 aluminum alloy. The plates so gener-
ated, which might typically be ~3 in. (~76 mm) wide by ~26 in. (~660 mm)
long and 0.050 to 0.060 in. (1.27 to 1.52 mm) thick, are assembled into a
fuel element for insertion into the reactor core.
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In order to meet the requirements of the most demanding reactors, a
fuel alloy development effort was, and still is, an important aspect of the
RERTR Program. The work in the Materials Science and Technology Division of
ANL has focused on uranium suicides, U Si, U Si , and "U SiAl" (a ternary
alloy of U + 3.5 wt.% Si + 1.5 wt.% Al). The silicides have high densities
and high uranium contents and are quite corrosion resistant in hot water —
the normal coolant for these reactors.

A description of the fuel alloy development work with suicide powders
and "miniplates" is detailed in Ref. l; comparable information on work with
low-enrichment U 0 may be found in Ref. 2. As a result of irradiation
experience with fuel plates containing uranium silicides, the fuel alloys
U Si and U„Si„ have emerged as contenders for satisfying the goals of the
program; U SiAl has been abandoned as a fuel alloy powder for plate-type
elements.

Once the silicides were determined to have a significant potential for
commercial use, considerations beyond those of fabricability and stability
in a normal irradiation environment had to be addressed. One such concern
is the stability of the silicide-plus-aluminum mixture under off-normal
conditions where the fuel element might be heated up to and beyond the
melting point of Al. That is, what reactions might occur and what heat
evolution might be expected to accompany such reactions? One report sug-
gests that uranium silicides react rapidly with Al at MJ20°C.

The purpose of this study, then, was to determine by differential
thermal analysis (DTA) techniques the temperature regime and enthalpies
associated with reactions that occur between the suicide fuel particles
and the aluminum matrix as well as the 6061 clad at elevated temperatures.
A similar study has already been conducted for U 0 -type fuel plates.

J O

II. REACTIONS

In Al plus U Si or U Si dispersion fuels (in the absence of oxygen),
three possible reaction products are UA1 , UA1 , and UA1 . At least three
concurrent possibilities may be examined. First, the formation of free Si
can be postulated, although it has never been observed to form. Second, the
Si may form USi-. Third, the Si may substitute in the lattice of UA1 to
form U(Al,Si)_. The third possibility is the one that has been documented
in phase equilibria studies by A. E. Dwight.

For a reaction between one mole of U.Si and a stoichiometric amount of
Al, at least six equations can be written and balanced for a complete reac-
tion. These are recorded in Table I. In Eqs. (A) through (6) the forma-
tion of USi„ in combination with UA1„, UAl., or UA1. is shown. This is aj 2. j Abookkeeping simplification since, as noted above, it has been demonstrated
that USi as a discrete phase is not formed, but U(Al,Si) is the product.

Table II summarizes a similar set of six equations for possible
reactions between U Si and Al. Completely analogous to the discussion of
U Si + Al reactions, trie most predictable event is the formation of UA1
which dissolves Si to form U(Al,Si) , i.e., reaction (11).

All reactions are diffusion controlled, and in each case the reaction
products are less dense than the reacting phases. This inevitably leads to
a growth of the fuel zone volume and, consequently, the fuel plate.
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Table I. Possible U Si + Aluminum Reactions

u.
u.

Si + 6 Al

Si * 9 Al

Si 4 12 Al

jSi + — Al

Si + 8 Al

Si + 21 Al -}Si + 3 Al

>• 3 UA1

•• 3 UA13
»• 3 UA1.4

*• -r- UA1«

•• | UA1

- | UA1

+ Si
+ Si

+ Si

1
3 + I US13

4 + I US13

(1)
(2)

(3)

(4)

(5)

(6)

Table II. Possible tLSi„ + Aluminum Reactions

U3Si2 + 6 Al •»

U3Si2 + 9 Al -

U3Si2 t- 12 Al *

U3S±2 * "F A1 *

U3Si2 -t- 7 Al +

,3sl2 . a « ,

3 UA12
3 UA13
3 UA14

IUA12

IUA13

IUA14

+ 2 Si

•«- 2 Si

+ 2 Si

* I US13

+ 2
3 3

* ! USi3

(7)
(8)
(9)

(10)

(11)

(12)

III. SAMPLE PREPARATION

The materials used to produce the samples for this study included
Alcan MD101, a nominally -325 mesh commercially pure Al powder, and -100
mesh U3Si (U + 4 wt.% Si) and U»Si2 (U + 7.5 wt.% Si) powders. The sui-
cide powders were produced at ARL using high purity depleted uranium
following procedures described in Ref. l.

The powders were combined in accordance with the matrix shown in
Table III. Suicide fuel was 15% -325 mesh (<45 urn, "fines") and 85%
-100 + 325 mesh (<150 urn and >45 ym).

Individual charges were weighed into screw-top glass vials, sealed,
and mixed in a V-blender for a minimum of 3 h. After mixing, the charges
were compacted with pressures ranging from 9 to 31 tons per in. (̂ 12 to
4̂4 kg/mm ) in a cylindrical die [0.75 in. (19.0 mm) diameter]. The com-
pacts were M5.133 in. (̂ 3.38 mm) high x 0.753 in. (19.0 mm) diameter with

vol.% porosity. After compacting, the samples were placed into holes
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Table III. Test Matrix for Differential Thermal
Analysis (DTA) Specimens

Identification
Code

CS-6061-16 thru 24

CS-MD101-29 thru 32

CS-B-89 thru 94

CS-B-95 thru 100

CS-X-105 thru 110

CS-X-113 thru 118

Matrix Fuel

None None

MD101 None

MD101 U Si

MD101 U3Si

MD101 U
3
S12

MD101 U3S12

Vol. Z
Fuel in

Fuel Zone

0

0

32

45

32

45

Total U
in Fuel
Zone,
g-cm

0

0

4.7

6.6

3.6

5.1

drilled in a 6061 Al frame [6x8 in. (152 x 203 mm)] and covered top and
bottom with 6061 Al cover plates. All 6061 hardware was chemically cleaned
just prior to assembly to remove the oxide film. The assembly was then
peripherally welded (leaving some gaps for air to escape) and roll-bonded
by hot rolling, 20-25% reduction per pass, for seven passes. The hot
rolling was followed by a one-hour blister test anneal at 485°C. Finally,
the assemblies were cold rolled 1̂9% to 0.060 in. (1.52 mm). Hardware at
various steps in the fabrication procedure is shown in Fig. 1.

Fig. 1. Compatibility Study Components before Assembly (Top),
after Rolling and Partial Shearing (Lower, Left), and
Finished Plate (Bottom, Right).
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Fig. 2. Geometry of Samples Used for DTA Study.
Dimensions are Nominal.

The finished plates have an elliptical fuel zone [MD.75 x 4.8 in.
x 122 mm)]; the overall dimensions are ̂ 2 x6 in. (̂ 51 x 152 mm).

Fuel zone volumes, suicide concentration values, and porosities of the
fuel zones were calculated from the known quantities, chemistries, and
densities of the components, and immersion densities measured in distilled
water for several plates in each category. Radiographie films of the
suicide plates were made to determine fuel location and homogeneity.
Samples were manually punched out of uniform areas using a commercially
available punch; the resulting sample geometry is illustrated in Fig. 2.
As reference standards, similar discs were produced from plates which
contained no "fuel." That is, samples were taken from plates wherein the
fuel zone was 100% MD101 Al and from plates that were solid 6061 Al or pure
Al. All samples, with or without fuel, were 0.060 in. (1.52 mm) thick.

IV. EQUIPMENT AND CALIBRATION

The system employed for this study was a Rigaku TG 2000 - a unit cap-
able of being heated to 1500°C. Sample and reference pans were aluminum
oxide and the atmosphere was high purity helium obtained by passing 99.999%
pure helium through a six-foot (̂ 2 meters) length of 3/16 in. (4.8 mm)
copper tubing filled with 60/80 mesh Chromatographie grade molecular sieve
material. The copper tubing was coiled and immersed in liquid nitrogen.

The thermo-gravimétrie analysis (TGA) section of the system, which was
not used for this study, was joined to the DTA portion and terminated in a
3/4 in. (14.0 mm) "T" at the back of the unit. One leg of the "T" was con-
nected to a 1405 Sargent-Welch mechanical vacuum pump while the other leg
went to a flow meter that could be isolated from the vacuum by a three-port
stopcock. The system is illustrated schematically in Figs. 3 and 4.
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Fig. A. Detailed Schematic of DTA Apparatus.

Helium flow was split, each half controlled by a Nupro metering
valve and measured by the flow meter. One half of the helium (total flow
rate 100 cm /min) was directed down through the alumina protection tube
which enclosed the sample and reference pans while the other half purged the
TGA section. Prior to initiating helium flow, the entire system, including
the 1/8 in. (3.2 mm) copper line leading to the main valve on the helium
cylinder, was evacuated to approximately "0" torr (as read on a 0-1500 torr
Helicoid absolute pressure gage). The vacuum pump was then isolated and the
helium flow initiated. When the absolute pressure reached approximately
800 torr, the packless valve on the delivery side of the regulator
(Matheson 3104-580) was closed and the vacuum pumping reinitiated. Three
evacuation and purge cycles preceded each DTA run.

Once every seven to ten days the molecular sieve trap was regenerated.
This regeneration consisted of heating the copper coil in place in an
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electrical resistance furnace to 200°C while purging with helium. The
duration of heating was at least overnight (16 h) and occasionally over the
weekend (64 h).

Techniques and procedures described in Ref. 4 were used as guides for
calibration in this work; all heating and cooling were controlled at the
rate of 10°C per minute. Initially an instrument factor vs. temperature
curve was generated using zinc, aluminum, silver, gold, copper, uranium,
and gadolinium. During these calibrations it was found that copper wetted
the alumina pan and gadolinium reacted with the alumina. Therefore, the Cu
and Gd points were not used. The results of the calibration are shown in
Table IV.

The instrument factor (I.F.) is defined in the following way:

(AHf)(Mass of Sample)(Chart Speed)!.F. = ——————————i—————————————————————————————————
(Instrumentation Amplification Setting)(Endotherm Area)

Heat of Fusion (AHf) in joules ner gram.

Mass of sample in grams.

Chart Speed in centimeters per minute.

Instrument Amplification Setting in microvolts (usually 25 or 50).

Endotherm area (on melting) in square centimeters (measured by
cut-and-weigh and/or calibrated planimeter).

When making calibration runs, the specimen was cycled through at least
two melts and two freezes to approximately 150°C above and below the melting
(freezing) point. The five point calibration plot was tested with a high-
purity antimony sample. Because of its relatively high vapor pressure,
antimony was melted only once and then heated to ̂ 675°C. The experi-
mentally determined heat of fusion for Sb was 158 J/g, which compares very
well with a literature value of 163 J/g.

After observing that the reaction temperature range for fuel plate
pellets was always in the 600-700°C range for all of the different types of
specimens, internal standards of Sb and Al were run frequently during this
study to ensure that minor instrument calibration deviations were being
properly monitored and used in the calculations.

V. RESULTS AND DISCUSSION

Having established an instrument factor-vs.-temperature relationship,
the heats of fusion (AHf) were determined for samples taken from a piece of
"pure" 6061 as well as from a plate that only had MD101 Al as the "meat."
Following procedures described for the instrument calibration, the data
summarized in Table V were generated. The onset of melting and peak tem-
peratures recorded for these runs compare with literature values of 582°C
for the solidus temperature and 652°C for the liquidus temperature of 6061;
the melting point of pure Al is 660°C.
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Table IV. Calibration Results

Metal Hass ,
mg

Accepted Measured
AHf. J/g AHf, J/g

Onset of Peak Accepted
Temp., Melting Point,•c *c

Instrument Factor

Calculated Regression
Best Fit"

Zn

Al

Au

U

Sb

51.0

49.5

51.0

49.6

49.0

51.3

112.0

397. 0

104. 7

63. 7

38. 4

163. 2

blC

158.1

429
429

e
666
963
963
1068
1068
1134

633

435
435
e
675
975
972
1080
1077
1140
639

419.6

660.4

961.9

1064.4

1133

630.8

0.02636
0.02720

0.02636
0.02576
0.02808
0.02766

0.03113
0.03265
0.03852
0.0266

0.02677

0.02618

0.02732

0.03281

0.03806

Statistically derived from the calculated instrument factors and used as the IF for calculating AH values
for teat samples.

Supplement to Selected Values of Therrnodynamic Properties of Metals and Alloys, Hultgren, Orr, and Kelley.
Univ. of California, Berkeley, CA, Nov. 1970.
JAHAF Thennochemical Tables. Dow Chemical Co., Midland, Ml. Al - June 30, 1979, Zn - Dec. 31, 1978.

The Chemical Thermodynamics of Actinide Elements and Components, Part 1, The Actinide Elements. Getting,
Rand, Ackerman, International Atomic Energy Agency, Vienna, 1976.

Mechanical failure of temperature plot but not of differential temperature plot.



Table V. Summary of Data from Plate Samples with
No Suicide Fuel8

Sample
Type

6061

6061 «• MD101 Meat

No. of
Runs

4

2

AHf.
J/g

349 ± 23
372 ± 3

Onset of
Melting,

°C

633 ± 2
642 ± 3

Peak Temperature,
°C

657 ± 2

660 ± 0

All data determined from heating thermograms.

TEMPERATURE.-C

950 600 690 TOO 7 BO BOO 9OO
TEMPERATURE. *C

350 600 65O 700 750
I I

PURE ALUMINUM
EXO

ENDO

EXO
6O6I AI

ENOO

TIME- T I M E -

Fig. 5. Thermogram for Pure Aluminum. Fig. 6. Thennogram for 6061 Al.

Illustrative thermograms for pure Al and 6061 are shown in Figs. 5
and 6; a similar plot for a MD101 Al meat disc is shown in Fig. 7.

Three discs produced from each of four compatibility study plates were
run next. The first heating cycle was initiated at room temperature and
carried to ̂ 850°C. The sample was then cooled at the rate of 10°C per
minute to /v<400°C, and a second heating cycle to 850°C followed. After a
second cool to ̂ 400°C, a third and final heating cycle to 850°C was con-
ducted. For one sample of each fuel and volume percent, heating was
allowed to proceed to <vl300°C, at which point the study of that particular
material was considered complete and the sample was cooled to room temper-
ature.

Typical curves for the first and second heating cycles of a 32-vol.%
U Si disc and a A5-vol.% U_Si? disc are shown in Figs. 8 through 11. What
was uniformly clear in all thermograms is that with two exceptions no
distinguishable event was ever observed at a temperature below the solidus
temperature of 6061 (582°C) and that the reaction between the suicide and
the aluminum (MD101 + 6061) proceeded at a detectable rate only after liquid
had formed in the sample. No event (exothermic or endothermic) was ever
detected above M>60°C.
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TIME

Fig. 7. Thermogram for MD101 Meat Sample. Fig. 8. Thermogram for 32-vol.Z U,Si
in Meat Sample.

soo 55O
TEMPERATURE. *C

600 650 700 750
T" T

CS 89-7
32 vol .%UjSI IN MEAT
SECOND HEATING

300
TEMPERATURE. 'C

550 600 650

EXO

ENDOl
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45 vol %U 3 SI 2 IN MEAT
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Fig. 9. Thermogram for Second Heating of
the Same Specimen as Shown in Fig. 8,

Fig. 10. Thermogram for 45-vol.Z U Si
in Meat Sample.

500 530
~~

EXO

ENOO I

600
~ ~

650 700 750

CSII3-4
45voL% USSI2 INMEAT
SECOND HEATING

TIME

Fig. 11. Thermogram for Second Heating of the Same
Specimen as Shown in Fig. 10.
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There must have been some solid state reaction between the particles
and the aluminum. The degree of reaction and amount of heat liberated
during this solid state reaction, however, was too small to be detected by
the DTA appcratus. The total heating time for a sample taken from room
temperature to 600°C was only one hour, and it has been demonstrated in
Dther studies that no metallographically detectable reaction zone has been
observed in specimens heated for this length of time in the solid state.

The data for the twelve fuel alloy discs are summarized in Tables VI
and VII. Unfolding the exothermic heat of reaction of the suicide from
the endotherraic heat of fusion of the aluminum was done in the following
manner:

1. Each sample was assumed to be exactly of the geometry shown in
Fig. 2. Numerous measurements supported this. Each disc was assumed to
contain in its "meat" the volume percents of fuel, MD101, and voids shown in
Table VI. These numbers were derived from the known quantities of material
used and immersion density measurements made on plates in each category.

2. Each pellet was weighed to the nearest 0.1 mg. The volume of the
meat in each pellet was calculated as follows:

M = V p + V p (13)s m m c e

V = V + V (14)s m c

Substituting for V , M = V p + (V - V )p (15)6 e s m m s m c

Rearranging Eq. (15), Vp -Vp -M -Vp (16)m m m e s s e

Simplifying Eq. (16), V (p - p ) = M -Vp (17)m m c s s e

M - V p
Solving for V , V = —————— (18)m m p - pm c

In Eqs. (13) through (18), the following apply:

M = Mass of sample in grams,
5

V = Volume of sample in cubic centimeters (= 0.020568 cm ),
S

V = Volume of meat in sample in cubic centimeters,m

V = Volume of clad in sample in cubic centimeters,

p = Density of 6061 clad (= 2.71 g/cm ), and

p = Density of meat in sample in grams per cubic
centimeter.
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Table VI. Data on Fuel Containing Samples for DTA Study

Sample
No.

CS105-4
-5
-8

CS113-1
-2
-U

CS89-4
-5
-7

CS96-1
-3
-5

, Vol. ZType of . .i . Fuel inFuel .aHeat

U Si 32.0
(3.6 gU/cni )

U Si 45.0
(5.1 gU/cmJ)

U Si 32.0
(4.7 gU/cni )

U Si 45.0
(6.0 gU/cin )

„̂ i'*, Vol-Z M010* u"" i°fVoids in . H Sample,in HeatHeat ng

6.0 62.0 73.5
72.6
74.0

12.4 42.6 82.1
81.2
82.2

7.0 61.0 81.6
79.1
78.9

13.9 41.1 91.5
92.1
90.7

Mass of
Fuel.

24.16
22.94
24.84

36.83
35.57
36.97
33.10
29.90
29.65
46.68
47.46
45.64

Mass of
HD101,
ng

10.36
9.84
10.65
7.72
7.45
7.74

11.21
10.13
10.04
7.57
7.70
7.40

Mass of
6061 Clad,

ng

38.98
39.83
38.51
37.56
38.18
37.49
37.29
39.07
39.21
37.24
36.93
37.66

Calculated
AH for

MD101 + 6061,
J

17.72
17.81
17.67
16.17
16.28
16.16
17.46
17.66
17.67
16.00
15.95
16.08

Parenthetical values are total U contained per unit volume of the fuel zone (• meat).



Table VII. DTA Data and Heats of Reaction for Fuelled Samples

Sample
No.

CS105-4
-5
-8

CS113-1
-2
-4

CS 89-4
-5
-7

CS 96-1
-3
-5

Calculated
, „ „ AH, forFuel in H«at ̂  .

6061. J

32 vol.! U SI 17.72
17.81
17.67

45 vol.! U,Sl 16.17
3 Z 16.28

16.16
32 vol.! U SI 17.46

J 17.66
17.67

45 vol.! U SI 16.00
J 15.95

16.08

Onset
Temper-
ature
First
Heating.
*C

595
600
585
575
590
595
560
590
580
570
605
600

AH First
Heating,

J

9.75
11.10
7.78
5.69
5.31
4.53
3.54
4.07
2.04
-0.77
-2.12
-0.66

Fndotheralc
AH. Second
Heating.

J

15.84
14.43
16.17
13.29
11.08
11.21
11.47
11.16
12.40
7.15
8.65
9.38

AH Third
Heating.

J

15.98
14.91
16.04
(a)
(a)
11.41
11.93
11.96
12.87
7.47
9.12
9.94

AH (MD101 +
606D-AH ,

J

7.97
6.71
9.89
10.48
10.97
11.63
13.92
13.59
15.63
16.77
18.07
16.74

AH3-AH2, fAH
*

(AH

0.14
0.48
-
_
-
0.20
0.46
0.80
0.47
0.32
0.47
0.56

Exotheralc
(HD101 »

061) -AH ]
+

3-AH2). J

8.11
7.19
9.89
10.48
10.97
11.83
14.38
14.39
16.10
17.09
18.54
17.30

AN for
Reaction,
J/g of
fuel

336
313
398
285
308
320
435
481
543
366
391
379

Mean.
J/g
of
fuel

349

304

486

379

Staple
Standard
Deviation,

J/8

«.44

118

154

113

Third Belting cycle not run.



Values for p were calculated using the volume percent (fractions) of
fuel and MD101 shown in Table VI and the established densities of the meat
components :

U3Si2 - 12.2 g/cm3,
U Si - 15.2 g/cm3, and

MD101 - 2.70 g/cm3.

The p values for 32 and 45 vol.% U^Si in the meat are 5.58 and
6.64 g/cm , respectively. For 32 and 55 vol.% U_Si in the meat, the
p values are 6.51 and 7.95 g/cm , respectively.m

Having established V , the masses of fuel, MD101, and 6061 were easily
calculated by substituting the densities and volume fractions of each of
the components into a simple conversion formula.

3. The heating thermograms for each of the three heating cycles were
analyzed, and the net AH values for each were determined. The values are
shown in Table VII.

4. A AH value was calculated for the mass of MD101 and 6061 in each
pellet. For these calculations a AHf value of 397 J/g was used for the
MD101, and the experimentally determined value of 349 J/g was used for the
AHf of 6061.

5. The AH value measured for the first heating cycle (AH ) was sub-
tracted from the AH value for (MD101 + 6061). This became the AH value
for the exothermic reaction between the suicide and the MD101 + 6061
during the first heating cycle and is shown in Table VII.

6. If no further reaction occurred, the thermograms for AH and AH
should have been identical. That is, if the reaction was completed on the
first heating, then subsequent thermograms would be a result of the AH of
melting of the remaining aluminum species. However, with one exception
(CS-105-8) there was a greater endotheraic AH in heating cycle three than
for the same sample in the second heating cycle. Therefore, the difference
between AH and AH (AH -AH in Table VII) was ascribed to the completion of
the reaction of the fuel with the aluminum. These (small) AH values were
added to the value noted in Item 5 above and became the total AH for the
fuel-aluminum reaction.

7. The total AH values described in Item 6 were divided by the grams
of fuel present in each disc and became the enthalpy of reaction for the
fuel. These values are shown in Table VII. Note that the values are re-
corded without a negative sign but are described as exothermic.

The arithmetic mean value for each set of samples is shown as is the
sample standard deviation calculated for the three discs from each plate.

According to the phase equilibria work of A. E. Dwight, the reaction
should place the composition of the reacted disc in the U(Si,Al) + Al
field for all four conditions tested. Thus, the heat of reaction for each
fuel type should be a constant and not depend on the volume percent of fuel
present, at least within the limits studied in this work.

Nevertheless, for each fuel type the mean enthalpies of reaction are
higher for the lower volume percent fuel. This might, for example, be the

102



result of a change in reaction kinetics as the fuel-to-aluminum ratio is
changed. If part of the reaction occurred at a very slow rate, DTA might
not detect the heat released. If this was in fact the case, the true heats
of reaction would be somewhat larger than the measured values. No
analytical modeling has been performed on which to base such an extrapola-
tion.

The column in Table VII identified as "Onset Temperature First
Heating, °C" requires some amplification. As stated in Sec. IV, the con-
ventions for treating DTA thermograms described in Ref. 4 were used for all
calibrating pure metals as well as for 6061. The procedure requires
drawing tangents to the AT line and the "V"-shaped curve resulting from the
endothermic (on melting) AH of fusion. Because the melting of the 6061 and
Al initiates and is superimposed on the reaction exotherm, it is very
difficult to define accurately an "onset of reaction" temperature. It was
not unusual to have thermograms of the type shown in Fig. 8, where the
onset of the reaction caused a very slight but detectable exotherm which
was immediately quenched by the endotherm of melting of the aluminum com-
ponents of the specimen. However, other thermograms displayed no initial
exotherm; instead, the "onset temperature" was that for an endothermic
event. Therefore, the "Onset ..." temperatures recorded in Table VII
represent the first event on heating identified by the tangent-construction
technique and in effect identify the first departure from linearity for the
AT plot.

It is clear that all detectable exothermic as well as endothermic
events take place in the ̂ 570° to <700°C temperature regime.

VI. SOURCES OF UNCERTAINTY

A number of assumptions and calculations were made in determining the
neats of reaction. Each assumption is a potential source of error in the
final value. For example, the description of each fuel zone as being
exactly of the volume percent of fuel and porosity indicated and being
uniformly of the geometry shown in Fig. 2 cannot be proven; it is, never-
theless, a reasonable assumption.

Tests were run with pure Al samples at 5°C as well as 20°C per minute
heating and cooling rates. In some cases the instrument amplification
setting was changed. None of these experimental runs resulted in data
different from those recorded in Table V. It is possible that the heats of
reaction could have been different from those recorded here if other
heating rates had been used for fueled samples. It is believed that if
differences do exist as a function of heating rate, such differences would
be small.

The variations in AH value from disc to disc for a given fuel and
concentration and for different concentrations of fuel in the meat might be
a function of fuel particle size. There was no way to define the effect of
this variable in this study.
A. Instrumentation Calibration

As mentioned elsewhere in the text, the instrument calibration curve
was checked frequently during the data collection period using Sb and pure
Al as reference points covering the major temperature range of interest
(650-660°C) for these fuels. The uncertainty in the instrument constant did
not exceed ±2%.
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B. Temperature Calibration of Thermograms

Uncertainties in determining relative temperature readings for endo-
therras (and exotherms) using the Rigaku scale are estimated to be ±0.5%.
Absolute temperatures are measured by the instrument platinum-rhodium
thermocouple and during this study were reproducible to ±0.5%.

C. Measurement of Peak Areas

Measurement of peak areas was done by two methods: by the cut-and-
weigh technique and by planimeter. The differences in the two methods was
less than ±1%. Reproducibility of a particular method was dependent upon
which event was being evaluated or, basically, the size of the endotherm
(or exotherm) area. Typically, the reproducibility of the "first event"
was ±2.5%. The second melt, usually being better defined than the first,
was reproducible to ±1%. Very small exotherms associated with some speci-
mens (e.g., CS-89-7) were difficult to measure precisely but this area
represented only a small fraction (<1%) of the total area determined for
the calculations. The combined uncertainty in the calculations due to
measurement of peak areas is estimated to be £±3%.

VII. COMPARISONS WITH THE LITERATURE

The only other DTA studies of the uranium suicide plus aluminum
reactions were conducted by S. Nazaré. Nazaré's work was with samples
similar to the ones used in this study as well as with pellets without clad
which consisted of pressed powders of U„Si or U.Si„ with an amount of Al
powder to simulate a U loading of 4.0 gu/cm . The tests were conducted in
an "inert gas" with a heating rate of 5°C per minute up to a maximum tem-
perature of (v-740°C. Most notably, Nazaré also found that the melting of
the matrix plus clad did occur in the same temperature regime as the sui-
cide plus aluminum reaction. On heating, he shows an "onset of exotherm"
for plate discs at 620°C and a peak exotherm at 630°C to 635°C, followed
immediately by an endotherm of larger magnitude, peaking at 650° to 660°C.
No reaction of any type is indicated above 660°C.

Nazaré did not thermally cycle the samples in his DTA work, but he
does state that the reaction was presumably not totally completed after one
heating and cooling cycle. The scope of his studies did not include
unfolding the AH for the fuel plus Al reaction from the data. Therefore, a
quantitative comparison of his work and the studies recorded here is not
possible. The data presented by Nazaré appear to be in consonance with the
results of this study.

VIII. SUMMARY AND CONCLUSIONS

The heats of reaction between U-Si or U_Si„ and an Al + 6061 matrix
have been determined by quantitative differential thermal analysis. Using
discs punched from 0.060 in. (1.52 mm) plates with a 0.020 in. (0.51 mm)
thick fuel zone, the enthalpies at two concentrations of each silicide were
determined.
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The exothermic AH values unfolded from the experimental curves are:

Meat AH, J per gram of fuel

32 vol.% U Si 349 ± 44
45 vol.% UJjSi^ 304 ± 18
32 vol.% U Si 486 ± 54
45 vol.% U^Si 379 ± 13

On heating, the U Si + Al as well as the U_Si~ + Al reactions are
initiated by the formation of some liquid. That is, no event was observed
in the DTA plots until the solidus temperature of 6061 (582°C) was exceeded.
In the temperature regime from 582°C to *\»660°C the endothermic melting of
6061 and the MD101 Al is superimposed on the exothermic reaction between
the fuel and the aluminum species. The net effect for fuel loadings up to
^5 gU/cm is always an endotherm. For samples at 45 vol.% U.Si in the fuel
zone (M>.6 gU per cm ), the net effect for the first heating was a very
slight exotherm.

For all specimens tested, a very slight reaction between the fuel
particles and the aluminum occurred during a second heating cycle during
which the reaction is completed; subsequent heating cycles up to as high as
1300°C demonstrated only the endothermic melting of the residual aluminum
species.

The results of this study are in agreement with qualitative DTA
studies conducted by one other independent investigator.
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Appendix 1-4.3

REACTION BEHAVIOUR OF UxSiy-Al
AND U6Fe-Al DISPERSIONS

S. NAZARÉ
Institut für Material- und Festkörperforschung,
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

The paper describes the experiments carried out using differ-
ential thermal analysis (DTA) to investigate the reactions in fuel
plates with UaSi-, UaSi2~ and UeFe-Al dispersions up to and beyond
clad melting. In all cases, exothermic reactions are observed at about
630°C. In the case of the suicides,UA13 with silicon in solution
is the main reaction product; in the case of UeFe, UAli* is the main
reaction product. The enthalpies of reaction were determined after
calibration with suitable standards. The values obtained reveal the
largest energy release in the case of the UeFe-Al dispersions. Re-
actions in the U3Si2~Al system are less exothermic than in the

l system.

INTRODUCTION

It was well known at the outset, that the high U-density dispersants U3Si,
and UeFe are thermodynamically unstable in conjunction with an Al-matrix.

Investigations were therefore initially focussed on the study of the compati-
bility of these dispersants with the Al-matrix under equilibrium conditions
/1-4/, as well as the consequences of the reactions for the dimensional stabi-
lity of the fuel plates after prolonged heat treatment. Post irradiation exa-
mination of the irradiated plates with the suicides revealed however, that
under the test conditions only minor reaction zones (3-6 ym) between the par-
ticles and the matrix occurred even at high burnup /5/. Apart from the irra-
diation enhanced Al-diffusion, which particularly in the case of UaSi-Al dis-
persions could be a cause of fission gas bubble nucleation /6/, the reaction
behaviour and the energy release involved is important from the safety view-
point in the case of an overtemperature excursion under off normal conditions.

The objective of this paper is to describe and discuss the experiments
carried out to study the exothermic reactions between UaSi, UsSia and
and aluminium.

EXPERIMENTAL

Differential thermal analysis (DTA) was used to investigate the reactions
quantitatively. The equipment was calibrated using metals with well known heat
of fusion namely aluminium tin, lead, copper.
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Fig. 1: Segments of DTA-thennograms of dispersion fuel plates.

The experiments were carried out with samples punched out of miniature
plates (particle size of the dispersant 63-90 ym) as well as with pellets of
powder mixtures. The samples were heated in inert gas at a rate of 5 K/min up
to 970 K; the heating and cooling runs being repeated up to 3 times.

U3Si2"Al dispersions

Fig.1 shows segments of DTA-thennograms of U3Si2~Al plate samples with
U-densities in the meat of 3.0, 4.0 and 4.5 MgUm"3. It can be seen that in
all cases during heating an exothermic reaction occurs at about 630°C. This
reaction is in the vicinity of the endothermic melting of the excess aluminium.
During the cooling cycle, an exothermic peak is observed which corresponds to
the solidification of the excess Al-matrix/cladding. Repetition of the heating
and cooling cycles does not show any additional changes except for the melting
and solidification of the aluminium. X-ray diffraction analysis of the samples
after DTA showed U(Si,Al)s to be the main product of the reaction. Fig.2 shows
the microstructure of a typical sample of the fuel plate with a U-density of
4.0 MgUm"3 in the meat. The microstructure reveals the reacted particles of
the original UsSi2 as well as the excess Al. A quantitative analysis of the
reaction enthalpy gave the following values: 191 kJ/kg dispersant for
3.0 MgUm"3; 299 kJ/kg dispersant for 4.0 MgUm"3 and 285 kJ/kg dispersant for
4.5 MgUnT3.

UsSi-Al dispersions
Fig.3 shows segments of DTA thermograms of UaSi-Al plates samples with

U-densities in the meat of 3.0, 4.0 and 6.0 MgUm"3 in the meat. It can be
seen again that in all cases a more pronounced exothermic reaction occurs again
at about 630°C in the vicinity of the endothermic melting of the Al-matrix
and cladding. During the cooling cycle an exothermic reaction which corres-
ponds to the solidification of the excess Al-matrix and cladding is observed.
Repetition of the heating and cooling cycles also did not reveal additional
changes except for the melting and solidification of the aluminium. X-ray dif-
fraction analysis of the samples after the DTA showed again that U(Si,Al)3 was
the main product of the reaction. Fig.4 shows the microstructure of the fuel
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20 ym

Fig. 2; Microstructure of UîSi2-Al fuel plate sample (4.0 Mg Um"3) after DTA

Temperature ( Tor AT)°C

Fig. 3: Segments of DTA thermograms of U3Si-Al dispersion fuel plates.

plates with 4.0 and 6.0 M g U m 3 in the meat. They reveal that the original
particles of UsSi have reacted to form U(S i ,Al )3 . The remaining aluminium can
also be seen in the microstructure.

Quantitative evaluation of the reaction enthalpies gave the following re-
sults: 348 kJ/kg dispersant for 3.0 MgJJrn"3; 289 kJ/kg dispersant for 4.0 Mg U m~ 3

and 304 kJ/kg dispersant for 6.0 M g U n T 3 .

UeFe-Al dispersions

Fig.5 shows segments of DTA thermograms of UgFe-Al fuel plates with U-
densities of 4.0, 6.0 and 7.0 MgUm" 3 in the meat. It can be seen that in all
cases an exothermic reaction is observed at about 630°C during the heating
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Fig. 4; Microstructures of U3Si-Al fuel plates [4.0 MgUm"3 (a) and
6.0 M g U n f 3 (b)] after DTA.

c
£

01

730

Temperature (Tor uT)°C

Fig. 5; Segments of DTA-thermograms of U6Fe-Al dispersion fuel plates.
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(a) 20 ym (b)

Fig. 6; Microstructures of UgFe-Al fuel plates [4.0 MgUm 3 (a) and
7.0 MgUnf3 (b)] after DTA.

cycle. In this case, the enthalpy of reaction is large enough to mask the endo-
thermic melting of the Al-matrix and cladding. Another significant feature of
these therraograms is that during the heating cycle, endothermic peaks at about
730°C which can be attributed to the melting of UAl^ can be seen. During the
cooling cycle, an exothermic peak is observed that corresponds to the solidi-
fication of the excess aluminium which was masked during the heating cycle.
X-ray diffraction analysis of the samples after cooling showed that UAli» pro-
ably with Fe in solution was the main product of the reaction.

The microstructures of the fuel plates with 4.0 and 7.0 Mg U m 3 are shown
in Fig.6. They reveal that the original particles of UeFe have reacted forming
UAli». The remaining parts of the Al-matrix are also visible in the microstruc-
ture. Quantitative evaluation of the reaction enthalpies gave the following re-
sults: 320 kJ/kg dispersant for 4.0 MgUm"3; 360 kJ/kg dispersant for

-36.0 MgUm and 445 kJ/kg dispersant for 7.0 MgUm

Additional experiments with powder mixtures

The experiments with fuel plates described thus far show that the main
reaction product in the case of the suicides is U(Si,Al)3 and in the case of
UeFe, UAli». Therefore additional DTA experiments were carried out using powder
mixtures. In these cases the pellets were prepared from stoichiometric amounts
of U3Si, U3Si2, U6Fe and Al required to form U(Si,Al)3 or UA14 (77.4 wt.-%
U3Si, 80.2 wt.-% U3SÏ2 and 69.6 wt.-% U6Fe).In order to study the effect of
the particle size, two powder fractions were used namely 63-90 ym and
- 45 ym. The results are shown in Fig.7.
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Fig. 7: Segments of DTA-thermograms of pellets of UaSi-, U6Fe-Al.

A comparison of these results with those of the fuel plates shows:

In all cases no endothennic melting of the Al can be seen. It can thus
be inferred that practically no excess aluminium remains after the re-
action.
In the case of the UaSi-Al dispersions, there is small increase in the
peak temperature when finer particles are used. It is hypotesised that
the apparently unexpected effect could be related to the presence of
larger quantities of UsSia in the finer powder fraction of UsSi.
In the case of the UsSia and UgFe powder mixtures additional exotherms
are observed at lower temperatures (580°C for thSi; 550-575°C for UeFe)
which probably can be attributed to the effect of size, distribution,as
well as surface morphology of the particles.
Quantitative evaluation of the enthalpies of the reaction gave the follo-

wing results: 210 kJ/kg 1)3812 and 265 kJ/kg U3Si for the formation of U(Si,Al)3
and 405 kJ/kg U6Fe for the formation of UAli«.

SUMMARY AND CONCLUSIONS

Differential thermal analysis, metallography and X-ray diffraction were
used to investigate the exothermic reactions in fuel plates and powder mixtures
of UaSi-, UaSi2~ and UeFe-Al dispersions. The experiments revealed that:

On heating, UaSi2~Al fuel plates show an exothermic reaction at about
630 C, followed by an endothennic melting of the unreacted aluminium.
The reaction product is U(Si,Al)a.
On heating, UsSi-Al fuel plates also show an exothermic reaction at about
630 C, followed by an endothermic melting of the unreacted aluminium.
The reaction product is again U(Si,Al)3.
On heating, UeFe-Al fuel plates also show an exothermic reaction at about
630°C. The reaction product is UAli», which shows an endothermic melting
peak at 730°C.
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Quantitative analysis of the areas encompassed by these exothenns was
used to estimate the enthalpy of reaction. The values obtained indicate
that the enthalpy of reaction per unit weight of dispersant is lowest in
the U3Si2-Al system and highest in the U6Fe-Al system. In addition, the
experiments reveal that the heat is released over varying time intervals
which are largest in the case of UaSia'Al and smaller in the case of
U3Si- and U6Fe-Al.
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Appendix 1-4.4

DIFFERENTIAL THERMAL ANALYSIS AND
METALLOGRAPHIC EXAMINATIONS OF U3Si2 POWDER
AND U3Si2/Al (38 w/o) MINIPLATES

P. TOFT, A. JENSEN
Advanced Engineering Division,
Atlas-Danmark A/S,
Denmark

Abstract

The paper describes the thermodynamic and metallurgical
behavior of U"3Si2 powder and miniplates with regard to
the following aspects:

- increasing temperatures op to 1400 C
- fuel plate stability
- formation of ternery intermetallic compounds
- growht of the formed ternery intermetallic
crystals at increasing temperatures.

The miniplate core is U„Si?/Al(38w/o) and the claddingis Al 6061.
The study concludes, that fuel plates will not remain
stable under accident conditions. A fuel element will
most likely melt down before a stable structure is
established.
The work is performed under contract with RIS0 National
Laboratories, Denmark.

INTRODUCTION

The aim of the work is to examine the thermodynamic and
metallurgical behavior of 113812 powder and U3SÏ2/A1
(38w/o) miniplates at increasing temperatures.
The powder and miniplates were manufactured at Argonne
National Laboratories, Chicago, USA.

EXPERIMENTS

DTA examinations (Differential thermal analysis)
Samples of UsSi2 powder and of U3SÏ2/A1 (38w/o) mini-
plates are heated and cooled at the same rate
(20°C/min) in a DTA apparatus. The maximum heating
temperature is 1400 C. The samples are heated in helium
or in air. Solidification/liquidation temperatures,
oxidation and phasetransformations are registered on a
plotter as endothermic and exothermic reactions.
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Metallographie examinations
Metallographie examination is carried out on U3SÎ2/A1
(38w/o) miniplates before and after heating in DTA. The
composition of the intermetallic compounds are analysed
by EDAX technique.
Preparation of samples
Two samples of U3Si2 powder weighing 700 mg each are
mounted in A12Û3 crucibels. Samples of U3Si2/Al (38w/o)
miniplates are cut to the following dimensions: 7 mm x
2 mm x 1.5 mm. The cutting surface of the core is
during the DTA runs exposed to the ambient atmosphere.
The samples are mounted in A12Û3 crucibels. As referen-
ce is used A12Û3 powder.
Treatment of samples ( sample no.)
1.
2.
3.

4.

5.

6.

7,8,9

DTA on U3Si2 powder heated to 1400 C in helium.
DTA on U3Si2 powder heated to 1400°C in air.
Metallographie examinanation of the 13 ̂  Si 2 /Al-
(38w/o) miniplate core before heated in DTA.
EDAX analysis of phase compositions.
DTA on U 3 Si 2 /Al(38w/o) miniplate heated to
1400 C in helium. Metallographie examination.
EDAX analysis of phase compositions.
DTA on U 3 Si 2 /Al(38w/o) miniplate heated to
1400°C in air.
DTA on cladding material Al 6061 heated to
1400°C in air.
DTA on U3Si2 /Al(38w/o)
700°C, 900°C and

miniplate heated to
1100°C in helium.

Metallographie examination. EDAX analysis of
phase composition.

EVALUATION OF RESULTS
U.gSip powder samples

SAMPLE 1.: DTA ON U,S1, POWDER HEATED TO 1400'C IN H E L I U M
txoratM

NO E N D O / E X O T H E R M I C R E A C T I O N S

CNDOrCKM

Sample 1: The U^Sij powder is thermodynamic stable when
heated in helium to 1400 C
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SAMPLE 2: DTA ON U,S1, POWDER HEATED TO 1400'C IN AIR

1. OXIDATION OF U 3Si 2 POWDER

Sample 2: A powerfull exothermic reaction occurs in the
temperature range 150-950 C caused by oxidation of theU3si2 powder. The oxidation occurs mainly in to steps,
at approx. 300°C and at approx. 630°C, both silicon and
uranium oxides are probably formed.

U^5J2/A1(38 w/o) miniplate samples

Micrograph 1 (xlOO)
Sample 3: The metallographic examination (micrograph 1)
of the miniplate core before heating in DTA shows that
the core material consists of 113 Si 2 (1) particles
embedded in a pure aluminium matrix(2). The EDAX
analysis gives the following composition: U3Si2 par-
ticles: U 90.3 w/o (52.2 a/o), Si 7.3 w/o (35.6 a/o).
Matrix material: 99% Al.
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SAMPLE 4: DTA ON U7Si ,/A1 ( 3Bw/.) HIN1PLATE HEATED TO 1400'C IN HELIUM

exerça/* 2. 610'C 1. A L U M I N I U M S MELTING POINT
2. A L U M I N I U M S S O L I D I F I C A T I O N POINT

Sample 4: The endothermic (1) reaction is due to
melting of both the cladding material and the matrix
material in the core. The exothermic (2) reaction shows
the solidification of the micro segreated aluminium.
The metallographic examinination of the sample shows
that there is an reaction between U3Si2 and Al at or
immediately above aluminiums melting point. The
ternery intermetallic compound which is formed has
according to EDAX analysis the following composition:
U: 72.1 w/o (22.9 a/o), Si: 6.6 w/o (17.6 a/o), Al:
21.3 w/o (59.5 a/o).

Micrograph 2, 1400°C (xlOO)
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Micrograph 2 shows the ternary intermetallic compound
as a big regular crystal (1). The micrograph shows also
an eutectic phase (2) (fine and coarse laminated pha-
se). This ternery phase consist probably of the above
described ternery phase and micro segreated aluminium
(3).

SAMPLE 5- DTA ON UiSi ?/Al ( 38w/) H I M P L A T E H E A T E D TO HOO'C IN AIR

; 1 OXIDATION OF U 3Sl 2 IN THE CORE
A L U M I N I U M S MELTING POINT
ALUMINIUMS SOLIDIFICATION POINT

INOOTERM

Sample 5: The exothermic reaction (1) at 440 C is due
to oxidation of the core surface (refering to the
preparation of samples). The oxidation products is
probably silicon oxides and uranium oxides.

SAMPLE 6 DTA ON CLADDING MATERIAL Al 6061 HEATED *0 1400°C IN AIR

exaifmi 2. 610«C 1 A L U M I N I U M S MELTING POINT
2. ALUMINIUMS SOLIDIFICA TION POINT

'«DO WOO

fNDOTERM

Sample 6: The oxidation of U3Si2 in the core is confir-
med by the DTA examination of the cladding material Al
6061 who does not show any exothermic reactions before
the melting point at 640 C.
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x 100
Micrograph 3, 700°C

x 100
4, 900°C

x 100
5, 1100°C

Sample 7,8,9: In order to examine the formed ternery
intermetallic crystals coalecens (growth to larger and
fewer crystals) at increasing temperature, samples is
heated to 700°C, 900°C and 1100°C in helium. The
micrographs 3 and 4 shows a slow growht of the ternery
crystals in the temperature range 640 to approx. 900°C.
Micrograph 5 shows that there is a rapid growht after

" Somewhere in the temp. range 900°C to 1100°C900°C.
formes an eutectic phase consisting of the ternery
intermetallic compound and micro segregated aluminium.
This indicates that there is dissolved as mutch of the
ternery compound in the melted aluminium that an eutec-
tic composition is obtained. During cooling the eutec-
tic phase is formed as a laminated phase.

CONCLUSION

Considering the metallographic examination and the
results from the DTA runs, the following conclusion can
be drawn.

powder
The U3Si2 powder is thermodynamic stable to 1400 C in
helium. When heating in air there is a heavy oxidation
in the temperature range 150-950°C. The oxidation
products is probably silicon and uranium oxidation.

(38 w/o) miniplates
When heating in helium there is no exo/endothermic
reactions below aluminiums melting point which could
indicate any changes in the core and the cladding mate-
rial. In or immediately above aluminiums melting point
there is a reaction between UsSi2 and Al. The ternery
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intermetallic compound which is formed has according to
EDAX analysis the following composition: U: 72.1 w/o
22.9 a/o) Si: 6.6 w/o (17.6 a/o), Al: 21.3 w/o (59.5 -
a/o). All the U Si in the core is transformed to the
ternery intermetallic compound at this temperature
(approx. 640 C). The stoecheometric composition once
formed is fixed at increasing temperature. The ternery
intermetallic phase is in the temperature range 640 C
to approx. 900°C homogenious distributed in the form of
crystals embedded in an aluminium matrix.
This concludes that the miniplate will not remain
stable after aluminiums melting point. After 640°C
there is a coalecens (growht to larger and fewer
crystals) of the ternery crystals at increasing
temperatures. During heating and during the growth
process the crystals have a tendency to move towards
the surface of the sample. This will result in an in-
homogenious distribution of ternery crystals in the
aluminium matrix.
At temperatures above 900°C an eutectic phase is formed
in the aluminium matrix. In order exactly to measure
the ternery intermetallic composition,and when and how
the eutectic phase is formed, further examinations is
required. When heating in air there is a non
reversible exothermic reaction at approx. 440°C. This
reaction is due to oxidation of the USi core surface.
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Appendix 1-5
STRUCTURAL STABILITY

Appendix 1-5.1

STRUCTURAL STABILITY OF PLATE-TYPE FUEL ELEMENTS
USED IN US RESEARCH AND TEST REACTORS

ARGONNE NATIONAL LABORATORY
RERTR Program,
Argonne, Illinois,
United States of America

Abstract

Information is presented on the methods that have been used to
design fuel elements for several research and test reactors in
the U.S. The emphasis is on the methods of analysis and the
tests used to ensure stability of the fuel elements under normal
operating conditions of full flow and design power.

1, INTRODUCTION

The aluminum based fuel element of curved-plate design was a product
of an Oak Ridge National Laboratory (ORNL) development program. These type
elements were first utilized in 1950 to power the Bulk Shielding Reactor, a
light water-cooled, moderated and reflected 1 MW pool-type reactor. The
elements were next used in the Materials Testing Reactor (MTR), one of the
first of the forced-circulation high power density testing and research
reactors Subsequent high power density tank-type reactor designs have used
modified versions of the MTR-type element. Examples of some of these varia-
tions are the curved-plate serpentine elements used in the ATR, the flat-plate
assemblies used in the ETR, the involute-type fuel design of the HFIR, and the
concentric circular elements that were used in the CP-5 reactor. These are
the exception, however, and the majority of the pool-type reactors in use in
universities and research establishments around the world use plate-type
elements similar to the MTR design.

Because of the differences in application, pool-type and tank-type
research reactor fuel elements have some design differences. With pool-type
elements in low power reactors the limiting condition normally is corrosion of
aluminum. The most significant effect observed during examination of irra-
diated pool elements has been pitting and corrosion of the aluminum. This
condition is attributed mainly to improper water quality control. With proper
pH control, corrosion can be held in check

The limiting factors in tank-type reactor fuel elements in high
power reactors are reactivity lifetime and burn-up rate of the fissile U-235
Because of the high power densities, the lifetime of these fuel elements
typically is from 3 to 6 weeks; therefore, there has been a trend toward
increasing the loading of fissile material to increase fuel lifetime. In
contrast to pool reactors, mechanical strength of the fuel element is also an
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important factor. At the required high water velocities (typically ~>10m/sec),
pressure differentials often develop across the plates which can cause
permanent deformation. In order to increase the strength of fuel elements for
application in high power density reactors, the original relatively soft 1100
aluminum alloy used in MTR-type assemblies has been replaced by much stronger
aluminum alloys such as 6061. In addition, some of the early fabrication
methods such as brazing and pinning of the fuel plates to the side plates has
largely been supplanted by a roll swaging technique which has been found to
give a superior finished element. Swaged joints also allow some slippage
between the hot fuel plates and cooler fuel element side plates, thereby
reducing thermal stresses in operation.

2. EXPERIENCE WITH FUEL FAILURES DURING REACTOR OPERATION

Failures of fuel plates in pool-type and tank-type research re-
actors, resulting in a release of fission products, have been relatively
rare. The failures that have occurred in the U.S. fall into the following
major categories:

1. Failure of cladding due to corrosion and/or pinhole manufacturing
defects.

2. Fabrication deficiencies such as non-homogeneous
fuel distribution, improper assembly of fuel plates to the side
plates, defective brazing, etc.

3. Cooling starvation because of coolant channel blockage by foreign
materials in reactor cooling system.

4. Thermal stresses and/or hydraulic pressure forces on fuel plates
producing buckling.

Most of the reported instances of failures accompanied by fission product
release fall in the first three categories, with blockage of coolant channels
by foreign materials and fabrication deficiencies being predominate in the
more serious incidents with high power density reactors, j3»1*

The one reported instance of buckling failure of fuel plates due to
stresses caused during operation by hydraulic pressure differentials and
thermal gradients occurred in the MTR in 1954. For two years from reactor
startup in 1952 to July of 1954, all the MTR fuel elements functioned as
intended. Immediately prior to a fuel plate buckling failure in 1954, a
number of changes were made to the original MTR fuel assembly design.
These were:

1. The thickness of the fuel plates was reduced from 1.52 to 1.27
mm.

2. The thickness of the fuel side plates was reduced from 4.75 to
2.69mm.

3. The number of fuel plates was increased from 18 to 19.
4. The fuel element fissile content was increased from 140 to

200 grams per assembly.
5. The opening in the lower fuel end box casting was decreased from

2400 to 2000 mm2.
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There were two effects of these changes:

1. The element was weakened by thinning the fuel and side plates.
2. The water pressure within the element was raised in comparison with

the pressure outside as a result of restricting the flow of water through the
lower end box. This change had the effect of increasing the lateral pressure
differential across the outside concave plates from about 7 to 70 kPa.
Furthermore, the thinning of the plates, as shown by subsequent tests, reduced
the resistance to outward buckling from a capability to withstand about 160
kPa outward buckling from a capability to withstand about 169kPa differential
to a value of only 60kPa.

The problem was corrected by taking the following remedial action:

1. The two outside fuel plates in the fuel element were increased in
thickness from 1.27 to 1.65 mm.

2. The side plate thickness was increased from 2.69 to 3.00 mm.

3. The cross sectional area of the water exit channel in the lower
box was restored to the original 2400 mm .

These changes reduced the lateral pressure differences to less than
34kPa and increased the resistance to buckling from about 60 to 160 kPa.
There was no evidence that irradiation damage and accompanying changes in
mechanical properties of the cladding and fuel alloy meat were responsible for
the failure.

This early experience with the MTR is probably one reason why similar
problems have not occurred in other high power density research and test
reactors. Table 1 lists information on temperatures, flow velocities, and
pressure drops for the five reactors currently operating in the U.S. which
operate at power levels greater than 10 Mw and heat fluxes in excess of 150
W/cm2. it is primarily this group of reactors, all having average flow
velocities in excess of 9 m/s, where problems with fuel element structural
stability due to thermal and hydraulic pressure stresses could be encountered.
As shown, the ORR and the HFBR operate at conditions similar to the MTR and
use a similar fuel element. Therefore, the extensive experience with MTR
fuel elements under similar conditions has been adequate to assure satis-
factory performance of the fuel elements for these reactors.

In going to the different fuel configurations, higher flow rates and
considerably higher core pressure drops encountered in the ETR, ATR, and HFIR,
MTR experience is no longer directly applicable, since the higher heat fluxes
mean higher temperature differences and larger thermal stresses. Also,
differences in channel thickness or configuration, which would not cause
problems at lower flow rates and pressure drops, become significant and can
cause problems at flow velocities in excess of 15 m/s and total core pres-
sure drops greater than 0.7 mPa. Therefore, in order to assure performance of
the fuel elements for these reactors, some stress analyses were usually
performed for the fuel plates operating under the most severe conditions. The
greatest reliance in proving the performance of these fuel elements prior to
use in the reactor, however, was placed on an extensive series of flow and
heating tests. The following sections describe some of the analytic and test
procedures used in qualifying the ATR and ETR fuel elements.
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Table 1. Fuel Operating Conditions in U.S. High Power Research and Test Reactor«

Advanced Test Engineering
Reactor Test Reactor

Power Level (MW)
Average Power

Per Assembly (kW)
Maximum Power

Per Assembly (kw)
Maximum Fuel Plate
Surface Temperature (*C)
Coolant Inlet

Temperature (*C)
Coolant Exit

Tempe ra ture ( *C )
Heat Fluxes (W/cm2)

Average
Maximum

Plate Thickness (mm) 2.
Flow Velocity (m/sec)

Average
Maximum

Core Pressure Drop (MPa)

(ATR)
250

6250

7500
168

51.7
74.7
185
700

54, 1.27, 2.03
14.6
18.3
0.69

(ETR)
175

3200

4500

204
43.0

57.0
130
410
1.27

9.1
10.4
0.30

High Flux
Isotope

Reactor (HPIR)
100

NA

NA

304
49.0

72.0

245
387
1.27

16.2
16.2
0.76

Oak Ridge
Research
Reactor (ORR)

30
1200
1730
122

47.2

53.3
52
189
1.27
9.8
11.6
0.17

High Flux
Beam Reactor

(HFBR)
40

1430

1960

168
48.9
56.7
120
418
1.27

11.7
12.4
0.17

Materials
Testing *

Reactor (KTR)
40

1500
2100
154
40.0
47.0
110
260

1.65, 1.27, 1
10.0
12.2
0.28

.65

Shutdownidata Included for comparison



3. STRESS ANALYSES OF FUEL PLATES

The following is a summary of the analytic approaches that have been
used in estimating the stresses to be expected in reactor fuel elements during
normal operation.

3.1 ATR Reactor

The ATR reactor core consists of 40 fuel elements arranged in a
serpentine annulus configuration which provides 4 inner flux trap positions,
four side flux trap positions and one center flux trap position.^ The
individual fuel assemblies are 45° annular segments of a circle with an inner
radius of 81 mm and an outer radius of 132 mm and contain 19 plates (Fig. 1).
The overall length of the fuel plates is 1.26 m. The fuel plates are 1.27 mm
thick overall with 0.38 mm cladding on each side of the fuel meat. The fuel
meat is UA1X dispersed in type-1100 aluminum (1.6-1.7 gU/cra3), and the
cladding is type-6061 aluminum. As shown in Table A.5-1, the ATR has the highest
power density of any U.S. research and test reactor, with a peak heat flux of
700 W/cm2 and a core pressure drop of 0.7 mPa. It is currently operating
on a 45 day fuel cycle with a peak fission density of 2.3 x 102* fissions/cm^.
Based on prior experience with the MTR and ETR reactors, it was recognized
that operating under these conditions would require careful fuel element design
and thorough testing.

2.54 mm

Plate 19

Plate 18

Plate 1

Figure 1 Cross Section of ATR Fuel Element
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The original analysis done for the ATR fuel elements7 was basically a
hand calculation method which considered only the two outermost fuel plates in
a fuel assembly (plates 18 and 19) located in the highest power density region
of the core. The assumptions used in these calculations were:

1. The fuel plates were considered to be homogeneous aluminum. That
is, mechanical properties of the cladding were used for the whole
plate,including the fuel meat.

2. The plate temperature difference was assumed to be one dimensional
in the azimuthal direction.

3. The axial fuel plate elongation due to thermal expansion was assumed
to be restrained only by the fuel element side plates.

4. Fuel plate failure was assumed to occur when the azimuthal stress
reaches the yield strength in the plate center region.

In the ATR fuel, axial thermal stresses are produced in the fuel plate
because its average operating temperature is about 110°C hotter than the assembly
side plates. Furthermore, the neutron flux peaks at the outside edge of the fuel
assembly, producing the highest power density and fuel temperatures in the
plates close to where it joins the side plate, rather than the center.

Azimuthal stresses are generated in the fuel plate because of differences
in channel flow characteristics as well as the temperature gradients. Differ
ential hydraulic pressures are caused by differences in entrance and exit
losses in adjacent channels of different thicknesses. The largest potential
pressure differential occurs on the innermost plate (plate 1) or the outermost
plate (plate 19) because an accmulation of manufacturing tolerances can create
a large difference in channel thickness on the outside of these two plates.
Plate 19 has a much larger radius and arc length than plate 1; therefore,
bending stresses and transverse plate deflections will be much greater for
plate 19. Since the maximum deviations in interior channel thicknesses are
less than for the exterior coolant channels (channels 1 and 20) the potential
pressure differences across the interior plates (2 to 18) are smaller than
those for plates 1 and 19. The interior plates must be analyzed, however,
since they are 1.27 mm thick, while plate 19 is 2.54 mm thick and plate 1 is
2.03 mm thick. Plate 18 has the largest arc length of the interior plates;
consequently, it is potentially the critical interior plate with respect to
azimuthal stress. The largest axial thermal stresses will also occur in
plates 18 and 19 because they are hotter than the remaining plates and receive
the same elongation restraint from the cooler side plates. Therefore, these two
plates are the only ones that need be analyzed to define the limiting cases.7

The input pressure and temperature differentials for stress calculations
were obtained for several different channel configurations using the MACABRE
computer program, which was written specifically for ATR fuel element geome-
try. The calculated maximum fuel plate azimuthal stress of 2.19 mPa was found
to occur at the exterior surface of plate 19 of the peak power element. This
is well below the yield strength of type 6061-0 aluminum of 50.5 mPa at the
plate surface temperature of 180°C. The calculated pressure differential
across plate 19 was 30.6 kPa, toward channel 20. In performing these cal-
culations it was found that only 9-36% (depending on the thickness) of the
plate section modulus was provided by the fuel meat. Therefore, it was
concluded that assuming the fuel meat had the same mechanical properties as
the cladding introduced little error. The calculated axial thermal stresses
exceeded the yield strength of the type 6061-0 aluminum over small regions for
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the peak power element. However, since yielding occurs near the support (due
to slipping in the swaged joint at the side plate) and tends to relieve these
stresses, this was considered to be acceptable.7

Currently the two criteria used in the operation of the ATR reactor are:
(1) the axial thermal stress should remain below the yield at the plate
mid-point, although it may exceed yield near point of attachment to the side
plate, and (2) the azimuthal stresses due to temperature and hydraulic forces
should remain below the yield point. These have proven in practice to be
satisfactory, as no failure due to buckling has occurred while operating
within these constraints.

3.2 ETR Reactor

Fuel elements for the ETR consist of 19, 1.27 mm thick, flat plates
7.24 cm wide by approximately 90 cm long. The fuel meat is a UA1X composite
(0.95 g U/cm3) clad with 1100 - H12 aluminium. The fuel plates are assembled
into the side plates by roll swaging; the spacing between plates is 2.74 mm.
Like the ATR, the side plates of the fuel element are slotted to relieve
pressure differentials between plates.

The analysis used to estimate whether or not the ETR fuel plates will
buckle under normal reactor operation is somewhat different and less elaborate
than that outlined above for the ATR. Basically the approach was to use the
formula which describes the critical stress level in a flat plate prior to
buckling based on classical plate theory.8 The analysis, which did not
include consideration of hydraulic forces, established that the yield stress
represented the critical stress for buckling. Therefore the approach used for
the ETR plates is to limit the maximum compressive thermal stress computed at
nominal operating temperatures, plus two standard deviations, to less than the
lowest yield stress expected in irradiated fuel plates. The results showed
that the fuel plates, with properties typical of irradiated fuel and operating
at 204°C, can withstand a maximum average temperature differential of 55°C
between the side plates and the fuel plates, and an approximately 22°C maximum
temperature differential between the hottest fuel plate and the average of all
other plates. It was stated that this method assures that ETR fuel plates
will not exceed the buckling criterion, with 95% certainty. Furthermore,
since the buckling criterion is conservative for a swaged joint construction,
the probability of buckling is even smaller when using this approach.

The ETR has operated under conditions more severe than this a number of
times with no apparent permanent plate deformations unless the fuel plates
were mechanically pinned to the side plates. When a mechanical joint was made
by pinning, which allows no relative motion between the fuel plates and the
side plates, some fuel plate buckling did result. The ability of the fuel
plate to slip in the swaged joint relieves the constraint which causes the
buckling. The actual approach that has been used in operating the ETR is to
keep the temperature in the hottest plate below that at which there have been
problems with plate buckling, so heavy reliance is placed on reactor operating
experience.9

4. FUEL ELEMENT PROOF TESTING

4.1 Hydraulic Flow Tests

As stated, the tolerance on coolant channel spacing of 2.0 mm is
very critical in the ATR, not only because of heat transfer considerations,
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but because of hydraulic pressure forces which can act on a fuel plate separa-
ting two coolant channels which are of unequal width. The two external
coolant channels, numbers 1 and 20 (Fig. A.5-1) are bounded on one side by fuel
plates and either by the flux trap baffle (channel 20). The core components
are arranged to give a nominal 2.74 mm channel 1 and 2.87 mm channel 20
thickness. However, because of the tolerances involved in positioning the
assemblies in the fuel annulus, these external channels vary considerably. A
statistical evaluation of the tolerances was performed and this indicated that
channel 20, the more critical of the two external channels because of the
greater unrestrained fuel plate span, had a 2o maximum thickness of 4.44 mm.
Therefore, to withstand the hydraulic forces developed across these two
external fuel plates, the thickness of plate 1 was increased to 2.03 mm and
plate 19 was increased to 2.54 mm.

Isothermal hydraulic tests of the first ATR fuel assemblies indicated
that, even with the thicker outer fuel plates (1 and 19) and close fabrication
tolerances, lateral pressures between coolant channels were excessive.

These pressures were relieved by putting slots in the fuel assembly side
plates at various locations. The slots allow the coolant to flow between
channels and partially equalize pressures. An extensive series of pre-
operational out-of-pile flow tests with the fuel assemblies modified in this
fashion indicated that the maximum hydraulic pressure force occurred across
plate 19 (between channels 19 and 20) approximately 86 cm above the lower edge
of the 126 cm long fuel plate.10 This pressure differential was f40 kPa at
115% flow and is well within the fuel plate's capability to withstand without
buckling at operating temperatures.

Hydraulic flow tests still play a predominant role in assuring reli-
ability of fuel elements in the ATR core. All new fuel elements are tested at
130% of flow at a temperature of 175°C before being placed in the reactor
core. Similar procedures are followed for the ETR reactor.

4.2 Differential Thermal Expansion Tests

As part of the development program for the ATR fuel, tests were run
to determine if the compressive thermal stresses, discussed above, resulting
from temperature differences between the aluminium clad fuel plates and the
cooler side plates would distort or ripple the fuel plates.H The fuel plates
are about 1.2 m long and of various widths ranging form 5.6 to 10.2 cm. To
simulate the stress condition across the width of a fuel plate, steel bars
were clamped to the edges of the individual test plates. A bar material was
selected with a thermal expansion coefficient sufficiently different from the
aluminum fuel plate to cause a compressive stress in the restrained plate when
heated in a furnace. Two different size plates were tested; plate 18 with a
13.3 cm radius of curvature and plate 2 with a 8.13 cm radius (see Fig. A.5-1).
The fuel plates, restrained by the steel bars, were placed electrically heated
furnaces, and surface displacement measurements were made at 150°, 205°, and
260°C. These measurements were taken at 2.5 cm increments along the length
down the axial centerline, and at the two 1/4 point intervals halfway between
the center and the edge of the plate.

The results of these tests showed that there was no rippling of the
plates, but merely an increase in the overall end-to-end curvature of the
plate over that which existed at room temperature. In contrast, a number of
flat plates tested in a similar manner exhibited a distinct ripple pattern
with a wave length approximately equal to the plate width and with a maximum
peak-to-peak surface displacement of 3.0 mm. Thus, this series of tests gave
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confidence that the prototype ATR fuel assembly would withstand the expected
thermal stresses and that the curved plate design provided considerably
greater stability than a flat plate.

5. FUEL BEHAVIOR OVER DURATION OF FUEL CYCLE

5.1 Irradiation Effects

Irradiation experience with aluminum clad, UAlx-alutninum platelets
and full size ATR fuel elements indicates that irradiation growth is essen-
tially all in the thickness (1.27 mm) dimension.12

Post irradiation measurements with ATR fuel elements indicated that there was
only a 0.51 to 0.76 mm increase in the length (126 cm) at volumetric increases
of 3 to 5%. This is consistent with experience in other high power density
research and test reactors in that there have been no particular problems with
irradiation induced volumetric or dimensional changes causing structural
instability in the fuel plates. In spite of relatively large volume increases
up to 6%, the measurements of fuel plates after irradiation have shown insign-
ificant increases in length and width; all the increase has been in the
thickness dimension. This has been explained by the fact that the clad
material has a higher strength than the fuel meat in the length and width
directions. Therefore the fuel meat flows plastically at operating temper-
atures when its compressive yield stress is reached, well below the tension
yield stress of the cladding. The cladding, however, produces very little
restraint in the thickness direction, and plastic flow of the fuel meat occurs
in this direction.12

5.2 Buildup of Oxide Film on Fuel Plates
At the beginning of the ATR fuel cycle, the fuel plates heat up to a

temperature 150-200°C while the side plates, heated by gamma absorption,
operate at approximately 100°C. As discussed above, this temperature differ-
ential results in a compressive loading on the fuel plates which creates a
potential for buckling. During prolonged irradiation in the reactor, the
relatively hot fuel plate cladding reacts with the primary coolant to produce
a hydrated aluminum oxide layer on the plate. This layer, which acts as a
thermal insulator, causes the maximum plate temperature and thermal stress to
initially increase over the fuel cycle life. Eventually the decreased power
generation due to increased fuel burnup in high power regions overrides the
corrosion layer effect, causing a peaking of the temperature at some point in
time over the fuel cycle. Actual experience over the 700-900 hour ATR fuel
cycle duration has shown that the oxide film is self-limiting in thickness,
such that a maximum thickness of approximately 13-25 ym occurs after about 400
hours11*. The overall effect of this film buildup is combination with
increased fuel burnup is that the maximum fuel temperature increases from
about 180°C to approximately 215°C. Because peak heat fluxes are 700 W/cm2,
and the thermal conductivity of the oxide layer is only 0.022 W/cm°C, the
buildup of the oxide layer is an important parameter in determining the peak
thermal stresses in the ATR fuel plates during operation. This same phenome-
non occurs in the ETR reactor.
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Abstract

For the JRR-2 reactor and the JMTR reactor, dummy fuel elements
using depleted uranium were fabricated and hydraulic tests were
carried out for two purposes. One purpose was to confirm fabri-
cation techniques and inspection methods in order to establish
reasonable specifications for succeeding MEU fuel elements. The
other purpose was to confirm the integrity of the fuel elements
under normal and abnormal hydraulic conditions.

Along the RERTR program, JAERI selected the steady and available
solution to convert the cores of the JRR-2 and JMTR, although it did
not yet meet the goal of the program. This is to use of MEU (45 %
enriched) fuels with UA1X dispersion type instead of current HEU (93 %
enriched) fuels with U-A1 alloy type. As the unique domestic fuel
fabricator announced to retire from the supplier of research reactor
fuels, the contracts had to be made between any of foreign fabricators.
Consequently, not only the qualification of new type fuel but also the
qualification of fabricator became the item of the licensing procedure.

For each reactor of the JRR-2 and the JMTR, the dummy fuel ele-
ments using depleted uranium were faricated and the hydraulic tests
were carried out for two purposes. One is to confirm fabrication
technique and inspection methods resulting to the establishment of
reasonable specifications for the succeeding MEU fuel elements. The
other is to confirm the integrity against normal and abnormal hydraulic
conditions.

These tests were included in the activities in Phase B of the
ANL-JAERI Joint Study on the RERTR program.

This paper describes briefly the fabrications and the experiments.
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JRR-2

The JRR-2 is a 10 MW research reactor moderated and cooled by heavy
water. The core has been operated by 17 MTR type and 7 cylindrical type
fuel elements with 93 % EU arranged in hexagonal pitch.

In the MEU core we intend to use only the cylindrical elements to
extend the cycle length by its larger reactivity worth and increase the
capsule irradiation capability by utilizing the central channel of each
element. In one cylindrical element. 15 fuel plates compose coaxial 5
cylindrical layers connected by 3 support plate. These layers are
protected by an inner and an outer tubes. No change in geometry had
been intended. It happened successively twice just after making the
contract between JAERI and the CERCA in France for the fabrication of
one dummy fuel element for hydraulic test. That is, we had breakage of
the whole screws to fix the fuel support plates to the outer tube of a
cylindrical element in the current core. It resulted in the floatage of
the fuel plate group (support plates and fuel plates). It was concluded
that the thermal stress due to the difference of temperature between
the support plate and the outer tube broke the connecting screws.

Fabrication
By reflecting on the above defect, the supporting system of the

dummy element was modified so as to fix all of lower ends of plate
group and outer tubes to the lower adapter and release their upper ends
for thermal expansion. The specifications for fabrication are shown in
Fig. 1.
The following items were inspected at the site;

(1) Material analyses and mechanical properties
(2 ) U and U-A1 analyses
(3) Determination of UAlß-UA^ percentage
(4) Uranium weight percentage in fuel core
(5) Fuel core void content
(6) Micrographs
(7) Tensile test
(8) Dimension of structural parts
(9) Surface contamination

Results of the above inspections were satisfactory.

Hydraulic Tests
A diagram of measurement device constructed for this experiment is

shown in Fig.2. Velocity was measured at each outlet fuel plate by a
three-hole arrow head type yaw meter. An example of measured velocity
profile is given in Fig. 3. Figure 4 shows a comparison of the measured
and calculated velocity distributions. The calculation was made by
solving hydro-dynamic equations in the fuel plates channel. The calcu-
lated profile agrees well with the measured one.

The endurance test was also performed during the continuous
3,000 hours under 1.3 times of the nominal flow. The visual inspection
and the dimension measurement did not find any anomaly.
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Vibration test was performed for possible combinations of the
element and two kinds of irradiation capsules under several flow
conditions. Results showed that the proper vibrations of the fuel plate
group and the outer tube were different and no resonant vibration would
occur under any flow condition.

The data obtained in these tests will be used as fundamental
data for the SAR.
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JMTR
The JMTR is a 50 MW MTR type reactor moderated and cooled by

light water Two standard fuel elements and one fuel follower with
depleted uranium of 1 6 gU cc were ordered to the NUKEM in FRG so that
they might have the identical mechanical properties with those of the
JMTR MEU (45%- > fuels.

The hydraulic tests were designed to (\) measure the coolant
velocity distribution between fuel plates, '2) confirm the strength
of the standard fuel elements by exposing them in the hydraulic forces
increased to 140 °,0 of the nominal flow, '3) determine the critical
velocity, and (4.) confirm withstanding of the fuel follower in drop
tests

Specifications
No alteration in the dimensions of MEU elements from those of HEU

was intended because it seemed impossible to complete this time-
consuming optimization within the rather short period allowed However,
it became evident that minimum cladding thickness of MEU by powder
metallurgical technique was thinner than that of HEU by alloying
technique because uranium-aluminum grain in the dispersed fuel core
projects into the aluminum cladding. To mitigate this problem, several
efforts such as alteration of powder grain size and cladding materials
were attempted, but the results were not improved yet. Consequently,
the specifications for cladding and core thickness were changed as
follows, after confirming that no problem would occur concerning the
corrosion margin, the neutronics and the hot spot factor in the
thermal hydraulics,

Cladding Thickness Core thickness
HEU nom 0.385 mm mm. 0.36 mm 0.50 ± 0.03 mm
MEU ave. 0.36 mm - 0.41 mm ave 0.50 ± 0.03 mm

mm. 0.30 mm at projected point
The cladding and core thickness were inspected in the following

way; Three fuel plates were selected out of each roll batch, and from
each plate three sections in the width direction and two sections in
longitudial direction were chosen as specimen. After abrasion of a
section, cladding and fuel core thickness were measured by a microscope
every 1 mm along the width of a plate, 60 mm, to evaluate the average
value and to find projection points This inspection was continued
through the trials to improve the minimum cladding thickness. Totally,
more than 45 sections were inspected.

Test Methods
The tests were conducted in the out-of pile single element hydrau-

lic test loop. A sketch of the loop is shown in Fig. 1. The coolant
velocity between fuel plates was measured with one set of arrow-head-
type Pi tot-tubes installed at the outlet of coolant channel. A sketch
of the installed Pi tot tubes is shown in Fig. 2.

Test Results
The results of the coolant velocity distribution measurement among

the coolant channels of both standard and fuel-follower elements are
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shown in Fig. 3. As shown in Fig 4, the standard fuel element reveals
good equalization in the coolant velocity distribution, because the
coolant channel thickness are varied by layer to obtain uniform coolant
velocity as shown in Fig. 4.

THe standard fuel element was strong enough under the 6 hour test
condition of 140%. (14 m s^ of the average nominal velocity. This value
was chosen so that this condition might cause the double value in
pressure drop compared with the nominal flow.
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The critical velocity for MEU fuel is estimated approximately 18
m/s on the assumption that fuel core has the same strength as the
cladding material. The critical velocity is estimated conservatively to
be approximately 15 m/s in disregard of the strength of fuel core,
because the mechanical properties of fuel core were not clear. The
results of the critical velocity test show that MEU fuel was withstand-
ing against hydraulic force of at least 20 m 's which is the maximum
velocity of the test system.

The drop-test for the dummy fuel-follower was repeated up to 100
times under the condition that the downward coolant flow was increased
to 14Q*o (14 m/s) of the nominal velocity. Further drop tests were
performed up to 20 times each at 160 and 180% of nominal velocity (16
m/s and 18 m/s).

After all the tests, the fuel elements were visually inspected and
their coolant channel spacings were measured with a strain gauge
device. Both standard and fuel-follower elements were proved to be
withstanding under the above hydraulic test conditions.
Conclusions for the JITTR elements
(1) While the minimum cladding thickness for the dummy elements was

specified to 0.30 mm, it seemed difficult to apply this standard
to the MEU elements. It was decided to loosen the standard to 0.25
mm at projected points of UA1X grains.

(2) Integrity of dummy fuels was enough under the hydraulic test
conditions which were more severe than will be encountered in the
normal operation of the JMTR.
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Appendix 1-6

'CARAMEL' - FRENCH LEU FUEL FOR RESEARCH REACTORS
WITH EMPHASIS ON THE OSIRIS EXPERIENCE
OF CORE CONVERSION

COMMISSARIAT A L'ENERGIE ATOMIQUE
Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France

Abstract

Key aspects of the design, development, and qualification of
French LEU "Caramel" fuel are discussed. These aspects include
descriptions of the fabrication steps, the quality control pro-
cedures that are employed in fuel fabrication, and the extensive
qualification program to determine first the technological
limits and then the safe and reliable operating ranges for this
type of fuel.
Experience in utilizing "Caramel" fuel in the high performance
OSIRIS reactor is emphasized. Necessary adaptations of the
plant primary cooling circuit are described along with operating
experience, changes in the experimental conditions, and possible
application in other research reactors.

K INTRODUCTION

One of the various activities carried out in France concerned with the design,
fabrication and development of nuclear fuels was the development by the CEA of a
place type fuel (Caramel fuel). A Caramel fuel element is in the form of a plate
consisting of two tight covering zircaloy sheets in which the UO platelets are
confined themselves within the network of a zircaloy grid. The plane geometry pro-
vides an effective means of overcoming the drawback of poor uranium oxide conduc-
tivity, and makes it possible to combine high specific power with low fuel tempe-
rature.

The different materials used in the Caramel type fuel assemblies i.e. UO and
Zy, are very well known after their extensive use in LWR's. Their physical proper-
ties, in pile behaviour, manufacturing features etc... are well mastered, and will
therefore not be dealt with in this presentation.

The chief advantages of this fuel are the following :

(1) It is a very low enriched fuel. It can be used in research reactors demanding
high volumetric powers and neutron fluxes, with a required enrichment signi-
ficantly lower than 20 Z 235U.
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The difference between the densities of UO matrix and U-A1, 10.3 and 1.6 g/cm
respectively, leads to a higher uranium charge, making it possible to reduce
the enrichment to between 3 and 10 %.

(2) A second advantage of the Caramel fuel stems from its operating safety. Owing
to its dispersion, any loss of tightness only puts a small amount of fissile
materiel in contact with the coolant, thus limiting any contamination of the
primary circuit.

Another safety factor is the opera1:! 13 température, which is considerably
lower than the temperature at whir.h fission gases are liberated.

The earliest research conducted at the CEA was directed towards applications
in power, heat and naval propulsion reactors, and used thick (4 mm) Caramels
owing to the low volumetric powers required.

The thin Caramels investigated since 1977 as part of the non-proliferation
programme (INFCE) found their application in research reactors for which
volumetric power levels are very high (nean value about 1700 W/cm , maxiaua
value 4300 W/cm3).

Thanks to the use of the low-enriched uranium Caramel fuel, the Commissariat
à l'Energie Atomique proceeded to convert the core of the high-performance
research reactor Osiris, at Saclay. The new Caramel fuel core has operated
sucessfully since December 1979.

The Caramel type fuel takes advantage of the experience gained in LWR operation
which alleviates most uncertainties and additionnai R and D effort,contrary
to the use of less-known fuels like U-A1, U,00-A1 or U,Si-Al.J o 3

The following table summarizes the main characteristics of the reactors under-

operation or in project (Thermos project) using Caramel type plate fuel elements.

! ! i ! F ~. ,Caramel (Temperature ( Coolant J
. Power ', thickness J of clad J pressure J
j (MW) j (mm) j ("G) ; (bar) j

i
i . 11*0 & ouït? j. , xeujfjci auut.c j vyuu ion i_ j Me an _ Maximum
'.Reactor . Power ', thickness J of clad J pressure J specific j specif i

'--" ' ' -" ' "^ • " • power
(W/cm3)

!

lc 1i i vri«/ , vuuj/ , v w t voary . power . power .J , j ; ; ; (w/cm^) ; (w/co3) J
! I ! ! 1———————j , j j
P°o1 i t i i i • freactorj 70 j 1,45 \ 140 j 3 J 1 640 J 4 300 '(osiris) ; ; ; ; ; ;

; ? i j j jheat i i i i i igenerator; 100 \ 2,25 j 160 j 11 j 275 j 1 070
(Thermos); ! ! ! ! !

i l l i t t, 0,7 ; 1,45 ; 9,5 ; 1.5 ; 16 ; 43
ISIS i i i i i it t i i i i
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FIG 1 Components of a Caramel plate

2. DESCRIPTION

The Caramel type Osiris fuel element is in the form of a plate 700 mm long,
80 mm wide and 2,25 mm thick. Figure 1 shows the different components of a Caramel
plate of the Osiris reactor. The sintered UO. fuel is in the form of a square-
section parallelepiped measuring 17,1 x 17,1 mm and 1,45 mm thick. It is placed in
a regular array within a square-pitched grid and confined between two zircaloy
sheets. This assembly, fitted with zircaloy edge and end pieces, undergoes a series
of welding operations designed to guarantee the perfect tightness of each U0_ pla-
telet to the exterior and to its neighbours.

Simultaneously, good contact is achieved between the oxide and the cladding. The
fuel assemblies consist of several plates (14 or 17) in parallel position, held
rigidly by slotted side-plates. They are equipped with a foot for water supply and
a handling head.

The Caramel fuel is distinguished from the standard fuel pin by :
. its plane geometry,
. the absence of free volume,
. good oxide/clad contact (no clearance)

The special features of the Caramel fuel impose specific operating conditions.
Owing to the absence of voids (except for the open porosity of the fuel), the
temperature of incipient fission gas evolution must never be exceeded. To achieve
this condition, it is essential to guarantee excellent oxide/clad contact for tbe
fuel element from the very beginning and to maintain this throughout its service
life.
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3. FABRICATION ANP QUALITY CONTROL

3.1 Fabrication

The Caramel fuel is fabricated in workshops belonging to the CEA or its
subsidarics. Some components such as the zircaloy sheets, castings and
machined parts are supplied by industry. The fabrication sequence is
shown in Figure 2.

Fabrication is subdivided into the following phases ;

3.1.1 Fabrication of oxide platelets (Caramels)

These platelets are fabricated by sintering UO powder obtained by
the wet method. The process employs the double normal cycle. The
material is sintered under hydrogen at a temperature near 1600*C.
The density of the sintered Caramel is equel to 94 I of the theore-
tical density.
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It should be noted that the fabrication of Caramel fuels benefits
from the experience gained in this area with PWR fuels.

Deposit of anti-diffusion barrier
Each Caramel is covered by a layer of chromium deposited by cathodic
sputtering. This chromium performs the role of a barrier, by preven-
ting the diffusion of oxygen into the zircaloy, that is liable to OCCL
during the diffusion welding operation, also called "marmitage"
(marmite «= HP cooking pan) and described below.

3.1.2 Plate fabrication

The component parts of a plate are the following (figure 1) :
. oxide platelets,
. zircaloy grid obtained by welding zircaloy wires,
. nickel foot that plays a role with respect to neutrons,
. zircaloy side pieces,
. zircaloy end pieces,
. zircaloy sheet cladding.

The Caramels are placed within the grid cavities. The assembly
including the grid with its Caramel load, the side pieces and end
pieces is placed between two zircaloy sheets and welded tight. The
plate closure operations are performed in the following order.

After .resistance spot welding of the different parts, the sides are
welded by a resistance seam welding unit.

The end pieces are then welded by electron borabardtsent welding that
also places the plate under vacuum.

The closed plate is transferred to a diffusion welding enclosure and
undergoes high temperature (greater than 900°C) and high pressure
(~ 1000 bar) treatment for four hours, also called "marmitage". This
treatment guarantees the welding of all zircaloy components and
especially between the grids and sheets, by ensuring the separation
of each UO. platelet and good oxide/clad contact.

This marmitage treatment is followed by a control treatment under
vacuum at 700"C.

The rough plates are then machined to the required dimensions. After
undergoing the controls described in the next section, they are
mounted on side plates. Electron bombardment welding is then used to
join the Caramel plates and the side plates.
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3.2 Quality control

All the materials and components are required to meet specifications.

Owing to its geometric characteristics and its operating conditions, the
Caramel fuel must meet especially severe requirements, corresponding to
specific control procedures.

These controls are carried out at all fabrication levels and include :
. metrology of components and of the assembly (e.g. metrology of channels)
. enrichment of each fuel platelet,
. quality of the weld between metal components,
. quality of oxide/clad contact.

These controls take place during fabrication as follows :

3.2.1 Controls in the fabrication of basic components

UP platelet : metrology (length, width, thickness, density, visual
appearence, chromium deposit inspection).

Tolerable surface defects have been defined on the basis of correla-
tions between defect dimensions and the residual clad thickness
after diffusion welding.

Zircaloy parts : metrology (surface condition after abrasion)

3.2.2 Controls applied to the finished plate

. Visual appearance

. Metrology

. Checking of the absence of occluded gases, by heat treatment at
700°C under vacuum, with free-standing plates

. Quality control of welds by micrography and corrosion test

. Enrichment test

The enrichment test of Caramel plates consists in the détermination
of the charge of Ü per unit area by neutronometry. This check
offers several advantages :

. overall checking of various Caramel fabrication tolerances :
. enrichment,
. uranium content of UO-
. density of UO sinter
. Caramel thickness
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. possibility of systematic checking of all platelets making up a
fuel plate

. speed of control in comparison with traditional methods,

. exact measurement of accounting for fabrication ranges,

. control of a characteristic (charge of U per unit area) of
direct use for the calculation of reactor performance,

. quality control of oxide/clad contact.

The quality of oxidt/clid contact appears to be an important
parameter in the design of the Caramel fuel. A thermal analysis
o>elbod by infrared tberraovi tior> was developed for thi.£ purpo;-.

Actually it is not used, because the test performed at 800"C under vacuum
serves to test the places in conditions that are more severe than those
of operation in a pool reactor. This test has proved highly satisfactory
until now.

3.2.3 Control of finished assembly

. Overall metrology of assembly (passage through a gauge)

. Metrology of all channels

. Check of surface pollution

Control procedures and final acceptance are carried out by an orga-
nization that is independent of the fuel manufacturer. In addition,
a quality assurance system is implemented, covering design, fabri-
cation and tests.

A preirradiation characterization report is written for each fuel
assembly. All the data related to the assembly are included in this report :

Data about assembly components : origin, fabrication procedure,
mechanical characteristics, measurements, weight, chemical analyses.

Measurement results for each plate.

Remarks after visual examination for each plate.

Results of enrichment control performed on each UO. platelet

Measurement results of all water subchannels (a recording is made of
each platelet row)

A few examples of data recorded for each fuel assembly and contained in
the characterization report are annexed at the end of this paper.
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Fabrication experience
Considerable fabrication experience' has been gained, because aside tro=
fabrications for experimental irradiations, a large number of assemblies
has been fabricated, as summarized below.

Reactor

PAT
CAP
OSIRIS

TOTAL

j Number
of

assemblies

16
A

200
— — ™-. -r

220

Number
of

plates

576
AA

3 AOO

A 020

Number
of U02

platelets

101 952
13 728

462 AOO

478 080

U0_ weight
(kg)

1 497
192

2 019

3 708

CAP - Prototype Advanced Boiler. PWR type reactor of a power of 100 MWth,
located at Cadarache.

PAT - Land Eased Prototype. PWR type reactor used as a prototype for naval
propulsion, located at Cadarache.

At present, the fabrication shops have a total capacity of 200 Osiris - type
assemblies per year.

A. QUALIFICATION OF CARAMEL FUEL

An extensive programme involving experiments and qualification of the
Caramel fuel has been undertaken and implemented in a broad range of spe-
cific powers and burnups. It was intended to determine initially the
technological limits, and then the safe and reliable operating ranges for
this type of fuel. This programme includes both parameter tests in irra-
diation test loops on specimens including a limited number of Caramels,
and also irradiations of experimental assemblies carried out in the
Osiris reactor and in the CAP and PAT prototype reactors.

The most important features of the programme are then exposed together
with the main results obtained.

A.1 TIP programme

An exploratory programme was conducted during the 1965 to 1970
period with the EL 3 reactor at Saclay in order to define the
technological limits of this fuel.

Seventeen test samples (containing 5 and 9 caramels) were irra-
diated at variable burnups and specific powers.
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The specific power range explored ranged from 1000 to 3000 W/cm .
The cladding temperature was between 280 and 340*C.

The results of these test showed that :
- it is possible to reach a burnup of 30000 MWD/T with specific
powers as high as 3000 W/cm without any deterioration of the
fuel. Above 30000 MWD/T, if this specific power is retained,
there is a risk that the platelets will swell and release gas.
This phenomenon does not necessarily lead to cladding failure.

- if, on the other hand, the specific power is reduced at this
stage of the irradiation, a burnup as high as 50000 MHQ/T can
be achieved without significantly modifying the structure of
the U02 platelets.

4.2 SILOE programme (1976)

In this programme, two irradiations were performed without any
external pressure in the pool reactor Siloé at Grenoble. Two
small assemblies, each containing a few samples, were irradiated.

The following irradiation conditions were employed :
3 3Specific power 106° w/cm a"d 1500 W/cm

Irradiation period 245 days ! 202 days
Burnup 18300 MWD/T j 25 ICC :WD/T
Temperature 100°C ! 100°C

Results obtained : Very good in-pile performance was obtained
with the assemblies. Their appearance after irradiation was
very satisfactory.

A. 3 Irradiation programme in the Osiris reactor
As before, experimental test samples each containing few
Caramels, were irradiated. The irradiations were carried
out in the NaK loop at 300°C with an external pressure of
140 bars. Two series of irradiations were realized :

1973 - 1974 on 3 and 4 mm thick caramels
1975 - 1978 only on 4 mm thick caramels in order to define

technological operating limits.

Specimens of the first series exhibited burnups exceeding
40000 MWD/T for the 3 mm thick caramels and 37500 MWD/T for
the 4 mm thick caramels. The examinations carried out demons-
trated that no gas had been released in the compartments and
that the separators had performed very well.
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FIG. 3. Operating limits of 1.45 mm thick Caramel fuel meat.

Burn up MW d/t

The results obtained are related to :

. thermal conductivity of uranium oxide as a function of burnup,

. determination of the maximum normal service temperature,

. maximum temperature of separators,

. operating limits for the thicknesses of 3 and 4 mm.

Figure 3 shows an example of an operating limit for a 4 mm
thick Caramel, up to a burnop of 50000 MWÜ/T . Since the
maximum operating temperature of the fuel is known, it is
possible to transpose these results to other Caramel geometries.
Hence in the "equivalent " case of the Osiris reactor, inaxiraun
specific powers are greater than 5000 Vî/cm , whereas the c,=xi-

operating specific powers of Osiris are about AOCO W/cra up
to a burnup of 20000 hf«D/T . They then decline to 2500 W/cia" it
the maximum bumup of 30GCP iT« D/ T .

Other test irradiations, were performed in loops in the Osiris
reactor : these include two irradiations of the Irène programme
carried out in a pressurized water loop reproducing real cooling
conditions ; in one of these irradiations used for safety studies,
a leak detection signal was generated ; the depositing of corro-
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•ion products under low flow rate conditions was studied in the
other irradiation.

Power cycling studies were performed on 4 mm thick caramels in
samples having reached a bumup of 30000 MWD/T in the Osiris
reactor before it was shut down in July 1978. These cycles were
carried out under the following conditions :

uppermost part 1250 W/ctn
lowest part 375 W/cm
withdrawal and descent velocity : AOO W.cm mn
number of cycles 3634

Finally, the start-up of the new core of Osiris was preceeded by
the qualification of three precursor assemblies in the previous
core j these tests widely covered the range of operating conditions
encountered with Osiris.

5. CAKINE EXPERIMENT CARAMEL FUEL CLADDING FAILURE FOLLOWUP

To appraise the operational safety of such a fuel regarding risks of fission
product or fissile material release into the reactor primary system, a cladding
failure followup test has been carried out under conditions corresponding to
OSIRIS operation and using a test loop independent of the EL 3 reactor.

This cell, located in the D_0 tank of EL 3, forms a heavy-water cooling sys-
tem separate from the reactor cooling system. The possible pollution of heavy
water is thus limited to that system.

A cladding burst detection device using delayed neutrons with He counter:; i?
installed in the system. This device is similar to that used in OSIRIS.

TEST CONDITIONS

The fuel element, manufactured by the same process as standard elements,
comprised 32 IK>2 platelets enriched to 7 Z.

The cladding defect is an *v» 1mm circular hole. The fuel rating during ir-
radiation was raised to 3050W/cm , cooling being ensured by heavy water cir-
culating at 10 m/s. These conditions are very like those encountered in OSIRIS.

The fuel element was installed in an aluminium sleeve channeling water on
both sides of the fuel plate to cool it.
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The power released in the fuel was measured by establishing a heat balance.

The cooling water temperatures were recorded by three thernocouples at the

inlet and three triple thermocouples at the outlet to limit uncertainties

arising from uniform temperatures in a cross section. The flow rate was measu-

red by a calibrated turbine iqserted in the system.

Cladding failure was detected by two parallel systems ; one uses a BF 3

counter normally operated on the EL 3 independent cell installation ; the other,

of higher performance and used on OSIRIS, is fi t ted with an He counter.

TEST RESULTS

The evolution of the signal showing the amount of delayed neutrons during

irradiation is given in fig. 4. It should be noted that 3 pseudo-plateaus of

activity arc present at increasing levels. Their duration is of about 5 h for

the first , 30 h for the second, and 3 h for the third. During the first two

pseudo-plateaus, fission product wafts have given rise to activity peaks whose

amplitude is near th° average signal.

Between these pseudo-plateaus, the evolution of the signal is Caster and

fas te r , fo l lowing an exponential law. The time to double the signal value, 30 h

dur ing the f i rs t phase of fast evolution, goes dov,n to 3 h during the second

phase.

After the third pseudo-plateau, severe activity variations due to fission

product wafts are recorded, the average signal first increasing very rapidly,

then stabilizing for about 1 h, 40 min.

DOUBLING TIME ( D . T . ) = 30 h~

24 48 72
0 1 2 3 4 days

FIG. 4. CARINE — delayed neutron counting evolution during irradiation.
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The delayed-neutron detection device used is completely representative of
that installed in the OSIRIS reactor, which has allowed the time to détermine
when a cladding failure detection threshold is reached.

The results obtained show that this threshold is exceeded after the third
pseudo-plateau and that irradiation still lasts for about 2 h in these condi-
tions. Despite this fact, a very low level of activity of the radionuclides
corresponding to fuel release was recorded.

The examinations carried out on the fuel after irradiation have shown that
the hole previously drilled and the underlying fuel have not been spoiled
significantly.

Moreover, the sequence of the experiment has proved the excellent behavior
of the cladding failure detection system (CBD) installed on OSIRIS.

In conclusion the CARINE experiment has shown the excellent behavior of Carame
fuel in the case of a cladding failure and the possibility of detecting a failure
in Osiris before serious pollution occurs in the reactor systems.

6. THE OSIRIS EXPERIENCE

6.1 Adaptation of the plant
The OSIRIS reactor has been chosen for this experience of a LEU fuel in a
research reactor because of its very high performances. The fuel is Ur_s
used in severe conditions which are going well beyond the needs of research
reactors on the whole.

These severe conditions and the absence of margins except those necessary
to the safety, with the U-A1 HEU fuel mainly explain the necessity of the
transformations of the core primary cooling circuit. It must indeed be
remembered that this reactor was first designed for an operation at a rate
of 50 MW ; the level of 70 MW was reached in 1968 only, after a small adap-
tation of the circulating pumps which were so driven to their limits.

The primary cooling system consisting of four groups of heat exchangers and
pumps in parallel, each pump was associated with a heat exchanger. Three of
these pumps were used simultaneously.

For the new fuel, the decrease of the number of plates of each fuel element
(17 compared with 24 previously) had to be compensated by increasing the
primary cooling flow rate to improve the removal conditions of the core
power.
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Because of the impossibility to increase the flow rate in each one of the
exchangers, an adaptation of the main piping allows the connecting of the
four exchangers to the outlet of each one of the four pumps. A main pipe
connects the discharge of the pumps to the inlet of the heat exchangers.
The puirps have been changed and their power increased. In this new situa-
tion the reactor is operated with three pumps and three heat exchangers.

The very works linked to the change of the fuel ran from the end of 1973
to August 1979. It was made use of a longer shutdown of the reactor for
important maintenance works on the coatings of the storage capacities and
of the decay tanks.

The other adaptations for the operation of the new oxide fuel were really
lesser and limited to some strengthening of the structure of the dry storage
tanks of the non irradiated fuels.

The codification of the cladding ruptui'e detection system was alieady a
project with U-A1 fuel.

6.2 Changes in experimental conditions

For the experimental irradiations, the important parameters are the
thermal and fast neutron fluxes levels. The gamma flux causes the libe-
ration of additional heat energy which can be detrimental for the cooling.
A certain quality of the neutron spectrum is aimed at for certain inves-
tigations of damage (better ratio of fast to thermal flux). We shall exa-
mine the irradiation conditions with the oxide fuel and compare them with
the previous situation (U-A1).

The first calculations, then a scrie of measuraments taken in ISIS out, at
last, the experience of 18 month of OSIRIS operation provide us with an
accurate idea of the changes in experimental conditions in OSIRIS.

6.2.1 The fast neutron flux (E > 1 MeV)

It was showed by the first calculations that the fast flux level
was not modified with the new fuel if the core size was kept. This
result has been verified from ISIS and OSIRIS. The loss in average
fast flux level is indeed equal to the increase of the size of the
core the number of fuel elements being passed from 39 to 44 because
of the hydraulic and mechanical behavior of the reactor structures.

6.2.2 The thermal neutron flux

The very large absorption cross section of the new fuel, due to its
high 235U loading is reflected at an equivalent total power, by a
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significant drop in thermal flux in the network (35 + 40 Z for these
experiments). The spectrum quality is however better (gain of about
40 Z in the fast / thermal flux ratio) for experiments on damage on
structure materials.

The drop in thermal flux in the network has no detrimental consequen-
ces on the experimental prc'Ŝ aa, the network being exclusively used
for its characteristics in fast fluxes.

The loss on the thermal flux in the periphery of the core is, on an
average, of 15 Z. But here also,it has to be taken into account the
increase of the size of the core and of the number of available
experimental location on the external grids.

6.2.3 Gamma heating

Gamma heating decreases in the network and this is an advantage
for some experiments. In the network irradiation location
U-A1 core : 10 to 15 Watt/g
oxide core : 4 to 8 Watt/g

6.3 S täte of the experience on OSIRIS

6.3.1 The reactor operation

The Osiris reactor was loaded with the new oxide LEU fuel in October
1979. A start-up test cycle took place in January/February 1980.
From that time to July 1981, in addition of the start-up cycle, 12
cycles of roughly A weeks for each one took place. The total energy
delivered by the reactor during this period is 21600 MWD at 70 MW.

The following table gives for each cycle, the U loading in the
beginning of the cycle the energy delivered by the reactor the nunber
of EFPD of the cycle, the average burn-up of the unloaded fuel ele-
ments. It has to be pointed out that, for the first cycle, the
average enrichment was only 6 Z with fuel elements at A,75 Z, 5,627,
and 7 Z. The reloadings are done now with 7 Z enriched fuel. At the
end of 1982, this enrichment will be raised to 7,5 Z

Each fuel element remains in the core for 5 or 6 cycles. At the
end of each cycle it is proceeded to a partial refuelling and to
a shuffling of the remaining fuels.
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6.3.2 Working conditions of the fuel and statistics

The working conditions of the fuel are very hard. Particularly, the
average and maximum specific powers in the oxide are well beyond
those met in PWR reactors or of those for almost all the research
reactors troughout the world.

- average specific power in oxide : 1700 W/cm of U0_

— maximum specific power in oxide : 4300 W/cm of UO-

To make sure of the satisfactory behaviour of the fuel in the reactor,
a programme of systematic non-destructive testing was undertaken.
This involved testing the water channels, performed by a system of
strain gauges, and a comparison with measurements taken after fabri-
cation. It covered all the assemblies unloaded after the first six
operating cycles, and half of the assemblies unloaded after the
subsequent six cycles, making 90 assemblies in all.
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This programme, currently under way, will be supplemented by destruc-

tive testing of one of the most irradiated assemblies, which has

reached a burnup of 30000 MWD/T .

The overall measurements thus taken serve to provide a global es t imate

that is statistically representative of the changes in the characte-

ristics and of the behaviour of the Osiris Caramel element under ir-
radiation.

At the start-up with the oxide fuel, the licensing conditions allo-

wed 20000 MWD/T average burn-up for a fuel decent. This lirait vas

raised to 25000 MWD/T in Novanbre 1980 and up to 30000 KWD/T. ia

February 1981. These improvements were founded upon the good behavior

of the fuel conf i rmed by the systematic non-destructive testings on

unloaded i r r ad ia t ed ele^--"!^- "or tlie iroœent this overage burn-up

(30000 MUD/T ) is not reached on the whole of the elements. It

needs to raise the enrichenent to 7,5 T..

Presently 63 elements have got an average burn-up above 20 000 MV.'D/T

among, them, 26 have passed beyond 25000 HWD/T and 8 have reached an
average burn-up between 28000 and 30000 MWD/T . It has to be pointed

out that at an average burn-up of 30000 MWD/T corresponds to a maxi-

mum burn-up of 40000 to 43000 MWD/T for the most irradiated platelet

7. THE CASE OF OTHER RESEARCH REACTORS

The performance of the fuel in Osirie are high enough to cover all the possi-

bilities of research reactors.

On the other hand, the adaptation of Osiris is not representative of the ma-

jority of the existing reactors, the power of which is of the order of the MW or
a few MW. In those cases, the change of tlie fuel might be done without any inpor-

tant modification and with a shorter shut-down time than for Osiris. An exenple

for a low power reactor is given by ISIS, the neutronic mock-up of OSIRIS, the

power of which is limited to 700 KW. The change of the fuel has been realized

without any modification of the core structures of the cooling circuit or of
the control. The work has been limited to a strengthening of the structures of
the storage racks. Its for the shut-down time, it was limited to the time neces-

sary to the unloading of the old fuel, to the reloading with the new fuel and to
the measurements of the core parameters for a safe operation (racks efficiency,
power mapping, neutron f lux) . OSIRIS and ISIS are clearly situated at the two

ends of the scale. Between the two, all the situations are possible and each
case is a particular one.
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Appendix 1-7

URANIUM-ZIRCONIUM HYDRIDE TRIGA-LEU FUEL

GA TECHNOLOGIES, INC.
San Diego, California,
United States of America

Abstract

The development and testing of TRIGA-LEU fuel with up
to 45 wt-% Ü is described. Topics that are discussed
include properties of hydride fuels, the prompt
negative temperature coefficient, pulse heating tests,
fission product retention, and the limiting design
basis parameter and values.

General specifications for Er-U-ZrH TRIGA-LEU fuel
with 8.5 to 45 wt-% U and an outline of the
inspections during manufacture of the fuel are also
included.

1. INTRODUCTION

The development and use of U-ZrHx fuels for the TRIGA reactor have been

underway at GA since 1957. Over 6000 fuel elements of 7 distinct types have
been fabricated for the 60 TRIGA research reactors which are under construc-

tion or have been placed in operation. The earliest of these has now passed

25 yrs of operation. U-ZrH fuel has exhibited unique safety features

including a prompt negative temperature coefficient of reactivity, high

fission product retentivity, chemical stability when quenched from high tem-
peratures in water, and dimensional stability over large swings of tempera-

ture. The first TRIGA reactor to be exported was for the U.S. exhibit at

the Second Geneva Conference on the Peaceful Uses of Atomic Energy in 1958.

The standard TRIGA fuel contains 8.5 wt-% uranium (20% enriched) as a

fine metallic dispersion in a zirconium hydride matrix. The H/Zr ratio is

nominally 1.6 (in the face-centered cubic delta phase). The equilibrium

hydrogen dissociation pressure is governed by the composition and tempera-

ture. For ZrHi.6 the equilibrium hydrogen pressure is 1 atm at about 760°C.
The single-phase, high-hydride composition eliminates the problems of den-

sity changes associated with phase changes and with thermal diffusion of the

hydrogen. TRIGA fuel with 12 wt-% U has been proven through successful
reactor operation for over a decade. Highly enriched versions of TRIGA

161



fuels (discontinued in 1979) contained up to about 3% erbium as a burnable
poison to increase the core lifetime and contribute to the prompt negative
temperature coefficient in the higher power (1 to 14 MW) TRIGA reactors.
(Cores with steady-state power levels above 3 MW are not pulsing cores.)
The calculated core lifetime with FLIP fuel in the 2-MW TRIGA is approxi-
mately 9 MW-yr. Over 25,000 pulses have been performed with the TRIGA fuel
elements at GA, with fuel temperatures reaching peaks of about 1150°C.

TRIGA fuel was developed around the concept of inherent safety. A core
composition was sought which had a large prompt negative temperature coeffi-
cient of reactivity such that if all the available excess reactivity were
suddenly inserted into the core, the resulting fuel temperature would auto-
matically cause the power excursion to terminate before any core damage
resulted. Experiments then in progress demonstrated that zirconium hydride
possesses a basic mechanism to produce the desired characteristic. Addi-
tional advantages were that ZrH has a good heat capacity, results in rela-
tively small core sizes and high flux values due to the high hydrogen
content, and could be used effectively in a rugged fuel element size.

In early 1976, GA undertook the development of fuels containing up to
45 wt-% uranium (3.7 gm U/cc) in order to allow the use of low enriched
uranium (LEU) (under 20% enrichment) to replace the highly enriched fuels
while maintaining long core life. The 45 wt-% fuel contains a relatively
modest "20 volume percent of uranium. These fuels were fabricated success-
fully, with the required hydrogen content and erbium loading. The struc-
tural features of the hydrided LEU fuel were similar to those of the well-
proven 8.5 and 12 wt-% fuels, as shown by metallographic, electron micro-
probe analysis, and x-ray diffraction examination. The uniform distribution
of the uranium on a macroscale and the distribution of the various phases
were as expected from experience with the standard fuel. The high-U LEU
fuels were subjected to thermal cycling, pulsing tests to 725°C, and water
quench tests from 1200°C, which they survived successfully. The physical
and thermal stability properties of the LEU fuels are acceptable. Very low
release fractions of fission products were measured at normal operating tem-
peratures, with the temperature dependent functions describing the fission
product release rate for standard TRIGA fuel still remaining applicable to
the TRIGA LEU fuel. Previous work on U-ZrHx fuels during the SNAP reactor
program had developed the technology up to 20 wt-% uranium and found no
indication of this being a limit. Burnup of U-235 reached values of about
80% in SNAP program tests. Ongoing in-core tests at GA with 20 and 45 wt-%
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fuel started in April 1978. These tests have been an unqualified success
during pulsing and steady-state operation including over 2000 thermal cycles
where the reactor has gone from shutdown to powers of 1 to 1.5 MW.

The final demonstration of the TRIGA LEU fuel is being performed by a
full-scale, long-term fuel burnup test which is under way at the 30-MW Oak
Ridge Research Reactor as part of the U.S. Department of Energy RERTR pro-
gram managed by Argonne National Laboratory. A standard geometry 16-rod
TRIGA LEU cluster containing uranium loadings of 20, 30, and 45 wt-% is
being tested. The fuel rods are 12.95 mm O.D., clad with 4.06 mm Incoloy,
and the fuel length is 559 mm.

The test objectives are to reach burnup values of 35, 40, and 50% of
contained U-235 respectively in the fuels with 20, 30, and 45 wt-% uranium.
The test began in December 1979 and these objectives have been successfully
met in all but the 45 wt-% fuel and it should complete testing by the end of
1983.

The high-U LEU fuel was also subjected to water-quench safety tests by
quenching from temperatures up to 1200°C. The results showed that this fuel
also survives the quench tests with a benign response, with only minor
cracking, volume shrinkage, loss of hydrogen, and surface oxidation.

The remaining evaluations included analytical assessments of the
prompt negative temperature coefficient of reactivity and the core lifetime
(Table 1). Nuclear design and analytical studies have shown that the prompt
negative temperature coefficient for the 20 wt-% uranium fuel is essentially
the same as that for standard fuel over the temperature range of interest
(20° to 700°C) and greater than that for the FLIP fuel which it replaces.
The prompt negative temperature coefficient for the more highly loaded LEU
fuel shows a temperature dependence, whereas the coefficient is relatively
constant for standard fuel. The value of the prompt negative temperature
coefficient of reactivity is slightly lower for the 45 wt-% uranium fuel
compared to the highly enriched fuel it replaces; however, it is still large
and significantly higher than the prompt negative temperature coefficients
for any other type of reactor fuel.

Inclusion of erbium burnable poison in the TRIGA LEU fuel has enabled
core lifetimes of up to 7000 MWd to be predicted for the 45 wt-% fuel. It
is emphasized that this is the core life to the time of initial refueling.
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TABLE 1
CALCULATED BEGINNING OF LIFE PROMPT NEGATIVE

TEMPERATURE COEFFICIENT (a) AND CORE LIFETIME

TRIGA
Fuel Type

Standard
LEU
LEU
FLIP
10 MW
10 MW-LEU
14 MW
14 MW-LEU

Diameter
(in.)

1.5
1.5
1.5
1.5
0.5
0.5
0.5
0.5

Length
(in.)

15
15
15
15
22
22
22
22

Wt % Uranium
Enrichmen

U

8.5
20
30
8.5
10
45
10
45

Er

0.00
0.50
0.92
1.58
1.70
0.66
2.80
1.40

/ o/ \
\ m /

20
20
20
70
93
20
93
20

x 10~5 = a
t Average

(23°-700°C)

10
11
8
10
6
5
8
6

Core
Lifetime^3)
(MWd)

-100
1200
3000
3500
4800
4000
8000
7000

(a)Before initial reload.

For an equilibrium cycle core starting with 45 wt-% U fuel and removing fuel

with 50% burnup of the contained uranium, the core life would be over 14000
MWd for the 14-MW core configuration.

2. PROPERTIES OF HYDRIDE FUELS

2.1. PHASE SYSTEMS

The ZrH and U-ZrH systems are essentially simple eutectoids containing
at least four separate hydride phases in addition to the zirconium and
uranium allotropes (Fig. 1). The hydride phases consist of the following:

1. Alpha phase:

2. Beta phase:

3. Delta phase:

a low-temperature terminal solid solution of

hydrogen in the hexagonal, close-packed, alpha
zirconium lattice.

a solid solution of hydrogen dissolved in the

high-temperature, body-centered cubic zirconium

phase.

a face-centered cubic hydride phase. A delta-

prime phase has also been reported, formed below

240°C from the delta phase.
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Fig. 1. Zirconium hydride phase diagram showing boundary determination

4. Epsilon phase: a face-centered tetragonal hydride phase with the
ratio c/a < 1, extending beyond the delta phase to
ZrH2« The epsilon phase is not a true equilibrium
phase, and it appears as a banded, twin structure.

The effect of the uranium addition on the ZrH system is to shift all
the phase boundaries of the ZrH diagram to slightly lower temperatures. For
example, the eutectoid temperature is lowered from 547°C to 541°C. No new
phases, and no uranium hydride have been detected.
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Fig. 3. Equilibrium hydrogen pressure over ZrH.. AC. versus temperature.L * O J

2.2. DISSOCIATION PRESSURES

The hydrogen dissociation pressures of hydrides have been shown to be
comparable in the alloys containing up to 75 wt-% U. The concentration of
hydrogen is generally reported in terms of either weight percent or atoms of
H/cm of fuel (Njj). The equilibrium dissociation pressures in the ZrH sys-
tem are given in Figs. 2 and 3. In the delta region, the dissociation pres-
sure equilibria of the zirconium-hydrogen binary may be expressed in terms
of composition and temperature by the relation

log P = K! + (K2 x 103)/T

where iq = -3.8415 + 38.6433 X - 34.2639 X2 + 9.2821
K2 = -31.2982 + 23.5741 X - 6.0280 X2,
P = pressure, atm,
T = temperature, K,
X = hydrogen-to-zirconium atom ratio.

167



The higher-hydride compositions (H/Zr > 1.5) are single-phase (delta or
epsilon) and are not subject to thermal phase separation on thermal cycling.
For a composition of about ZrH^g, the equilibrium hydrogen dissociation
pressure is 1 atm at about 760°C. The absence of a second phase in the
higher hydrides eliminates the problem of large volume changes associated
with phase transformation at approximately 540°C in the lower hydride compo-
sitions. Similarly, the absence of significant thermal diffusion of hydro-
gen in the higher hydrides precludes concomitant volume change and cracking.
The clad material of stainless steel or nickel alloys will provide a satis-
factory diffusion barrier to hydrogen at long-term (several years) sustained
cladding temperatures below about 300°C.

2.3. HYDROGEN MIGRATION

Under nonisothermal conditions, hydrogen migrates to lower-temperature
regions from higher-temperature regions. The equilibrium dissociation
pressure obtained when the redistribution is complete is lower than the
dissociation pressure before redistribution. The dimensional changes of
rods resulting from hydrogen migration are of minor importance in the delta
and epsilon phases.

2.4. HYDROGEN RETENTION

The rates of hydrogen loss through 250-ym-thick stainless steel
cladding are low at cladding temperatures characteristic of TRIGA fuel ele-
ments. A 1% loss of hydrogen per year occurs at about 500°C (900°F) clad
temperature.

2.5. DENSITY

The density of ZrH decreases with an increase in the hydrogen content.
The density change is quite high up to the delta phase (H/Zr = 1.5) and then
changes little with further increases in hydrogen. The bulk density of mas-
sively hydrided zirconium is reported to be about 2% lower than the x-ray
density.

For hydrogen to zirconium ratios, x, of less than 1.6, the density of
ZrHx used for TRIGA design calculations is

PZrH = 1.7(0.1541 + 0.0145 X)
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and for X greater than or equal to 1.6

PZrH = l./(0.1706 + 0.0042 X)

The density of uranium-zirconium hydride is

PUZrH = I./(WU/PU + wzrH/PZrH)

where wy, v^^ = weight fraction of uranium and zirconium hydride respec-
tively and PU = uranium density (19.07 gm/cnr).

By combining the above formulae, and using X = 1.6, the following
relationships are obtained for the uranium density and weight fraction in
the U-ZrHi.6 alloy:

PU(A) 0.177 - 0.125 wjj

m 0.177PU(A)
^ 1 + 0.125pu(A)

The relationship between the uranium density and the volume fraction of
uranium in the alloy is given by:

pu(A) = 19.07

where Vf^(A) = volume fraction of uranium in the U-ZrHj^ alloy.

2.6. THERMAL CONDUCTIVITY

Thermal conductivity measurements have been made over a range of
temperatures. A problem in carrying out these measurements by conventional
methods is the disturbing effect of hydrogen migration under the thermal
gradients imposed on the specimens during the experiments. This has been
minimized at GA by using a short-pulse heating technique to determine the
thermal diffusivity and hence to permit calculation of the thermal conduc-
tivity. From the recent measurements at GA of thermal diffusivity coupled
with the data on density and specific heat, the thermal conductivity of
uranium-zirconium hydride with an H/Zr ratio of 1.6 is 0.042 ± 0.002
cal/sec-cm-°C and is insensitive both to the weight fraction of uranium
and to the temperature.
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2.7. HEAT CAPACITY

The heat content of zirconium hydride as a function of temperature and
composition (ZrHx) is approximated well by the following relationship:

(H-H25)ZrHx = 0.03488 T2 + [34.446 + 14.8071 (x - 1.65)]T
- 882.95 - 370.18 (x - 1.65) J/mole

where T is in °C.

The specific heat of ZrH^g is

Cp = (0.06976 T + 33.706)/M J/g °C

where M = the molecular weight of ZrHj^ = 92.83 g/mole.

The specific heat of uranium is

Cp = (1.305 x 10~4 T + 0.1094; J/g °C.

The specific heat of uranium-zirconium hydride is taken to be

CP(UZrH) = W(U) CP(u) + W(ZrH) Cp(ZrH) .

The volumetric specific heat of 8.5 wt-% U-ZrHjw5 is calculated to be

Cp = 2.04 +4.17 x 10~3 T W-sec/cm3 °C (from 0°C)

2.8. CHEMICAL REACTIVITY

Zirconium hydride has a relatively low reactivity in water, steam, and
air at temperatures up to about 600°C. Massive zirconium hydride has been
heated in air for extended periods of time at temperatures up to 600°C with
negligible loss of hydrogen. An oxide film forms which inhibits the loss of
hydrogen.

The hydride fuel has excellent corrosion resistance in water. Bare
fuel specimens have been subjected to a pressurized water environment at
570°F and 1230 psi during a 400 hr period in an autoclave. The average cor-
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rosion rate was 350 nig/cm^-month weight gain, accompanied by a conversion of
the surface layer of the hydride to an adherent oxide film. The maximum
extent of corrosion penetration after 400 hr was less than 2 mils.

In the early phases of development of the TRIGA fuel, water-quench
tests were carried out from elevated temperatures. Fuel rods (1-in. diam)
were heated to 800°C and end-quenched to test for thermal shock and corro-
sion resistance. No deleterious effects were observed. Also, a 6-mm diam
fuel rod was heated electrically to about 800°C and a rapid stream of water
was sprayed on it; no significant reaction was observed. Small and large
samples were heated to 900°C and quenched in water; the only effect observed
was a slight surface discoloration. Finely divided U-ZrH powder was heated
to 300°C and quenched in 80°C water; no reaction was observed. Later, these
tests were extended to temperatures as high as 1200°C, in which tapered fuel
rods were dropped into tapered aluminum cans in water. Although the samples
cracked and lost hydrogen, no safety problem arose in these tests.
Recently, the low-enriched TRIGA fuels have been subjected to water-quench
safety tests at GA.

Quench tests were performed on 20%-enriched TRIGA fuel samples (45 wt-%
uranium, 53 wt-% zirconium, 1 wt-% erbium, 1 wt-% hydrogen) to simulate
cladding rupture and water ingress into the TRIGA reactor fuel rods during
operation.

These results indicate satisfactory behavior of TRIGA fuel for tempera-
tures to at least 1200°C. Under conditions where the clad temperature can
approach the fuel temperature for several minutes (which may allow formation
of eutectics with the clad), the results indicate satisfactory behavior to
about 1050°C. This is still about 50° to 100°C higher than the temperature
at which internal hydrogen pressure is expected to rupture the clad, should
the clad temperature approach that of the fuel. It should be pointed out
that thermocouples have performed well in instrumented TRIGA fuel elements
at temperatures up to 650°C in long-term steady-state operations, and up to
1150°C in very short time pulse tests.

2.9. IRRADIATION EFFECTS

Most of the irradiation experience to date has been with the uranium-
zirconium hydride fuels used in the SNAP (containing about 10 wt-% uranium)
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and TRIGA reactors. The presence of uranium influences the radiation
effects because of the damage resulting from fission recoils and fission
gases. Some significant conclusions may be drawn from the results of these
experiments. The uranium is present as a fine dispersal (about 1 pm diam)
in the U-ZrH fuels, and hence the recoil damage is limited to small regions
within the short (~10 ym) range of the fission recoils. The U-ZrH fuel
exhibits high growth rate during initial operation, the so-called "offset"
growth period, which has been ascribed to the vacancy-condensation type of
growth phenomenon over the temperature range where voids are stable.

The swelling of the U-ZrH fuels at high burnups is governed by three
basic mechanisms:

1. The accommodation of solid fission products resulting from fission
of U-235. This growth is approximately 3% AV/V per metal atom %
burnup. This mechanism is relatively temperature insensitive.

2. The agglomeration of fission gases at elevated temperatures (above
1300°F). This takes place by diffusion of the xenon and krypton
to form gas bubbles.

3. A saturable cavity nucleation phenomenon which results from the
nucleation and growth of irradiation-formed vacancies into voids
over a certain range of temperatures where the voids are stable.
The saturation of growth by this mechanism was termed offset
swelling. It was deduced from the rapid decrease in fuel-
to-cladding AT experienced during the early part of the irradia-
tion. The saturation was reached in approximately 1500 hr.

The effect of fuel operating temperature (at offset) on fuel growth for
a constant burnup rate (burnup per 10,000 hr) is shown in Fig. 4. The
effect of burnup rate on fuel growth for a constant offset temperature is
shown in Fig. 5. Note the decreased growth with higher burnup rates.

Burnups of up to about 0.52 total metal atom % (75% burnup of the
U-235) have been attained in standard TRIGA fuel. The TRIGA LEU fuels con-
tain 1.8, 2.9, and 4.8 metal atom % as U-235 for the fuels with 20, 30, and
45 wt-% U, respectively. Burnups of 35% and 40% of the contained uranium in
20 and 30 wt-% U fuels have been successfully completed in the Oak Ridge
irradiation and the burnup of about 50% of the contained U in the fuel with
45 wt-% U should be completed by the end of 1983.
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Fig. 5. U-Zrh volume increase versus burnup for different fuel burnup
rates

2.10. ERBIUM ADDITIONS

All available evidence and extensive operating experience indicates
that the addition of erbium to the U-ZrH introduces no deleterious effects
to the fuel. Erbium has a high boiling point and a relatively low vapor
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pressure so that it can be melted into the uranium-zirconium uniformly. The
erbium is incorporated into the fuel during the melting process. All the
analyses that have been made on the alloy show that the erbium is dispersed
uniformly, much as is the uranium. Erbium is a metal and forms a metallic
solution with the uranium-zirconium; thus there is no reason to believe that
there will be any segregation of the erbium. Erbium forms a stable hydride
(as stable as zirconium hydride) which also indicates that the erbium will
remain uniformly dispersed through the alloy. Also, since neutron capture
in erbium is an n-y reaction, there are no recoil products.

3. PROMPT NEGATIVE TEMPERATURE COEFFICIENT

The basic parameter which provides the greatest degree of safety in the
operation of a TRIGA reactor system is the prompt negative temperature coef-
ficient. This temperature coefficient (a) allows great freedom in steady-
state operation, since the effect of accidental reactivity changes occurring
from experimental devices in the core is minimized.

The prompt negative temperature coefficient for the TRIGA LEU core is
based on the same core spectrum hardening characteristic that occurs in a
standard TRIGA core. The spectrum hardening is caused by heating of the
fuel-moderator elements. The rise in temperature of the hydride increases
the probability that a thermal neutron in the fuel element will gain energy
from an excited state of an oscillating hydrogen atom in the lattice. As
the neutrons gain energy from the ZrH, the thermal neutron spectrum in the
fuel element shifts to a higher average energy (the spectrum is hardened),
and the mean free path for neutrons in the element is increased appreciably.
For a standard TRIGA element, the average chord length is comparable to a
mean free path, and the probability of escape from the element before being
captured is significantly increased as the fuel temperature is raised. In
the water, the neutrons are rapidly rethermalized so that the capture and
escape probabilities are relatively insensitive to the energy with which the
neutron enters the water. The heating of the moderator mixed with the fuel
in a standard TRIGA element thus causes the spectrum to harden more in the
fuel than in the water. As a result, there is a temperature-dependent dis-

*A standard TRIGA core contains U-ZrH fuel with no erbium. The uranium
enrichment is 20%, and the fuel element (rod) diameter is about 1.5 in. (3.8
cm) with a core water volume fraction of about 0.33.
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advantage factor for the unit cell in which the ratio of absorptions in the
fuel to total cell absorptions decreases as fuel element temperature is
increased. This brings about a shift in the core neutron balance, giving a
loss of reactivity.

In the TRIGA LEU fuel, the temperature-hardened spectrum is used to
decrease reactivity through its interactions with a low-energy-resonance
material. Thus, erbium, with its double resonance at ~0.5 eV, is used in
the TRIGA LEU fuel as both a burnable poison and a material to enhance the
prompt negative temperature coefficient. The ratio of the absorption proba-
bility to the neutron leakage probability is increased for TRIGA LEU fuel
relative to the standard TRIGA fuel because the U-235 density in the fuel
rod is greater and also because of the use of erbium. When the fuel-
moderator material is heated, the neutron spectrum is hardened, and the neu-
trons have an increasing probability of being captured by the low-energy
resonance in erbium. This increased parasitic absorption with temperature
causes the reactivity to decrease as the fuel temperature increases. The
neutron spectrum shift, pushing more of the thermal neutrons into the Er-167
resonance as the fuel temperature increases, is illustrated in Fig. 6, where
cold and hot neutron spectra are plotted along with the energy-dependent
absorption cross-section for Er-167. As with a standard TRIGA core, the
temperature coefficient is prompt because the fuel is intimately mixed with
a large portion of the moderator; thus, fuel and solid moderator tempera-
tures rise simultaneously, producing the temperature-dependent spectrum shift.

100

FUEL TEMP = 23 °C
WATER TEMP = 23 °C

FUEL TEMP = 700 °C
WATER TEMP = 23 °C

0.001 0 . 0 1 0. 1

ENERGY (eV)

1.0

Fig. 6. Thermal neutron spectra versus fuel temperature relative to
0 versus energy for Er-167
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For the reasons just discussed, more than 50% of the temperature
coefficient for a standard TRIGA core comes from the temperature-dependent
disadvantage factor, or cell effect, and ~20% each come from Doppler broad-
ening of the U-238 resonances and temperature-dependent leakage from the
core. These effects produce a temperature coefficient of - -10 x 10~V°C,
which is essentially constant with temperature. On the other hand, for a
TRIGA LEU core, the effect of cell structure on the temperature coefficient
is smaller. Over the temperature range 23° to 700°C, about 70% of the coef-
ficient comes from temperature-dependent changes in the parasitic absorption
within the core, and more than half of this effect is independent of the
cell structure. Almost all the remaining part of the prompt negative
temperature coefficient is contributed by Doppler broadening of the U-238
resonances. Over the temperature range 23° to 700°C, the temperature
coefficient for the TRIGA LEU fuel with 20 wt-% U is about 1.07 x 10-4/°C,
thus being somewhat greater than the value for standard TRIGA fuel. It is
also temperature dependent.

4. PULSE HEATING

The U-ZrH fuel used in TRIGA reactors is capable of operation under
conditions of transient experiments for delivery of high-intensity bursts of
neutrons. For these experiments, done in reactors with steady-state power
ratings of up to 3 MW, the reactor is equipped with a special control rod
mechanism that provides a method of obtaining a step reactivity change of
predetermined magnitude in the reactor. During the nuclear pulse, nearly
all the energy is stored as thermal energy in the fuel material. This
results in an almost instantaneous rise in the temperature of the fuel body.
Fuel elements with 8.5 wt-% U have operated repeatedly in the advanced TRIGA
prototype reactor (ATPR) to peak power levels of over 8000 MW providing a
neutron fluence per pulse of about 10^-> nvt.

The ATPR fuel elements have been subjected to thousands of pulses of
2000 MW and more. The nuclear safety stems from the large prompt negative
temperature coefficient of reactivity of the uranium-zirconium hydride fuel-
moderator material. The inherent prompt shutdown mechanism of TRIGA reac-
tors has been demonstrated extensively during the tens of thousands of
pulses conducted on TRIGA reactors. These tests involved step insertions of
reactivity of up to 3-1/2% 5k/k. An in-pile test has been performed on fuel
elements of a modified design (gapped) for high performance in the TRIGA
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annular core pulse reactor (ACPR). As expected, there was satisfactory fuel
body performance after 400 pulses at temperatures up to the design point of
1000°C. There was no evidence of interaction between the clad and the fuel.
The transient gap pressure in the space between the fuel and the clad was
measured during the pulse, and peak pressures were found to be less than 40
psia - well below the upper bound implied by the equilibrium pressure data.
As testing at higher temperatures continued, there was some evidence that at
hot-spot regions, where the temperature near the fuel surface reached about
1200°C, the fuel gradually swelled slightly over a large number of pulses
under the influence of the hydrogen pressure in small bubbles that nucleated
in the hot spots (~1200°C, U-ZrHj.55-1.79) and formed a gray patch.

From the results of these tests, it can be concluded that U-ZrH fuel
elements can be safely pulsed even to very high fuel temperatures. After
more than 400 pulses to fuel temperatures over 1100°C, measurements showed
that two of the five test elements exceeded the conservative dimensional
tolerances. In the first 200 pulses, there was no external evidence of
change in any of the five special test elements. The practical consequences
of this are several-fold. First, small power reactors using U-ZrH fuel can
safely sustain accidental power excursions to high fuel temperature. Sec-
ond, and perhaps more significant, high-level pulsing reactors (fluence of
10^5 nvt) can be operated with U-ZrH fuel with a reasonable fuel lifetime.
For example, the annular core TRIGA reactor at JAERI (Japan) has operated
since 1975, with over 1000 pulses of all sizes at fuel temperatures of up to
1000°C. Further, with regard to standard types of TRIGA research reactors,
it is evident that present peak fuel temperatures are conservative.

5. FISSION PRODUCT RETENTION

A number of experiments have been performed to determine the extent to
which fission products are retained by U-ZrH (TRIGA) fuel. Experiments on
fuel with a uranium density of 0.5 g/cm^ (8.5 wt-% U) were conducted over a
period of 11 yr and under a variety of conditions. Results prove that only
a small fraction of the fission oroducts are released, even in completely
unclad U-ZrH fuel. The release fraction varies from 1.5 x 10~5 for an
irradiation temperature of 350°C to ~10~2 at 800°C.

The experiments show that there are two mechanisms involved in the
release of fission products from U-ZrH fuel, each of which predominates over
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a different temperature range. The first mechanism is that of fission frag-
ment recoil into the gap between the fuel and clad. This effect predomi-
nates in fuel at temperatures up to ~-400°C; the recoil release rate is
dependent on the fuel surface-to-volume ratio but is independent of fuel
temperature. Above ~400°C, the controlling mechanism for fission product
release from U-ZrH fuel is a diffusion-like process, and the amount released
is dependent on the fuel temperature, the fuel surface-to-volume ratio, the
time of irradiation, and the isotope half-life.

The results of the U-ZrH experiments, and measurements by others of
fission product release from Space Nuclear Auxiliary Power Program (SNAP)
fuel, have been compared and found to be in good agreement.

The fractional release, <J> , of fission product gases into the gap
between fuel and clad from a full-size standard U-ZrH fuel element is given
by:

4. = 1.5 x 1CT5 + 3.6 x K^e'1-34 x 10A/T + 273) >

where T = fuel temperature, °C.

This function is plotted in Fig. 7. The first term of this function is
a constant for low-temperature release; the second term is the high-
temperature portion.

The release fractions have all been normalized to a standard ratio of
fuel-clad gap to fuel diameter, although individual measurements were made
with different geometry.

The curve in Fig. 7 applies to a fuel element which has been irradiated
for a time sufficiently long that all fission product activity is at equi-
librium. Figure 7 shows that the measured values of fractional releases
fall well below the curve. Therefore, for safety considerations, this curve
gives conservative values for the high-temperature release from U-ZrH fuel.

The results of recent studies in the TR1GA reactor at GA on fission
product release from fuel elements with high uranium loadings (up to 3.7 g
U/cm , 45 wt-% U) agree well with data just presented from similar experi-
ments with lower U loadings. As was the case with the lower U loadings, the
release was determined to be predominantly recoil controlled at temperatures
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Fig. 7. Fractional release of gaseous fission products from U-ZrH fuel.
Experimental values above 400°C corrected to infinite irradiation.

<400°C and controlled by a migration or diffusion-like process above 400°C.
Low-temperature release appears to be independent of uranium loadings, but
the high-temperature release seems to decrease with increasing weight frac-
tions of uranium. The correlation used to calculate the release of fission
products from TRIGA fuel remains applicable for the high uranium loaded
(TRIGA LEU) fuels as well as the 8.5 wt-% U-ZrH fuel for which it was origi-
nally derived. This correlation predicts higher fission product releases
than measurements would indicate up to 1100°C. At normal TRIGA operating
temperatures (<750°C) there is a safety factor of approximately four between
predicted and experimentally deduced values.
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6. LIMITING DESIGN BASIS PARAMETER AND VALUES

Fuel-moderator temperature is the basic limit of TRIGA reactor opera-
tion. This limit stems from the out-gassing of hydrogen from the ZrHx and
the subsequent stress produced in the fuel element clad material. The
strength of the clad as a function of temperature can set the upper limit on
the fuel temperature. A fuel temperature safety limit of 1150°C for puls-
ing, stainless steel U-ZrHi.65 fuel is used as a design value to preclude
the loss of clad integrity when the clad temperature is below 500°C. When
clad temperatures can equal the fuel temperature, the fuel temperature limit
is 950°C. There is also a steady-state operational fuel temperature design
limit of 750°C based on consideration of irradiation- and fission-product-
induced fuel growth and deformation. This is a time and temperature-
dependent fuel growth as discussed earlier. A maximum temperature of 750°C
has been used as the operational design basis temperature because resulting
average fuel temperatures result in insignificant calculated fuel growth
from temperature-dependent irradiation effects. (For ACPR fuel, where
burnup is extremely low, the steady-state operational fuel temperature
design criterion is 800°C.)

The dissociation pressure of the zirconium-hydrogen system is the
principal contributor to the fuel element internal pressure at fuel tempera-
tures above ~800°C. Below ~800°C, trapped air and fission product gases can
be the major contributors to the internal pressure. At equilibrium condi-
tion, this pressure is a strong function not only of temperature but also of
the ratio of hydrogen to zirconium atoms and the carbon content of the mate-
rial. The current upper limit for the hydrogen-to-zirconium ratio is 1.65;
the design value is 1.6. The carbon content is currently about 0.2% (2000
ppm). The equilibrium hydrogen pressure as a function of temperature for
the fuel is shown in Fig. 3.

The equilibrium condition defined above never occurs, however, because
the fuel is not a constant temperature over the whole volume. Consequently,
the hydrogen pressures will be much lower than the equilibrium values calcu-
lated for the maximum temperature. As hydrogen is released from the hot
fuel region, it is taken up in the cooler regions and the equilibrium that
is obtained is characteristic of some temperature lower than the maximum.
To evaluate this reduced pressure, diffusion theory is used to calculate the
rate at which hydrogen is evolved and reabsorbed at the fuel surface. In
the closed system considered here, the hydrogen not only diffuses into the
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Fig. 8. Fuel element internal pressure versus time after a step increase
in maximum fuel temperature

fuel/fuel clad gap, but also diffuses back into the fuel in the regions of
lower fuel temperature. When the diffusion rates are equal, an equilibrium
condition will exist.

In Fig. 8, the ratio of the fuel element internal pressure to the
equilibrium hydrogen pressure is plotted as a function of time after a step
increase in temperature. The maximum fuel temperature is 1150°C for which
the equilibrium hydrogen pressure in ZrH1>65 is 2080 psi. The calculation
indicates, however, that the internal pressure increases for about 0.3 sec,
when the pressure is -420 psi, or -20% of the equilibrium value. After this
time, the pressure slowly decreases as the hydrogen continues to be redis-
tributed along the length of the element from the hot regions to the cooler
regions. Calculations were also made for step increases in power to the
peak fuel temperatures of 1200° and 1350°C. Over this range, the time to
the peak pressure and the fraction of the equilibrium pressure value
achieved were approximately the same as for the 1150°C case. Thus, if the
clad remains below ~138°C, the maximum internal pressure that would produce
the yield stress in the clad is 1025 psi, and the corresponding equilibrium
hydrogen pressure could be five times greater or ~5000 psi. This pressure
corresponds to a maximum fuel temperature of ~1240°C in ZrHj^s. Similarly,
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the equilibrium hydrogen pressure could be 5 x 1840 or 9200 psi before the
ultimate clad strength was reached corresponding to a fuel temperature of
~1300°C.

The ultimate strength of the clad decreases slowly to about 57,000 psi
at 500°C. Since the pressure is a strong function of fuel temperature, the
fuel temperature to produce rupture decreases very slowly over this range,
remaining at 1300°C for a clad temperature up to 300°C and decreasing to
~1293°C and 1282°C for clad temperatures of 400°C and 500°C respectively.
For nongapped TRIGA pulsing fuel elements, the clad temperature during heat
flow from a pulse is greater than the 138°C ACPR value but normally <500°C.

Measurements of hydrogen pressure in TRIGA fuel elements during steady-
state operation have not been made. However, measurements have been made
during transient operations and compared with the results of an analysis
similar to that described here.

These measurements indicated that in a pulse in which the maximum
temperature in the fuel was greater than 1000°C, the maximum pressure was
only ~6% of the equilibrium value evaluated at the peak temperature. Calcu-
lations of the pressure resulting from such a pulse using the methods
described above gave calculated pressure values above three times greater
than the measured values.

An instantaneous increase in fuel temperature will produce the most
severe pressure conditions. When a peak fuel temperature of 1150°C is
reached by increasing the power over a finite period of time, the resulting
pressure will be no greater than that for the step change in power analyzed
above. As the temperature rise times become long compared with the diffu-
sion time of hydrogen, the pressure will become increasingly less than for
the case of a step change in power. The reason for this is that the pres-
sure in the clad element results from the hot fuel dehydriding faster than
the cooler fuel rehydrides (takes up the excess hydrogen to reach an equi-
librium with the hydrogen over-pressure in the can). The slower the rise to
peak temperature, the lower the pressure because of the additional time
available for rehydriding.

The foregoing analysis gives a strong indication that the clad will not
be ruptured if fuel temperatures are never greater than in the range of
1240°C to 1300°C, providing the clad temperature is less than 500°C. How-
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ever, a conservative safety limit of 1150°C has been chosen for this
condition. As a result, at this safety limit temperature the pressure is at
least a factor of 5 (and up to a factor of 18) lower than would be necessary
for clad failure. A factor of 5 is more than adequate to account for uncer-
tainties in clad strength and manufacturing tolerances. The integrity of
the clad has been demonstrated by TRIGA reactor pulse experiments to fuel
temperatures >1150°C.

Under any condition in which the clad temperature increases above
500°C, such as during a loss-of-coolant accident or under film boiling con-
ditions, the temperature safety limit must be decreased as the clad material
loses much of its strength at elevated temperatures. To establish this
limit, it is assumed that the fuel and the clad are at the same temperature.
An analysis for this condition indicates that at a fuel and clad temperature
of ~950°C the equilibrium hydrogen pressure produces a stress on the clad
equal to its ultimate strength. There are no conceivable circumstances that
could give rise to a situation in which the clad temperature was higher than
the fuel.

The same argument about the redistribution of the hydrogen within the
fuel presented earlier is valid for this case also. In addition, at ele-
vated temperatures the clad becomes permeable to hydrogen. Thus, hydrogen
not only will redistribute itself within the fuel to reduce the pressure,
but also some hydrogen will escape from the system entirely.

The use of the ultimate strength of the clad material in the establish-
ment of the safety limit under these conditions is justified because of the
transient nature of such accidents.

7. GENERAL SPECIFICATIONS FOR ER-U-ZrH TRIGA LEU FUEL

Uranium content - 8.5, 12, 20, 30, 45 wt-% depending on fuel element
model.

Range of Acceptance
Nominal (wt-%) (wt-%)

8.5 8.25 - 8.75
12 11.75 - 12.25
20 19.75 - 20.25
30 29.65 - 30.35
45 44.50 - 45.5
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Uranium enrichment - 19.7 ± 0.2.

Jranium homogeneity - Manufacturing process produces homogenous
distribution of uranium.

Erbium - Nominal range is 0.5 to 1.4 wt-% depending on fuel
element model. Fuel with 8.5 wt-% U has no erbium.
The range of acceptance (from the nominal value) is
+5% to -10% for an element and 40% to -3% for a
core.

Erbium homogeneity - Manufacturing process produces homogenous distribu-
tion of erbium.

H/Zr ratio -

Cladding material

1.60 nominal (range 1.57 to 1.65).

304 stainless steel or Incoloy 800 depending on
fuel element model (B + Cd < 20 ppm).

Thickness - Nominal
Element O.P. (in.)

1.5
0.5

Nominal Clad
Thickness (in.)

0.020
0.016

Leak test - A helium pressure leak test is performed where
elements are subjected to helium pressure of 200
psig for 10 min and then put into a calibrated
helium leak detector chamber.

Dimensional inspection - Elements are thoroughly checked for proper length,
diameter (especially at welds), bow, and end-
fitting straightness.

Visual inspection of
cladding surface
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Detailed inspection is performed for marred
surfaces, porosity, or other faults which extend
more than 0.001 in. below the surface; cracks of
any type; and weld condition and appearance.
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Appendix 1-7.1

FINAL RESULTS FROM TRIGA LEU FUEL POST-IRRADIATION
EXAMINATION AND EVALUATION FOLLOWING LONG TERM
IRRADIATION TESTING IN THE ORR

G.B. WEST
GA Technologies, Inc.,
San Diego, California

M.T. SIMNAD
University of California,
San Diego, California

G.L. COPELAND
Oak Ridge National Laboratory,
Oak Ridge, Tennessee

United States of America

Abstract

The qualification testing of TRIGA-LEU (U-ZrH) fuels to
high burnups in the ORR has been completed successfully over a
5-yr period. These fuels have included loadings of 20 wt %,
30 wt Z, and 45 wt Z uranium; 19.7Z enriched. The irradiated
fuel rods have been subjected to a comprehensive PIE following
burnups of up to 64Z of the U-235, exposures of 919 FPD and
fast neutron fluences of 5 x 10^1 n/cm^. No limiting values
were reached on fuel burnup. Fuel growth was as predicted.
Evidence was shown of limited thermal migration of hydrogen.
There was no pressure buildup inside the cladding. Fission
product release from highly burned fuel doesn't appear to be
significantly different from fresh fuel. The results have
demonstrated that these fuels will retain their integrity to
burnups well in excess of the design goals.

INTRODUCTION

As part of the testing of TRIGA (uranium zirconium-hydride, rodded) low
enriched uranium fuel, a 16-rod experimental cluster was irradiated in the
Oak Ridge Research Reactor (ORR) between December 1979 and August 1984. This
long-term fuel burnup test was part of the U.S. Department of Energy Reduced
Enrichment Research and Test Reactor (RERTR) program managed by Argonne
National Laboratory. A total of 19 U-ZrH fuel rods with three different fuel
compositions were tested containing 20, 30, and 45 wt Z uranium (19.7%
enriched). The uranium density in the 45 wt Z fuel is 3.7 gm/cm^. The test
cluster operated incore for 919 full power days. Some of the fuel test
parameters are shown in Table 1.

In May 1982, after 575 full power days, the rods containing 20 and
30 wt Z uranium were removed, having attained a burnup in the range of 50% of
the contained uranium-235. Destructive examination of one rod each of the
20, 30, and 45 wt Z fuel rods showed normal performance with no anomalies.
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All post-irradiation examination (PIE) work described in this report was done
at Oak Ridge National Laboratory. Irradiation of the 45 wt Z rods was con-
tinued to the target burnup value of 50Z and extended into the burnup range
of 55% to 65% of the contained uranium-235, up to a test cluster exposure of
919 full power days. The burnup history of the 45 wt X rods is shown in
Fig. 1.

A comprehensive PIE was
performed on selected 45 wt Z
fuel rods from the ORR irradi-
ation as the final step in the
TRIGA LEU test program. The
PIE included the following:

1. Gamma scan of rod
1086.

2. Diametral and bow
measurements.

3. Burnup analysis on
section from highest
burnup region of rod
1086.

TABLE 1 TRIGA LEU FUEL ORR IN-PILE
TEST PARAMETERS

20 WT-S U

CONTAINED U-235 PER 22 IN FUEL ROD IGMI
VOl-% U (19.7S ENRICHED!
MAX CAIC ROD POWER GENERATION IKW)

INITIAI CONFIGURATION
FULL CLUSTER CONFIGURATION
45 WT-S ONLY CONFIGURATION

TIME AT POWER (FPDI
INITIAL CONFIG IOEC 79-NOV BO)
FULL CLUSTER CONFIG (MAY 11 -MAY 821
45 WT-S ONLY CONFIG (JULY »2-NOV 131
45 WT-S ONLY CONFIG (AUG Ml

TARGET BURNUP OF IT2" IS)
FINAL BURNUP RANGE (SI

19
7

30 WT-S U

30
11

_ 36
41 43
-

0
295

0
Q

35
45-57

45 WT-S U

55
20

35
48
55

27S 278
295 295

0 328
0 18

40 50
47-57 60-66

4. Measurement of pressure in and identification of gases from plenum
inside fuel rod.

5. Physical testing of clad segments of rod 1086.

6. Performance of metallography on each type of fuel rod.
The metallography on rod 1086 indicated no major differences from the

metallography which was previously performed on the 45 wt Z fuel.

RESULTS

Limiting Values
No limiting values were

reached on fuel burnup or
irradiation effects in the
U-ZrH-Incoloy-800 fuel-clad system
nor were any indications evident
that limiting values were being
approached. This might well be
expected since the U-ZrH
fuel-moderator matrix with
45 wt Z U contains only a modest
20 vol ZU. It is felt that the
fuel loading of the U-ZrH matrix
could be significantly increased,
likely into the 40 to 50 vol 7,
range, and continue to demonstrate
successful operation.
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Fig. 1. Burnup versus full power
days 45 wt Z TRIGA LEU fuel in ORR

188



Diametral Fuel Growth and Cladding Ductility
The agreement between predicted and average measured fuel growth during

burnup was very good, especially considering the ovalities and small inac-
curacies of the measurements. It is concluded that the expected maximum
average diametral growth was about 25 mils or about 4.6Z, and the measured
growth agreed with the predicted value within the accuracy of the measure-
ments. Maximum ovalities were in the range of 20 to 30 mils. The Incoloy-
800 clad yields during this growth, but maintains uniformity and very good
ductility with end-of-life ductility estimated to be in the range of 10% to
20Z. The good ductility was well demonstrated by the ring bend tests
(Fig. 2) where several clad segments from a highly burned up fuel rod were
compressed radially flat in a vice. The compressed rings experienced some
spring-back on release, but no cracks were detected in the severely
deformed areas.

RBT

1

2

3

4

5

ROD 1086 45/20
ORR EXPOSURE:

919 FULL POWER DAYS
-5X10 2 1 NVT(FAST)

NO CRACKS ON SEVERELY
DEFORMED AREAS

SUFFICIENT DUCTILITY TO
ACCOMMODATE BENDING STRAINS

Fig. 2. Irradiated TRIGA LEU Incoloy 800 clad ring bend test results

Axial Length Changes
Measured axial length changes of the fuel rods ranged between 34 and

61 mils. These are small and acceptable values. This growth is not a direct
measure of fuel growth, as there is a plenum region which can accommodate
axial fuel growth, but rather is an important measure of fuel-clad inter-
action. Any serious ratcheting interaction between the fuel and clad would
result in much larger fuel rod axial growth values than those encountered.
The fuel rods were cycled through over 100 startup and shutdown cycles of the
ORR. In addition, previous tests with several hundred power cycles have been
performed in the TRIGA Mark F reactor at GA. The tests at GA also included
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tests under pulsing conditions
where reactivities of up to $2.57
were inserted in 0.1 sec, pulsing
the reactor power to over 2000 MW
and the LEU fuel temperatures to
over 600°C. No fuel ratcheting
occurred. An important reason for
the lack of any ratcheting between
the fuel and clad is the good match
between the thermal expansion
properties of zirconium hydride
fuel and Incoloy-800 clad as shown
in Table 2.

TABLE 2
COMPARISON OF UZrH/ALLOY 800 AND
U02/ZIRCOLOY RADIAL EXPANSION

U-Zrfl

INCOIOY

U02

ZIRCOLOY 2

EXPANSION
COEFFICIENT
[AL/L/OC]

11 X 10-«

17 X 10-8

11 X 10-8

5 X 10-8

AVERAGE
TEMPERATURE

(«CI

450

1BO

1200

315

RADIAL
EXPANSION

(MILS/0.5 IN. O.D. ROD)

1.2

0.7

3.3

0.4

Measured Bow Values

The maximum measured bow of fuel rods removed from the constraints of
the fuel cluster was 63 mils (1/16 in.). Most were less than 25 mils. These
small values reflected the ease with which the individual fuel rods were
removed from and reinserted into the fuel cluster many times over the dura-
tion of the irradiation. The spacers in the fuel cluster were designed for
severe bending forces, but these results indicate that the bending forces
resulting from fuel burnup are not large. It is pointed out, however, that
the fuel rods were rotated 180 deg about four times during the irradiation as
a crude, approximate means of balancing any bending forces due to
fuel burnup.

Internal Pressure Buildup
There was no internal pressure buildup inside the fuel element cladding.

Any fission gas release was insignificant from a pressure standpoint. The
measured internal pressures were sub-atmospheric at the end of the irradia-
tion because of absorption of oxygen and nitrogen by the zirconium fuel
matrix from the partial pressure of air in the one atmosphere air-helium
mixture inside the clad at the time of manufacture.

Metallographie Examinations
The metallographic examinations of the fuel rods indicate the presence

of a dendritic structure, which is inherited from the solidification stage
during the casting of the U-Zr rods. The zone-melting process that is used
to densify the cast fuel rods gives rise to a dendritic structure. There is
a large temperature range between the liquidus and solidus temperatures in
the U-Zr phase diagram at the alloy compositions used. This results in
microsegregation of the uranium within the dendritic structure. The average
sizes of the microsegregated uranium vary from about 1 /1m in 8.5 wt Z U fuel
to about 5 /im in the 45 wt Z Ü fuel. This microsegregation has a beneficial
effect on fission product release, measured during previous tests on
TRIGA-LEU. The fission product release fraction is decreased by up to a
factor of 100 at 1100°C for the 45 wt Z U fuel with 5 fim uranium compared to
8.5 wt Z U fuel with l /Im uranium. The irradiated fuel rods also contain
close arrays of micropores clustered at grain boundaries and dendrite/matrix
phase interfaces. These pores are associated with fission gas bubbles and
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etched solid fission products, which would be expected under long burnup
conditions and do not have a harmful effect on fuel performance. Uranium
would not be expected to migrate to any significant degree at temperatures
characteristic of TRIGÂ fuel and there is no evidence of diffusion or migra-
tion of the uranium in even the most highly loaded and burned up fuel rods.

Hydrogen Migration
The metallographic studies of the irradiated fuel rods show evidence of

limited but significant thermal migration of the hydrogen down the tempera-
ture gradients. The hydrogen migrates from the higher temperature central
region towards the cooler surface regions of the fuel rods. The hydrogen
migration reaches an equilibrium for any given temperature distribution. The
time period necessary for this equilibrium to be reached and the variations
in the hydrogen concentration depend upon the temperatures involved; the
greater the temperature and temperature gradient, the faster the hydrogen
moves. In any case the time to equilibrium would be relatively short com-
pared to the irradiation time of this test and the hydrogen concentrations
might vary by *10Z to 15Z from their initial values. The hydrogen migration
gives rise to four distinct annular regions (Fig. 3) with characteristic
light and dark appearances and structural variations. However, the fuel rods
are not significantly deformed by the redistribution of the hydrogen within
the single gamma phase as strongly evidenced by their retention of dimen-
sional and mechanical stability. These results reinforce conclusions reached
through other operational results and fuel examination programs with U-ZrH
fuel; namely that peak limit
pulsing operations should
not be performed with longer
life fuel where equilibrium
hydrogen redistribution has
occurred. The increased
H/Zr ratio at the outer
radius of the fuel, coupled
with high peak fuel tempera-
tures which occur at the
outer radius during a pulse,
can cause excessive hydrogen
pressures in the fuel matrix
which can weaken and deform
the fuel matrix and even
cause excessive swelling and
fuel element deformation.
Pulse sizes should be
modestly reduced in longer
burning cores to account for
the limited hydrogen Fig. 3. Rod 1093, section met 2, macro-
redistribution, graph showing locations of micrographs

Incoloy-800 Compatibility
The compatibility of the Incoloy-800 cladding with both the fuel and the

coolant is excellent. A mechanical bond developed between the fuel and clad
during the long term burnup swelling. No other type of fuel-clad bonding
occurred. There is no evidence of corrosion by the coolant water after four
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years of exposure in the ORR.
The cladding i.d. shows no
evidence of stress corrosion
cracking by reaction with fis-
sion products or with the fuel.
A thin (~5 /»m, ~1X of 16 mil
clad thickness) layer in the
i.d. of the cladding has been
affected by fission recoil
damage, as seen in the métallo-
graphie examination of the
etched cladding (Fig. 4)
adjacent to fuel. However,
there are no cracks evident in
the cladding i.d. or o.d., which
confirms the excellent
resistance of Incoloy-800 to
stress corrosion cracking.

Fig. 4. Rod 1093, section met 2,
location 2e

Damage to Fuel Rods

Two fuel rods were damaged to the point of releasing fission products
after long exposure in the ORR. The cladding on one of the fuel rods
suffered rapid fretting wear as a result of vibratory contact with a grid
spacer in the fuel assembly. The vibration resulted from a change in the
experiment configuration just prior to the failure. The other damaged rod
failed as a result of water ingress through some defect in the cladding,
which propagated through the cladding after the prolonged exposure to the
operating stresses. In both cases it was the formation of steam inside the
cladding, during a rise to power following reactor shutdown, that caused the
highly localized rupture of the cladding and ejection of some fuel into the
coolant water. In both cases, the damaged fuel rods showed only localized
attack at the site of failure, with no propagation of the damage to the
remainder of the fuel or cladding. Good clad ductility was evident. This
confirmed the results of preirradiation corrosion tests which demonstrated
the excellent corrosion resistance of the fuel. In the future, in order to
further reduce the likelihood of using clad material which could contain
defects, all clad for higher power reactors with forced flow cooling will be
100Z ultrasonic tested.

Fission Product Release

Measured fission product release of stable xenon isotopic nuclei into
the plenum of one of the fuel rods does not show the fission product release
from highly burned up TRIGA-LEU fuel to be significantly different from the
well documented and very low values for unirradiated and slightly burned up
fuel, at least over the temperature range experienced during the ORR irradia-
tion (25°C to 650°C). Table 3 gives the best estimate and upper and lower
limits of fission product release. Figure 5 shows the measured temperature
dependent fission product release fractions for unirradiated and slightly
burned up TRIGA-LEU fuel. Averaging the release fraction over the calculated
temperature distribution in a fuel rod gives a fission product release
fraction of about 4 x 10"̂ . Using temperatures for only the upper portion of
the fuel rod gives a release fraction just somewhat below 1 x 10~^.
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Table 3
TRIGA-LEU Fission Product Release Fraction

for Highly Burned Up Fuel

Measured Release Fraction
Based on Various Source Assumptions

Fraction Related Upper-Most 1/2 in.
To Top Surface Only Length of Fuel

Isotope Entire Fuel Rod (Upper Limit) (Best Estimate)

Xe-131 7.1 x 1(T6 1.2 x 10'3 3.1 x 10~A

Xe-132 9.5 x 1CT6 1.7 x 10'3 4.2 x 10~A

Xe-134 8.9 x 10~6 1.6 x 1CT3 3.9 x 10~4

Xe-136 1.4 x 1CT5 2.5 x 1(T3 6.2 x 10~4
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Fig. 5.
TRIGA fuel

Fractional release of gaseous fission products from unclad
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CONCLUSIONS

The qualification testing of TRIGA-LEU fuels to high burnups, up to 64%
of initially contained U-235, has been completed successfully over a 5-yr
period. The burnups were well in excess of design goals. No limiting values
were reached. The results have demonstrated the fuel material to be stable
and retentive, even when exposed to water and steam. The Incoloy-800 clad
has proven to be compatible and corrosion resistant, retaining its integrity
with good ductility after long exposure.
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Appendix J
IRRADIATION AND POST-IRRADIATION EXAMINATION (PIE)

OF DISPERSION FUELS WITH HIGH URANIUM DENSITY

Abstract

Requirements on the reliability of LEU fuel are summarized
from the point of view of a reactor operator and an outline
of the philosophy and procedures that were utilized by the
U.S. RERTR Program for non-destructive and destructive PIE of
miniplates and full-size elements is described.

Extensive data are provided on the irradiation and post-
irradiation examination of HEU and LEU dispersion fuels with
high uranium density (> 1.7 g/cm3). Data includes burnup
results, swelling and blister threshold temperature behavior,
results of metallographic examinations, and fission product
release behavior.



Appendix J-l
IRRADIATION AND PIE OF MTR HEU DISPERSION FUELS

WITH URANIUM DENSITIES UP TO 1.7 g/cm3

Appendix J-l.l

PIE DATA FOR HEU (93%) ALUMINIDE
AND OXIDE FUELS

ARGONNE NATIONAL LABORATORY
RERTR Program,
Argonne, Illinois,
United States of America

Abstract

Post-irradiation-examination data are summarized for HEU (93%)
UA1X-A1 dispersion fuel with up to 1.7 g U/cm3 and for HEU (93%)

l dispersion fuel with up to 1.2 g U/cm3.

HEU (93%) UA1X-A1 DISPERSION FUEL
Dispersions of UA1X in aluminum have performed satisfactorily since

1967 with uranium densities up to about 1.7 g/cm in the Advanced Test Reactor
(ATR) at the Idaho National Engineering Laboratory (INEL). The ATR core
consists of 40 fuel elements, each with 975 g 235U (using 93% enriched uranium)
contained in 19 fuel plates. The fuel meat thickness is 0.51 mm and the
6061-F aluminum clad varies between 0.38 and 1.0 mm. The active height of the
plates is 1.21 m. The normal steady-state power level is 250 MW, and the peak
(including hot channel factors) and the average surface heat fluxes are 870
and 185 W/cm , respectively.

The data and discussion in the following paragraphs on UA1X-A1 fuel
are taken from Ref. l, where additional information can be obtained.

As of 1980, over 1700 plate-type UA1X-A1 fuel elements have been
operated in the ATR, ETR, and MTR test reactors at INEL in the past ten
years. Of these elements, 48 were found to contain blistered fuel
plates, nearly all during the first years of ATR operation. Investigations
revealed that the blisters were associated with corrosion of thin cladding
over the ends of the plate cores. Only small amounts of fission products
were released to the coolant water since the growth of these blisters was a
slow process. Consequently, the operation of the reactor was not interrupted.

The operating life of fuel elements in the ATR is determined by the
burnup limit, which has been extended in steps to a fission density of 2.3 x
lO^1 fissions/cm3 of core. The irradiation performance data on which this
burnup limit is based consist of post-irradiation measurements, both destruc-
tive and nondestructive, made on fuel elements and on sample fuel plates.
Some of this data is presented here.

Swelling or growth of irradiated fuel plates results from the accumula-
tion of solid and gaseous fission products and from chemical reactions that

197



Table 1 Growth and Swelling of UA1 -Al Fuel Plate Cores for the
ATR Reactor and for Test Samples.

Element
and Simple

Number

Com p 3
Comp 4
Comp 9

584
587
621
622
623
625

169 11
169 12
169 19
16936
16937
16938
16939
XA8G
XA8C

XA20G
XA8G
XA8G
XA8G
XA8G
Fuel elements
XA130KiA135K
169-4
169-5
XA20G

U atom/cm1

(xio ")
248C

332
248
340
340
365
365
365
365
338
339
265
3 34
334
339
335
269
339

339
269
4 10
339
4 10

425
422
420
339

Fission Density
(XIO 5 1 )

075
1 0
075
068
1 52
1 18
080
1 13
048
216
2 2 7
1 84
235
238
234
223
0.72
0.99
021
040
068
054
042

20
246
269
069

Irradiation
Temperature

W

423-473
423473
423-473
423473
423-473
423473
423473
423473
423473
373-473
373473
373473
373473
373473
373473
423473
423473
423473

423473
423473
423473
423473
423473

423473
423473b

423473b

423473

Core
Porosity
(vol%)

105
140
105
46
46
4 1
62
4 5
4 5
84
84
66
79
78
70
75
311
3-11
311
311
311
311
4-11

594
116
120
311

Swelling

(¥*)
1 4
03
1 0
06
5 1
25
1 0
2 5
1 5
47
59
4 7
64
60
74
5 7
24"
29
1 8
2 2
30a

1.7
1 5

63*
20
4 7
37»

Reference

17
17
17
18
18
18
18
18
18
19
19
19
19
19
19
19
14
14

14
14
14
14
14

19
19
19
14

*Averjges of growth data on fuel elements where fission density is within 0 15 X 10J1 fiss/cm3.
'Temperature range is for fission densities between 1 2 X 1021 fiss/cm1 and value gnen

1.0 x 10 U atoms/cm corresponds to a uranium density of 0.39 g/cm3.

occur between the fuel and the matrix. The gaseous atoms (xenon and krypton)
constitute ~15% of the fission products and are principally in solution in the
microstructure. The solid fission product swelling would be expected to be
proportional to the fission density less any volume accommodation from the fuel
core porosity. The accommodation of solid fission products in the core porosity
appears to be related to the core temperature and fission rate.

The swelling data2"5 from four fuel elements and sixteen samples are
given in Table 1 and are plotted in Fig. 1. The empirical equation for 24
data points obtained by least-squares linear regression is

^~ % = 2.6% F/(1021 fissions/cm3 of core)

where F = fission density (fissions/cm3 of core). This equation indicates
that swelling starts with fissioning. If burnup is defined as the fraction of
original 2 35U atoms that are lost by fission or capture, the fission density
can be expressed as

F x l(r21 fissions/cm3 = 2.15 e
where e = uranium enrichment

P., = uranium density, g/cm3
B = 235U fractional burnup

PU
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Figure I Swelling of Uranium Aluminide Fuel Plates as a
Function of Fission Density (from Ref, 1).

Several parameters affect the scattering of the data in Fig. 1. These
are: (1) irradiation temperature (however, the data have been selected to be
in a narrow temperature range, 373-473 K), (2) fuel loading (U atoms/cm3), and
(3) core porosity. The data in Fig. 1 and Table 1 indicate that increasing
core porosity tends to reduce swelling. Three data points (169-4, 169-5,
Comp 4), which have swelling values that lie well below the least squares
linear regression curve in Fig. 1, correspond to samples with high initial
porosity (Ml.6%). Figure 2 shows a plot of core density and porosity of fuel
plates with different uranium densities. At constant core density, the
porosity increases with increasing uranium loading. It is probable that the
factor which reduces the swelling at high fission densities is the pore volume,
which accommodates the solid fission products during the slowing down process
of the fission fragments. That is, the core behavior is plastic provided the
temperature and fission density are high enough.

Postirradiation blister testing is commonly used as a criterion for pre-
dicting fuel element failure. The assumption is that the temperature at which
breakaway swelling occurs is decreased as the concentration of the gaseous atoms
(helium, xenon, krypton) increases and the pores or voids become filled. The
criterion should be conservative since, under irradiation, gaseous atoms in
bubbles undergo re-solution from the slowing down process of the fission frag-
ments. 6~8 Although these re-solution studies have been performed on UÛ2 fuel,
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the re-solution mechanism will also apply for UA1X-A1 fuel, and the blister temp-
erature in-reactor should be equal to or greater than in postirradiation tests.

The postirradiation blister temperatures are given in Table 2 and a
least-squares regression analysis with proposed 2o~ and 3a limit curves is given
in Fig. 3. The proposed limit curves are extended to a higher fission
density at the minimum value of the polynomial. The polynomial is given as

where F
TB =

TB = 905 - 139.9 F + 44.8 F2,
fission density in units of 1021 fissions/cm3
blister temperature in K.

Thus, up to a fission density of 2.7 x 1021 fission/cm3, the potential for
swelling from gaseous atoms as measured in a blister test is not strongly
influenced by the burnup in uranium aluminide fuels. In addition, it is not
physically realistic that the blister temperature would increase at fission
densities beyond 1.5 x 10Z1 fissions/cmd. Hence, it is believed that the
polynomial fit in the region beyond 1.5 x 1021 fissions/cm3 is due to the
limited amount of data. The limiting curves for 2a and 3a were extended as
horizontal lines from the minimum values in Fig. 3.

HEU (93%) U30s-Al DISPERSION FUEL

Although there is less experience with U^OQ dispersion-type fuel
than with UAlx dispersion-type fuel, the available irradiation data indicates
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Table 2 Blister Temperatures for UA1 -Al Fuel Elements
for the ATR Reactor and for fest Samples.

Element

XA3G

XA8G
UA1X7F

XA130K

XA135K

Sample

Sample
Number

2 2 1
7-0
7-7
7-14
7-21
7-28
7-35
742

1525
16-21

7-T

11-T
11 B
07
06
0-5
0-4
0-3
02
0-1
5-2
S3
SA
55
56
5-7
5-1

169-4
1695
169 11
169-12
169-19
169-36
16937
169-38
169-39

"'U atom/cm'
(X10 ")

2503

381
381
381
381
381
381
381
381
316

381
381
381

396
396
396
396
396
396
396
3.95
3.95
395
3.95
395
395
395

388
386
3 11
3 11
244
311
3 11
3 14
312

Total U atom/cm'
(X10")

269
4 10
4 10
4 10
4 10
4 10
4 10
A 10
4 10
340
4 10

410
4 10

426
426
426
426
426
4.26
426
423
423
423
423
423
423
423

422
420
338
339
265
334
334
3.39
3.35

Burnup
(%)

37 Ob

142
188
21 3
21 3
21 3
180
133
333
305
67

67
67

132
26 1
397
44 1
462
484
498
194
31 3
41 4
449
488
51 4
493
583
640
639
670
694
704
713
690
666

Fission Density
[Rss/cm Jofcore(XIO"j]

098
061
079
089
089
089
075
056
1 40
103

-028
-028
-028

056
1 11
169
188
197
206
2 12
082
1 32
1.75
190
207
2.17
209
246
269
216
2.27
1.84
2.35
238
234
223

Temperature
(K)

755
838
838
838
838
838
838
838
810
755

871
866
866
_ _ _
_ _ _
767
767
800
800
---
_ _ _
797
813
813
813
813
797
838
838
811
838
838
838
811
811
838

1.0 x 1021 2 3 5U atoms/cm3 corresponds to a uranium density of 0.42 g/cm

% burnup expressed as % of total uranium atoms burned.

that UßOg-Al fuel is capable of sustaining the requisite burnups for research
and test reactors.

The HFIR reactor9 at ORNL uses UßOg-Al dispersion-type fuel which has
a loading of about 1.2 g U/cm 3 (40 wt% 1)303). The overall thickness of the
plates (clad + fuel ) is 1.27 mm, whereas the meat thickness varies from 0.25 to
0.76 mm. The fuel plates have an effective height of 508 mm. In the HFIR the
average burnup of the fissile atoms is 31% (0.9 x 1021 fissions/cm3).1 0

To date, in HFIR, over 76,000 of these UßOß-Al dispersion-type fuel plates
have been burned to the depletion limit of 1 .9 x 1021 f issions/cm3 with no
failures, although on two occasions fuel plates did develop suspected fission
product leaks. In only one case, however, was the leak serious enough to
require removal of the fuel element from the reactor. Post-irradiation
destructive tests of selected fuel plates showed no evidence of blisters,
cladding separation, or fuel meat cracking. In addition, some experimental
plates have undergone burnups of up to 75% (2.1 x 1021 f issions/cm3) without
failure or gross dimensional changes.11
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Available data on postirradiation blister temperature testing of
plate-type fuel are present in Figs. 4-6. The data shown in Fig. 4 were
derived from tests on small, specially-fabricated, UßOg-Al test samples.
As shown in this figure, the blister temperature decreases sharply up to an
irradiation level of 5 x 1020 fissions/cm3, but more slowly thereafter to an
estimated temperature of 250°C at the highest burnup levels normally experienced
with these fuels (-2.2 x 1021 fissions/cm3).
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For purposes of comparison, the data in Fig. 4 are compared with the
experience with a large number of HFIR fuel plates. These comparisons, which
are presented in Figs. 5 and 6, show that the irradiation experience with the
production run HFIR fuel has been better than that indicated by the small
sample data. The solid line in Figs. 5 and 6 is the same line that represents
the lower bound of the data in Fig. 4. Comparison of Figs. 5 and 6 shows that
the higher loaded outer elements of the HFIR, which operate at a somewhat
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higher temperature, exhibit more favorable (higher) blistering temperatures.
This suggests that the fuel operating temperature is an important parameter in
determining the post-irradiation blistering behavior.

Comparison of these data with those for uranium-aluminide fuel presented
in Fig. 3 indicates that the blistering temperature for the 0303 dispersion-
type fuel at the higher burnup levels (1.5 to 2.0 x 1021) is from 100 to 200°C
lower depending upon the irradiation temperature. Higher irradiation tempera-
tures yield higher post-irradiation blistering temperatures.
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Appendix J-1.2

A STATISTICAL EVALUATION OF THE IRRADIATION
PERFORMANCE OF HEU-BASED UA1X-AI DISPERSION FUELS

S. GAHLERT, S. NAZARÉ
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

A large body of data was generated during the development
and testing of HEU (93%) UA1 -Al fuel with U-densities up to
1.7 Mg U/m3. The data reveals a large scatter which can be
expected not only from the parameter variation (metal-
lurgical and testing) but also from the difficulties
encountered in post-irradiation examinations.

This paper provides a statistical evaluation of the influ-
ence of various parameters such as fission density, burnup,
fuel loading, boron content, and irradiation temperature on
the two major performance criteria—namely swelling and
blistering, and develops empirical equations capable of
predicting the swelling and blistering behavior.

1. Introduction

UAl -Al dispersion fuel elements with U-densities up to about 1.7 Mg U m
have been in operation in various test reactors since almost 20 years.
Because of its excellent performance under high flux and high burnup
conditions UAl -Al can be considered to be a classical fuel for research andx
test reactors. During the development and testing,which was done mainly
at INEL, ORNL and KfK, and subsequent operation, a large body of data
was generated. The data reveals a large scatter which can be expected
not only from the parameter variation (metallurgical and testing) but
also from the difficulties encountered in post-irradiation examinations.

The objectives of this paper are:

to statistically evaluate the influence of various parameters such
as fission density, burnup, fuel loading, boron content, irradiation
temperature, on the two major performance criteria - namely swelling
and blistering;

to develop empirical equations capable of predicting the swelling and
blistering behaviour.
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Wherever possible an attempt has been made to outline the relative im-
portance of the individual parameters for the overall behaviour.

All plates considered in this paper were prepared by powder metallur-
gical techniques using the well known roll bonding method /3,9/. The fuel
meat thickness of miniature as well as full size plates was typically
O.51 mm. The cladding thickness was generally O.38 mm. Some full size
plates had a thicker cladding up to l.OO mm. Various commercial aluminum
alloys were initially used as cladding materials (e.g. 6061, X8OO1, 11OO,
XAPOO1, APM-768, MD1O1). The alloy 6061 is the now prefered cladding material.

An extensive irradiation testing program was carried out at INEL.
Miniature plates were tested mainly in the ETR in a pressured water

14 -2 -1loop under maximum thermal neutron fluxes of 5.5-10 n cm s and
6 —2heat fluxes of 7.6 10 W m /12/. Irradiation temperatures were varied

in a wide range from about 350 K to 55O K. Most full size elements were
irradiated in the ATR, a high power reactor which allows very high ther-

15 -2 -1mal neutron fluxes up to 1-1O n cm s /6/. Miniature plates tested at
ORNL were irradiated in the HFIR under a maximum thermal neutron flux

14 -2 -1of about 3.1*10 n cm s at temperatures between 320 and 37O K /5/.
Irradiation testing at KfK was carried out in the FR 2 under maximum

13 -2-1thermal neutron fluxes of 8.5-10 n cm s and maximum heat fluxes of
1-106 WnT2 /4/.

2. Swelling behaviour

Swelling is one of the main performance criteria for the evaluation
of dispersion fuels. For the design and safe operation of the reactor,
the dimensional stability under normal and off-normal conditions is very
important. Multiple regression analysis was used to evaluate the effect
of various irradiation parameters on swelling behaviour.

Table 1 summarizes the data of miniature plates used in the re-
gression analysis.
It is well known that swelling depends on fission density. Discarding all
other parameters and considering only fission density,the linear least
square method yields the following equation:

AV/V =-1.87 + (3.21-10~27) , FD (1)

with :
AV/V = swelling of the dispersion [%]
FD = fission density [fiss-m ]
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Table 1 : Available data on swelling of miniature plates

Sample

584
585
587
588
589
621
622
623
625
14-766
14-769
12-727
12-735
12-736
1-1003
1-1005
1-1007
1-1046
32-4
24-3
14-3
34-2
15-4
35-4
25-4
0-24-959
0-24-964
0-24-965
111-1848
111-1849
111-1850
169-1579
169-1580
170-1583
170-1584
171-1593
171-1594
11-1800
11-1811
11-1826
11-717
112-727
11-1082
11-1090
11-1003
11-1005
11-1007
11-1046
11-1097
11-1095
11-1096
16-682
1 7-688
111-709
111-710
123-1294
123-1296
123-1100
123-1105
119-1130
134-1244
134-1249
134-1251
11-587
11-584
II -585

UAI, Content

|wt%]

51 2

562

440'

500

51 4
522
529
532
628
630
641
48&1

48 &>
4863
439

600

650

770

51 0

'•

460
467
439

600

51 0
520

51 0

U-Loadmg

|Mgrrv3]

1 29
1 29
1 29
1 29
1 29
1 43
1 43
1 43
1 43
1 30
1 30
1 32
1 32
1 32
1 32
1 32
1 32
1 32
1 41
1 41
1 42
1 42
1 79
1 78
1 82
1 36
140
1 40
1 10
1 10
1 10
1 71
1 71
1 94
1 94
258
258
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 35
1 17
1 19
1 10
1 10
1 71
1 71
1 71
1 71
1 35
1 39
1 39
1 39
1 35
1 35
1 35

Porosity

[%]

46
45
4 6
43
49
4 1
62
4 5
45
39
4 1
84
81
99

11 7
101
11 3
104

1 3
33
4 2
4 3
66
7 3
8 4
2 5
43
4 3

109
107
11 2
79
69
78
72

11 6
132
98
66
7 8
80
60
7 2
74
89
75
7 2
75
7 2
68
7 2
4 1
4 4
35
39

157
135
144
131
4 4
28
26
1 8
4 7
4 7
45

Irradiation
Temperature

(K|

425
422
451
444
361
401
405
401
401
384
399
383
402
423
505
526
511
498
343
350
352
349
358
354
356
438
446
433
483
433
403
423
443
443
443
443
423
473
473
473
523
383
423
413
503
523
513
498
383
383
423
398
398
423
398
463
443
473
473
483
563
553
533
473
423
443

Fission
Density

[10"(iss m 3)

074
1 07
1 63
1 52
083
1 26
087
1 21
051
1 09
1 21
1 09
1 35
1 49
033
062
058
030
1 79
1 92
202
1 95
222
2 14
217
1 69
1 57
1 77
041
062
063
1 60
094
1 10
1 62
1 26
239
098
1 03
1 01
081
1 09
037
1 03
032
062
058
030
056
069
1 80
058
056
1 51
055
1 59
1 62
206
1 41
1 06
207
1 07
202
1 62
072
1 07

Burnup*

|%]

2 4 2
350
532
497
27 1
37 1
256
357
150
354
392
348
431
476
106
199
185
96

534
573
597
576
51 8
503
501
520
469
529
157
237
24 1
392
231
238
35 1
205
390
305
320
31 4
252
338
11 5
320
99

192
180
9 3

175
21 4
560
208
197
576
21 0
390
397
505
346
330
626
323
61 1
503
224
332

Swelling

l%)

06
08
5 1
5 1
38
25
1 0
2 5
1 5
3 1
30
4 0
1 8
4 4

-1 1
-1 7
-25
-1 1
88
7 9
7 4
68
6 1
48
4 1
6 7
48
60

-1 3
-1 4
-1 8
36
1 8
1 2
49

-1 9
1 1
1 5
1 5
25

-08
39
04
0 2

-1 1
-1 7
-24
-1 0
08
08
06
1 7
1 3
23
1 8

- 4 2
-1 3
-1 9
-1 7
20
60
1 5
65
5 1
06
0 8

Reference

7
7
7
7
7
7
7
7
7
1
1

5
5
5
5
5
5
5
5
5
5
2

1 UAlp 60 wt% UAI2 and 40 wt% UAI3 assumed
2 UAI, with 73 7 wt% U solid-state reacted
3 UAI, with 75 2 w1% U arc-cast
4 FIFA
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Fig. 1 : Swelling of miniature plates as a function of fission
density (comparison with regression analysis/equation 1)

In figure 1 the experimental data is compared with the regression line.
Also shown are 95% prediction intervals for single observations (dashed
lines). The fact that a number of plates showed shrinkage instead of
swelling can only be explained by consider ing additionally the shrinkage of
initial pores. A closer examination revealed,that this shrinkage occured
particularly at high porosities and at high irradiation temperatures. In
fact, all the data points in the right lower part of the plot correspond
to plates with high porosities and irradiation temperatures. As could be
expected ,the plate with the highest swelling (8.8%) also had a very low
porosity (1.3%) and was irradiated at a low temperature (343 K).

The constant in the above equation (-1.87) has no physical meaning
and is merely a consequence of the simple linear fit that cannot describe
the complex shrinkage kinetics at low fission densities. The slope of
3.21 in equation 1 corresponds to a relative atomic volume increase of
about 1.5 as compared to 3.O4 theoretically predicted by Graber /11/.
The fact that swelling is significantly lower than predicted theoreti-
cally is an indication that at least part of the solid and gaseous fission
products is in solution in the lattice of the particle or in the recoil zone.
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Naturally,a better fit can be obtained by discarding those data
points that correspond to plates with high porosities (> 1O%). The empi-
rical equation is then given by:

AV/V = -2.00 + (3.96'10~27) • FD . (2)

The effect of porosity on swelling can be better described by con-
sidering porosity as an additional parameter in the regression analysis.
The linear least squares fit obtained is given by:

AV/V = 2.48 + (2.86-10~27) • FD - O.566 P (3)

with :

P = initial core porosity [%].

The above equation yields a much higher coefficient of correlation (88.2%)
as compared to equation 1 (61.95%). The equation also indicates that only
part of the porosity available compensates the swelling by shrinkage during
irradiation. In fact, microstructures of irradiated UA1 -Al dispersionsX
have usually revealed a rest porosity even after high burnup at high
temperatures /10/.

There have been attempts in the past to take into account the effect
of porosity merely by deducting it from swelling /5,9/. However, equation
3 indicates that this approach could lead to an underestimate of total
swelling.

Including irradiation temperature as an additional parameter in the
regression model gives the following equation:

AV/V = 6.68 + (2.64-10~27) • FD - O.554 P - O.OO956 T (4)

with :

T = irradiation temperature [K].

Equation 4 indicates that irradiation temperature has only a minor influence
in comparison to fission density and porosity (the t-statictics being 8.71
for fission density, -10.27 for porosity and only 2.91 for temperature). Of
course, equation 4 gives the best coefficient of correlation (89.7%).

It has been postulated, that swelling is influenced by fuel loading.
However,the multiple regression analysis led to the conclusion that fuel
loading does not effect swelling (t = O.83). Nevertheless, fuel loading
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Table 2 ; Available data on swelling of full size plates

Sample

XA8G1-2
XA8G1-42
XA8G2-2
XA8G2-10
XA8G2-14
XA8G2-31
XA8G2-35
XA8G2-43
XA8G4-18
XA8G4-6
XA8G8-2
XA8G8-26
XA8G8-30
XA8G8-34
XA8G8-38
XA8G8-42
XA20G4-2
XA20G4-18
XA20G4-34
XA20G4-42
XA130K
XA135K

UAIX Content Porosity U-Loading Fission
Density

[wt%] [%] [Mgnv3] [10"fiss nv3]

427 3-11 105 030
062
030
075
089
086
074
043

50 6 " 1 32 1 06
1 32 0 58

57 6 " 1 60 0 26
091
086
078
063
045

50 6 " 1 32 0 60
085
063
023

58 9 5 94 1 66 2 00
200

Burnup3

120
248
120
300
356
344
296
172
337
184
68

239
226
205
165
11 8
190
270
200
73

506
506

Swelling

18'
25'
1 81

23'
28'
04'
39'
22 '
29'
1 7'
1 7'
64'
30'
24 '
1 8'
1 5'
04'
43'
30'
18'
632

632

Reference

6
"
"
"

"
"
"
"
"
"
"

"

9
9

1 estimated
2 averaged where fission density within ± 0 1 5
3 FIFA

ICF'fiss

can have an indirect effect since high fuel loadings usually lead to high
core porosities during fabrication. Also the particle size in the disper-
sion is not statistically significant (t = -1.O6).

Table 2 summarizes the data of full size plates irradiated in the
ATR at INEL. Since during the fuel development stage most of the irradi-
ation testing is done using miniature plates the question arises whether
full sizes plates compare favorably to miniature plates with regard to
swelling behaviour. In figure 2 the data of full size plates are plotted
together with the regression line and 95% prediction intervals based on
miniature plates according to equation 2.

At first sight,swelling of full size plates appears to be slightly higher
than swelling of miniature plates. In /6/ this is attributed to the fact
that all these full size plates had very low core porosities. Taking
porosity into account, the discrepancy can be fully accounted for using
an average initial porosity of 2 to 4%. Thus swelling of full size and
miniature plates is in good agreement.
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Fig. 2; Swelling of full size plates as a function of fission
density (comparison with regression analyses of miniature
plates, equation 2)

3. Blistering behaviour

Since under normal irradiation conditions an excessive swelling
of the fuel generally does not occur, usually post-irradiation annealing tests
(blister tests) are performed. The blister testing is carried out by
annealing the plate at sucessively higher temperatures in steps of 3O K
or 50 K (annealing time about 3O-6O minutes) until blisters on the sur-
face of the plates are visible. This so called"blister threshold tempera-
ture" gives an indication of the dimensional stability of the plate during
short periods of overheating (off-normal conditions). However, it should
be recognized that this test does not duplicate in-pile conditions. It
is likely that these temperatures are conservative estimates of the
operating limits because gaseous atoms undergo resolution under irradiation
/9/. Table 3 shows the blister data of various miniature plates.

The effect of fission density, burnup, fuel loading, porosity, particle-size
and B C-content on blister temperature was investigated using multiple
regression. The analysis led to the conclusion that blister temperature
depends mainly on fission density and B C-content. A linear fit gave4
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Table 3 ; Available data on blister threshold temperature of miniature plates

Sample

112-727
112-736
11-1003
11-1046
11-1097
11-1082
11-1090
11-1095
11-1096
16-682
111-709
I 12-737
134-1244
134-1249
134-1251
11-585
11-588
111-1848
111-1849
111-1850
169-1579
169-1580
170-1583
170-1584
171-1593
171-1594
123-1294
123-1296
123-1100
123-1105
11-1800
11-1811
M-1826
E-100
113-30
113-12
113-13
P20-1051
P8-697
118-2
£-90
113-4
113-7
P24-1146
129-37
129-7
129-51
129-63
129-23
129-60
129-66
129-64

LIAI, Content

[wt%)

51 0

460
439
51 0
520

51 0

439

600

650
••

770

600
••
••

51 0

398
501

421
400
50 1
398
501

526
437

••

U-Loading

[Mgnr3!

1 35

1 17
1 10
1 35
1 39
139
1 39
1 35
1 35
1 10
1 10
1 10
1 71
1 71
1 94
1 94
258
258
1 71
1 71
1 71
1 71
135
1 35
1 35
096
1 32
1 32
1 32
1 02
098
1 32
096
1 32
1 32
1 38
1 10

••

"

Porosity

[%]

60
7 4
89
75
72
7 2
7 4
68
7 2
41
35
61
28
26
1 8
45
4 5

109
107
11 2
79
69
78
7 2

11 6
132
157
135
144
131
98
66
78

not available

••
••

••
••

"

B.C Content Fission
Density

(wt%) [10"fiss m J)

019 1 09
1 49
032
030
056
037
1 03
069
1 80
058

— 1 51
019 084

207
1.07
202
107
1 52

— 041
- 062
— 063
— 160
— 094
— 1 10
— 1 62
— 1 26
— 239

019 159
1 62
206
1 41
0.98
103
1 01
0 12«
051'
0 77«
0 95«

0 65 0 83«
0 05 0 89«
0 19 1 06«

094«
200«
2 03«

- 1 19«
— 016«
— 038«
- 039«
— 071«
— 080«
— 098«
- 1 06«
— 1 30«

Burnup'

[%)

338
463
99
93

175
11 5
320
214
560
208
576
261
626
323
61 1
332
473
157
237
241
392
231
238
351
205
390
390
397
505
346
305
320
314
53

162
246
304
343
384
338

•41 3
638
648
364
62

146
150
273
308
377
408
500

Blister
Temperature

IK)

8133
7533
8633

S633

8133

8633

81 33

8133
8133

8633

S633

7533

7833
8433

7833

7133

7033

8733

>8733

8733
8733

8733
8733
873s

8733

7033

7533
8133

7233

7531

7533
8133

643s

8752«
8103«
8103«
8103«
7802«
810?«
BIO3«
800*5
7751«
765« «
82S24

9132«
8982«
8972«
87B2«
8612«
S462«
8433«
8622«

Reference

2

11

"

••
••

••

-

••
11

••

"

••

••

12

•

••

••

"

11

1 10 K incrémentals
2 30 K Incrémentals
3 50 K incrémentals
4 data taken from plot therefore only approximations
5 last temperature before blistering T-90 K
6 last temperature before blistering T-190 K
7 FIFA

the best results (logarithmic, exponential and higher order models were
also investigated). It could also be shown that blister temperature does
not depend on fuel loading (t = O.O9) or particle size (t = O.16). The in-
fluence of initial core porosity is only marginal (t = -1.53, a 5* in-
crease of porosity leads to a decrease of blister temperature of only 15 K) .
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The linear least squares fit for blister temperature is given by:

T = 907 - (54.O-1O

with

-27, • FD - 224 • B (5)

T = blister threshold temperature [K]
FD =fission density [fiss*m ]
B = boron content [wt.% B C].

Both parameters, fission density as well as boron content, are highly
significant (t = -6.O9 and t = -5.29 respectively); the coefficient of
correlation is 76.4%. Equation 5 shows that an addition of O.19 wt.%
B C leads to a decrease of blister temperature by about 45 K. Of course,4
this can be attributed to the formation of helium from boron. The de-
crease of blister temperature at higher fission densities shows that
blister temperatures depend on fission gas concentration in the dis-
persion.

For the plates not containing B C,the blister threshold temperature
is given by the equation:

T = 921 - (59.2-10~27) • FD (6)

Figure 3 shows the blister temperatures of all miniature plates with and without
boron,as well as predicted blister temperatures for plates containing O.19 wt.%
B C according to equation 5 and for plates without boron according to4
equation 6. Also the corresponding lower 95% prediction limits for
single observations are given.

1000

950

„ 900

£ 850

ö 800
tu
o.
Ü 750

2 700
CQ

650 0,19%B(,C

0.5 1 1.5 2
Fission Density [1021F/cm3]

25

Fig. 3: Blister threshold temperature of miniature plates as a
function of fusion density (comparison with regression
analysis , equation 5 and 6)
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The results of blister tests performed on full size plates are shown in table 4.
In figure 4 the blister temperatures of full sizes plates are plotted
against fission density. Also shown are the predicted blister temperatures
based on miniature plates containing O.19 wt.% B C according to equation 5
as well as the lower 95% prediction limit.
As can be seen from the plot,blister temperature of full size and mini-
ature plates appear fully comparable.

4. Summary and Conclusions

The statistical evaluation of the irradiation data permits the
following conclusions:

Apart from the obvious influence of fission density»swelling is
mainly related to porosity of the dispersion - higher porosity
leads to lower swelling.

Table 4 : Available data on blister threshold temperatures of full size plates

Sample

XA3G2-21
XA3G7-0
XA3G7-7
XA3G7-14
XA3G7-21
XA3G7-28
XA3G7-35
XA3G7-42
XA3G 15-25
XA3G 16-21
XA8G7t d
XA8G11td
XA8G11bd
XA130KO-5
XA130KO-4
XA130KO-3
XA130KO-2
XA135K5-3
XA135K5-4
XA135K5-5
XA135L5-6
XA135K5-7
XA135K5-1
186E2-5
186E6-1
186E6-2
186E18-3
186E2-6
186E2-7
186E18-4

UAIX Content U-Loadmg BtC Content Fission
Density

[wt%) MgmS] [wt%] [1027fiss nrr3]

42 7 1 05 0 39 1 05
57 6 1 60 0 03 0 65

085
095
095
095
080
060
1 50

506 132 020 110
57 6 1 60 0 03 0 30

030
030

590 166 not available 169
1 88
1 97
206

5 8 9 " " 1 3 2
1 75
1 90
207
217
209

380 098 030 023'
045'
067'
067'
067'
083'
1 051

Burnup2

420
171
223
249
249
249
210
157
394
349
79
79
7 9

427
475
497
520
333
442
480
523
548
528
106
205
310
31 0
31 0
382
483

Blister
Temperature

[K]

755
838
838
838
838
838
838
838
810
755

>871
>866
>866

767
767
800
800
797
813
813
813
813
797
840'
8061

754'
654'
754'
7541

749'

Reference

8
"

"

"

"

"

"

"

9

"

"

1014
"
"

"

1 data taken from plot therefore only approximations
2 FIFA
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Fig. 4: Blister threshold temperature of full size plastes as a func-
tion of fission density (comparison with regression analysis
miniature plates, eqn. 5)

The effect of temperature on swelling appears to be an indirect
one: sintering under irradiation is enhanced at higher tempera-
tures and thus leads to a reduced net swelling.

Although the uranium loading does not influence swelling per se,a re-
duction of swelling is observed at high uranium loadings. This can
be attributed to the high porosity generally present is such dis-
persions .

The blister temperature is mainly a function of fission density
(additions of burnable poisons such as B C obviously reduce blister
resistance).

Porosity does not have a significant influence on blister behaviour.

Blister threshold temperatures do not depend on uranium loading.

Swelling and blistering behaviour of full size and miniature plates
appear to be comparable.

215



References

/!/ Francis W.C., Moen R.A. (eds.), IDO-17/218 (1966)

/2/ Brugger R.M. , Francis W.C. (eds.), IN-1437 (197O)

/3/ Nazaré S., Ondracek G., Thümmler F., J. Nucl. Mater. J56 (1975) 251

/4/ Dienst W., Nazaré S-, Thümmler F., J. Nucl. Mater. 64 (1977) l

/5/ Martin M.M., Martin W.R., Rieht A.E., ORNL-4856 (1973)

/6/ Graber M.J. et al., ANCR-1027 (1971)

/7/ Gibson G.W., Graber M.J., Walker V.A., IDO-17157 (1966)

/8/ Griebenow M.L. (ed.), ANCR-1O15 (1971)

/9/ Beeston J.M. et al., Nucl. Technology 4_9 (198O) 136

/1O/ Gibson G.W., IN-1133 (1967)

/11/ Francis W.C. (ed.), IDO-17154 (1965)

/12/ Gibson G. W., Graber M.J. (eds.), IN-1131 (1967)

/13/ Nazaré S, Ondracek G, Thümmler F., KfK 1252 (197O)

/14/ Covington E.D. (ed.), IN-1228 (1969)

216



Appendix J-1.3

IRRADIATION EXPERIMENTS

COMMISSARIAT A L'ENERGIE ATOMIQUE
Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France

Abstract

Irradiation experiments conducted in 1972-1973 in the OSIRIS
reactor on fuel plates containing 93% enriched uranium are
described. Eight plates contained UAl^-Al fuel with 35 wt%
U (1.3 g U/cm3) and 43 wt% U (1.7 g U/cm3) and two plates
contained U-jOg-Al fuel with 43 wt% U (1.7 g U/cm3). The
average burnup of the 235U was 58.5% and the maximum burnup
was 70%.
Results of the post-irradiation-examinations include data on
dimensional measurements and metallographic examinations,
the influence of grain size and the percentage of fines
below 40 microns in the UAl-^-Al plates with 35 wt% U, and
the minimum temperature at which swelling appears with the
occurrence of blisters after post-irradiation annealing.
All of the tested plates behaved satisfactorily under
irradiation.

In 1973, the trench CEA has inspected the OAZ-K-OU2 tuel-element after it
had been irradiated in the OSIRIS reactor, as well as unirradiated iuel-
plates oi the same tabrication lot.

This element and the unirradiated fuel-plates had been fabricated by CERCA.

The examination tests purposes were the following :

- to compare the irradiation behaviour of plates containing 35 and 43 weight
per cent of total uranium ;

- to observe the influence of grain size and percentage of particles below
4Û microns ,

- to observe the behaviour of a U-j 08 dispersion in Al matrix (43 w %
total U)

- to determine the minimum temperature at which swelling appears with the
occurrence of blisters after the post-irradiation annealing treatment.

The fuel-element OAZ-K-002 was geometrically identical to standard OSIRIS
fuel-elements fabricated in 1971. It was consisting of 24 tuel-plates roll-
swaged into 2 side-plates according to the standard technique.
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The fuel-plates were of different kinds :

- UAlx dispersion named "CERCA", containing 35 or 43 w % of 93 % enriched
uranium

- LAlx dispersion named "UAL3 dispersions" (in tact LA14 + UAL3) containing
35 or 43 w % of 93 % enriched uranium

- UßOg dispersion, in an aluminium matrix, containing 43 w % of 93 %
enriched uranium.

The fuel-plates in position number 1-2 and 9 to 24 (35 w % of uranium) were
geometrically identical to fuel-plates of standard elements ; fuel-core
thickness 0,51 mm, cladding thickness 0,38 mm.

The fuel-plates in position number 3 to 8 (43 w /„ uranium) contained a
fuel-core 0,40 mm thick and cladding 0,44 nun thick.

Table I indicates the type of fuel contained in the different fuel-plates.

The following summary will be concerned with fuel-plates ol the second type
which corresponds, as far as the fabrication method is concerned, to the
fuel-plates, for which a quotation has been sent by JAER1, and to the third
type : L'ßüg dispersions.

I - UNIRRADIATEU FUEL-PLATES

I - 1. Micrographie examination :

For UAL3 dispersions, whatever the type of UALx dispersion (35 or
43 w % U, grain size 40-90 or 40-100 yu, percentage of particles below
40^ : 25 or 50 %), the fuel metallurgical structure was comparable
from one type to the other.

In all cases including t^O^ dispersions, the bonding between
core and cladding was perfect.

1 - 2 . Dimensional measurements :

They have been performed on the samples punched out of the unir-
radiated fuel-plates according to fig. 1.

- Ĵ -£te _£h_i cjtnjjs s :

The measurements carried out using a micrometer, are recorded in
table II. Each value in this table was calculated by averaging
5 measurements.
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TABLE I

DISPOSITION OF PLATES IN THE OAZ-K-002 TEST FUEL ELEMENT

Position inside | Plate id. number | Fuel composition
the fuel-element j OAZ-K |

1 et 2 | 0006 | CERCA 35 w % U
j 0126 j

3 et 4 | 0022 bis | CERCA 35 w % U
j 003 bis j

5 et 6

7 et 8

9 et 10

11 et 12

13 et 14

15 à 24

0038
0039

0043

0054
0056

0064
0069

0077
0078

0139 *
0147 *
0141 *
0142 *
0143 *
0144 *
0145 *
0146 *
0127 *
0001 bis

UA13 dispersion 43 w % U
Grain size : same as HFR GRENOBLE

U30g dispersion 43 w % U

UA13 dispersion 35 w % U
Grain size : same as HFR GRENOBLE

UA13 dispersion 35 w % U
Grain size 40 - 100 /u
25 % fine powder (<40/u)

UA13 dispersion 35 w % U
Grain size 40 - 100 /u
50 % fine powder ( < 40 /u)

CERCA 35 w % U

1
1

-—— 1
1

1

1

i
—H

11—H

— -

* Plate with intentionally provoked USj type defects.

thicknesses :

The measurements, under 100 times magnification, are recorded in
table III. Each value was calculated by averaging 5 measurements
performed every 3 mm.
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FIG. 1. Sampling on unirradiated fuel-plates for pré-irradiation micrographie examination.

TABLE II
PLATE THICKNESS BEFORE IRRADIATION

Measurements carried out on samples used for micrographie
examination (mark I on sketch 2)

t JLd CC •

Id. number

0032

0060

0067

0072

0046

Fuel composition |
1

UA13 dispersion 43 w Z U
Grain size : same as HFR GRENOBLE j

UA13 dispersion 35 w Z U
Grain size 40 - 90 /i |
25 Z fine powder « 40/u) |

UA13 dispersion 35 w Z U
Grain size 40 - 100 /u |
25 Z fine powder ( { 40/u) |

UA13 dispersion 35 w Z U
Grain size 40 - 100 /u |
50 Z fine powder (<40yu) j

03 Og dispersion 43 w Z U
1

Cladding |

Frame | Cover j

AG 2 | AG 2 j

AG 2 | AG 2 J
1 1

AG 2 j AG 2 |
1 1

AG 2 j AG 2 |
1 1

AG 2 AG 2
1 !

Average of 5 \
measurements |

mm |

1,275 |
————-H

1,290 j
1

————-H
1,280 j

1————-H
1,280 |

1-————H
1,290

1
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TABLE III

MICROSCOPE MEASUREMENTS OF FUEL-CORE AND CLADDING BEFORE AND AFTER IRRADIATION - UNITS : MILLIMETRES

| Cladding | Fuel Core | Plate cover |
i __ _ _ _ _ __ _ __ ____ i1

FUEL COMPOSITION |

(UA1 dispersion) Frame

3 1

35 w Z U grain size : HFR |
Plates (unlrradlated : 0060 | AG 2
number (Irradiated : 0054 |

35 w Z U grain size : 40 - 100 /u |
25 Z fine powder ( < 40/u) |
Plates (unirradiated : 0067 | AG 2
number (Irradiated : 0069 |

35 w 2 U grain size : 40 - 100 /u |
50 Z fine powder ( <40 /u ) | AG 2
Plates (unirratiaded : 0072 |

(irradiated : 0077 |

43 w Z U grain size : HFR f
Plates (unirradiated : 0032 | AG 2
number (irradiated : 0038 |

43 u Z U l
Plates (unirradiated : 0046 | AG 2
number (irradiated : 0043 |

i
| Unirradiated plate | Irradiated plate | Unirradiated plate | Irradiated plate |

| Average | Min - Max | Average | Min - Max | Average | Min - Max | Average | Mln - Max |

I f I I I I I I I
AG 2 | 0,542 | 0,43-0,60 | 0,50 | 0,44-0,56 | 0,371 | 0,28-0,46 | 0,39 | 0,34-0,47 |

I I I I I I I I I
_____-_______-_._____-__-__._.-.._____.______-_________._._____..___.._.____-.._-___.-._______-.__.-_.H

I I I I I I I I I
I I I I I I I I I

AG 2 | 0,488 | 0,42-0,57 | 0,523 | 0,44-0,594 | 0,396 | 0,30-0,45 | 0,376 | 0,321-0,44^

I I I I I I I I I
..._........_......„„„„._......____..____„„____„._.__„„..„„„.....„_._„„„_.„..„„....H

I I I I I I I I I
AG 2 | 0,498 | 0,44 - 0,58 | 0,54 | 0,49-0,584 | 0,392 | 0,31-0,46 | 0,37 | 0,306-0,42 |

I I I I I I I I I
I I I I I I I I I

I I I I I I I I I
AG 2 | 0,422 | 0,30-0,49 | 0,405 | 0,32-0,49 | 0,429 | 0,38-0,52 | 0,459 | 0,42-0,52 |

I I I I 1 I " 1 1 1
__....___._..__....._____....„....„._....._.._.„„.__._.___._._...__._..._._._.____......„_..„.„„,

I I I I I I I I I
AG 2 | 0,406 | 0,37-0,47 | 0,409 | 0,321-0,445 | 0,416 | 0,36-0,46 | 0,426 | 0,391-0,455)

I I I I I I I I I
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K)
K)
K)

TABLE IV
PLATE THICKNESS VARIATION AFTER IRRADIATION

ELEMENT OAZ-K-002

FUEL CORE

UA13 dispersion 35 w % U
Grain size : same as HFR
Grenoble

UA13 dispersion 35 w % U
Grain size : 40 - 100 /u
25 % 40 u

UA13 dispersion 35 w % U
Grain size 40 - 100 /u
50 % 40 p.

UA13 dispersion 43 w % U
Grain size : same as HFR
Grenoble

U O,, dispersion
43* w % U

Frame | Cover
1
1

AG 2 | AC 2
1
1

1
AG 2 | AG 2

1

I
AG 2 | AG 2

1

1
AG 2 | AG2

1

!
AG 2 | AG 2

Position
inside
element

9 *
10

11

12 *

13 *

14

5 *
6

7 *
8

N°
plate
OAZ K

0054
0056

0064

0069

0077

0078

0038
0039

0043
0044

Average | After irrad. | Average
betöre | outside fuel-j after
irradiation | region cold | irradiation

| end of the | on
| fuel-plate | fuel-region

1,28 | 1,30 | 1,33
1,28 | 1,33 | 1,33

1 1

1,27 | 1,31 | 1,31
1 I

1,28 | 1,29 | 1,32

1,28 | 1,30 | 1,33
1 1

1,28 | 1,31 | 1,32

1,26 | 1,27 | 1,30
1,25 j 1,26 | 1,30

1 I

1,28 | 1,31 | 1,32
1,28 | 1,31 | 1,32

Thickness
variation
outside
fuel-region

+ 0,01
+ 0,04

+ 0,04

+ 0,01

+ 0,01

+ 0,02

+ 0,01
+ 0,01

+ 0,03
+ 0,03

Thickness
variation on
fuel-region

________________
+ 0,05
+ 0,05

+ 0,04

+ 0,04

+ 0,05

+ 0,04

+ 0,04
+ 0,05

________________
+ 0,04
+ 0,04

* Fuel-plate used for micrographie examination and blister test



II - IRRADIATION TEST

Characteristics of the OAZ-K-OQ2 Fuel-element irradiation test :

- OSIRIS reactor working at 70 HW
- Inlet water temperature ; 36 to 43° C
- Outlet water temperature : 48 to 55° C
- Average temperature of cladding at the inlet : '^ 60° C
- Average temperature of cladding at the outlet : ̂  75° C
- Percentage of total power (70 UK) per position in the core :

. position 21 : 1,80 - 2,10 %

. position 31 : 1,47 - 1,61 %

. position 37 : 1,40 - 1,62 %
- Irradiation of the element :

. introduction into the reactor core : January 27, 1972 Position 37
removal : burn-up : 3,5 % February 15, 1972

. reloading : March 16, 1972 Position 37
removal : burn-up 14,6 % May 8, 1972

. reloading : May 19, 1972 Position 37
removal : burn-up 19,2 % June 6, 1972

. reloading : October 9, 1972 Position 21
October 24, 1972 Position 31

Final removal from the reactor core :April 2, 1973
average burn-up 58,5 %
maximum burn-up 70 % in the center.

- Total irradiation exposure : 265 days
- Total irradiation test length : 430 days
- Storage time before inspection . 6 months

III - INSPECTION AFTER IRRADIATION

III - 1. Visual inspection ot fuel-plates after disassembling :

Each one of the 24 plates has been inspected over its whole are a
using a periscope.

All the plates named "UAlß dispersions" and "UßOg dis-
persions" were intact except for some microscopic corrosion pits,
which were not severe, located on scratches, whatever the U content
(35 or 43 W %), the kind of dispersed material (L'Alß or l^Og)
or the percentage of particles below 40^ (25 or 50 %)•

III - 2. Plate thickness measurements : (please refer to table IV)

Thickness measurements have been carried out in seven points regu-
larly spacea along each fuel-plate axis, according to fig. 2.
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Plate thickness measurements have been carried out at the positions indicated
on the sketch ( 7 measurements per plate )
The "A" position is located on the indentification number side.

FIG. 2. Plate thickness measurement positions after irradiation.

These measurements show that thickness was practically uniform
along each plate whereas flux and burn-up varied by a factor of 2
from the center to the ends, and temperature was raised by 15° C
from the cold to the hot region of the plate.

As the different examinations have shown elsewhere, the bonding
between core and cladding is good before and after irradiation.
Since thickening due to oxidation is negligible (1-2 yu), it appears
reasonable to say that the thickness increases of the fuel-plates
are due to the fuel-cores swelling only. Thickness increases :
- UA13 dispersions, 35 w % U :

. grain size : 4U-90 yu ; below 40 >u - 2 plates :
+ 0,05 and + 0,05mm

(former HFR Grenoble specifications)
. grain size : 40-100 /u , 25 % below 40 AJ - 2 plates ;

+ 0,04 and + 0,04 mm
. grain size : 40-100 yu , 50 % below 40̂  - 2 plates :

+ 0,04 and + 0,05 mm
- liAlß dispersions, 43 w % U :

. HFR Grenoble specifications (as above) : 2 plates :
+ 0,04 and + 0,05 mm

- UA1 30g dispersions, 43 w % U :
. 2 plates + 0,04 and + 0,04 mm

III - 3. Metallographie inspection

III 3.1 .Fuel -co re :

dispersions :

Due to irradiation, sintering has occured ; only compact par
ticles can now be observed
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Traces, either of small porosities or of a secondary phase can
be detected.
The aluminium matrix is not modified.

dispersions :

A marked difference can be observed between the dispersions
before and after irradiation. Complete sintering of the
UjOß particles has occured. Inside the UßOg sintered
particles, a secondary phase appears , a few porosities
(which may also come from the removing of a reactive phase by
polishing) also appear inside the sintered particles.

Around the particles, a reaction zone between the particles
and the aluminium matrix can be observed. No decohesion can be
detected in the matrix.

Ill 3-2. Dimesonal. measurement s :

The cladding thickness is kept almost unmodified after irra-
diation, the corrosion effect being taken into account (clad-
ding dissolving + layer of adherent oxide).

The A12Ü3 layer on the cladding is continuous and quite
constant in thickness : 5 to 8/u.

The thickness of the fuel-core increases, which confirms
measurements in paragraph III - 2.

Ill 3.3. JMser :e>t :

This test consists in determining the minimum temperature at
which the fission-products release leads to unacceptable swelling
with occurrence of cladding blisters.

It is carried out on irradiated samples large enough in size
(20 x 10 mm).

Blister test characteristics :

- three samples for each lot
- annealing time : 10 hours
- secondary vacuum
- temperatures
. for UA13 : 400 - 450 - 500 - 550° C
. for UßOs : the same + 250 and 300° C
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Since the results were very similar for the samples of a same lot
of three, the examinations have been carried out on only one
sample of each lot.

The following conclusions can be drawn from this test :

- the critical temperature leading to blistering is 500° C for
UA13 dispersions and 300° C only for UßOg dispersions.

as tar as external aspect and thickness variations are concer-
ned there is no apparent diiterence between the different
UAlß dispersion fuels (grain size, percentage of particles
below 40 /u, U content).

as tar as microscopic aspect is concerned, microscope examina-
tion shows that :
. for UAlß dispersions :

The percentage of particles below 40 /u (25 or 50 %) as well as
the U content (35 or 43 w %) do not modify the evolution of the
core after the annealing treatment. In particular, dispersions
containing 43 w % U behave as well as 35 w % U dispersions.
Bonding between meat and cladding is good.

. for UßOg dispersions :

The fuel core is more cracked (inside the U-jOg particles as
well as inside the Al matrix) than the fuel core of UAl^
dispersions. Decohesions between matrix and particles are also
larger and appear at lower temperature than in UA13
dispersions .

IV - DISCUSSION

Swelling measurements have been compared to American results (1) correspon-
ding to irradiation conditions, uranium loadings and burn-up that were
similar.

For the UA13 dispersions as well as for the UßOg dispersions the
results are very similar.

After irradiation, annealing temperatures leading to blister formation have
been compared to these published by american authors (2). The results are in
good agreement (fig. 3).
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FIG. 3. Blister anneal temperatures for sample fuel plates fueled with -325 mesh and +325 mesh UAIX
compared to the previously established failure-no-failure line for UAIX + B4C.

dispersions :

Measurements and inspection results, before and after annealing treatments
show that, for the UA13 dispersions, the U content (35 or 43 w %), the
burn-up (factor 2 from the fuel-plate center to the ends), the percentage
of fine particles (25 or 50 %) do not play a great role as far as the
behaviour under irradiation is concerned. In any case this behaviour is
satisfactory. The fact that the percentage of tine particles has no
influence is confirmed by american results (1)»

dispersions :

dispersions have also behaved satisfactorily ; but, in case of
accidental temperature raise, the security margin is more narrow.

Whereas the reaction between UßOg and the aluminium matrix does not
occur below 450° C outside the reactor core, it is observed for interface
temperatures of 100 - 150°C in swimming-pool reactor cores (1). Anyway,
at these temperatures the reaction remains limited and can only be
detected by metallographic inspection (see III 3.1).

Note : in all the cases, the maximum size of UA13 particles was 100 /u
instead of 90 yu (corresponding to the former HFR Grenoble specifica-
tions) .
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V - CONCLUSION

- The fuel-plates ot the irradiation-test ÛAZ-K-002 fuel-element have been
examined after irradiation at an average burn-up of 58,5 % and maximum
burn-up of 70 %.

- Under irradiation, the cores of the fuel-plates have behaved satisfacto-
rily without any exception. No significant difference has appeared between
fuel-plates whatever the fabrication procedure (CERCA or UA13 disper-
sion), the U content (35 or 43 w %), the kind of fuel (UAl^, UAl^ +
UA13, U3Û8), the particle size (25 or 50 % of particles below 40 /i,
the maximum size beeing 100 /u), and even the burn-up (40 to 70 %).

- After irradiation, microscopic inspection shows that the UßOg disper-
sion cores where a surface reaction between UßOg and Al takes place
are more modified than the UAlß dispersion cores. In any case, these
modifications are only of minor importance and are not able to influence
the fuel-element behaviour in the reactor core.

- For all the types of fuel-plates, the bonding between cladding and core,
and between frame and cladding was not damaged by irradiation.

- Blistering during the annealing treatment occurs :

. at 500°C tor the UAlß dispersions, whatever the U content or the
fabrication procedure

. at 300° C for the UßOs dispersions.

Following this irradiation test, the HFR Grenoble specifications
concerning the powder have been modified as follows :
. the maximum content of fine particles (below 40 AI) has been raised from
25 to 50 %.

. the size-range of big particles has become 40-125 yu instead of 40-90 yu.
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Appendix J-2

RELIABILITY OF LEU FUEL

W. KRULL
GKSS — Forschungszentrum Geesthacht Gmbh,
Geesthacht, Federal Republic of Germany

Abstract

Requirements on the reliability of LEU fuel are summarized
from the point of view of a German reactor operator and his
independent experts.

From the view of a German reactor operator and his independent experts
the demands on fuel reliability are /!/:

a) The fabrication of the LEU fuel plates should be on a high quality
standard. This includes, of course, quality control as before but as
a good indication a minor number of unacceptable fuel plates, too.

b) Irradiation of miniplates for getting esp. from post irradiation
examination (PIE) detailed information about

- corrosion behaviour
fission product release
swelling

- limitations of relative burnup or fissions/cm3
(irradiation conditions should be well known e.g. thermal flux,
burnup, power cycle, irradiation time, water quality)

c) Stepwise examination of LEU fuel

- ca. 10 miniplates irradiated up to max. burnup
- PIE of these miniplates

- >10% of the number of fuel elements of the reactor core
(more than five fuel elements) up to max. burnup. Higher U-
density and higher burnup values as those needed for the actual
core conversion will be very helpful in the licensing procedure.

PIE of some fuel elements will be helpful

- conversion of the whole core
d) Of interest are fuel plate irradiation experiments from different

manufacturers. But for the final core conversion there should be
enough tested fuel plates or fuel elements from the chosen manu-
facturer. These tests can be performed in different reactors. But
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it will be very helpful in the licensing procedure for the whole
core conversion to have tests performed in the reactor under
consideration.

e) Guarantee for reprocessing the LEU fuel.

REFERENCE

/!/ W. Krull: Remarks on the demands for the qualification of high
density fuel, GKSS 84/E/40, 1984
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Appendix J-3

POST-IRRADIATION EXAMINATIONS OF DISPERSION
FUELS WITH REDUCED ENRICHEMENT

J.L. SNELGROVE
RERTR Program,
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract

This appendix outlines the philosophy and procedures that
were utilized by the U.S. RERTR Program for non-destructive and
destructive post-irradiation examination of miniplates and
full-size elements utilizing low enriched (<20%) uranium fuels
with high uranium densities.

Introduction

In order to attain its goal of providing the technical means for
reducing the enrichment of uranium used in research and test reactor fuels,
the U.S. Reduced Enrichment Research and Test Reactor (RERTR) Program has
been active in the development and testing of high-density fuels.
Irradiation testing has been performed on miniature fuel plates
(miniplates) to establish fission-density limits as a function of uranium
density for the various fuel types. Based upon successful results from the
miniplates, full-size fuel elements of various fuel types, uranium
densities, and designs were tested to demonstrate that full-size fuel
plates fabricated under normal conditions by "commercial" fabricators
behave as expected. The irradiations of full-size fuel elements provided
both better statistics on fuel behavior than did the miniplates and a
qualification of the participating fuel fabricators.

During the course of the irradiations, evidence of satisfactory fuel
performance was obtained through periodic visual inspections and by
periodic measurements of the water channel thicknesses. However, more
detailed information was obtained during post-irradiation examinations
(PIE's). The philosophy of the PIE's and an explanation of the various
examinations performed are given below.

Philosophy

The purpose of the PIE's was to provide detailed information about
the metallurgical behavior of the fuel during irradiation and about the
anticipated behavior of the fuel following an accident in which the fuel is
overheated but not melted. The data obtained had to be of sufficient
quality and quantity to provide a sound basis for the licensing of these
fuels. The philosophy of the PIE's under the RERTR Program was to obtain
the primary data of fuel behavior from examinations of the miniplates and
to obtain confirmatory data from examinations of the full-size elements.
This implied much more extensive PIE's on the miniplates than on the full-
size elements. In general, the miniplates embraced a wider range of
uranium densities than did the full-size elements.
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The major goals of the PIE's were: 1) to determine the amount of
swelling as a function or uranium loading and burnup, 2) to determine the
blister threshold temperature as a function of uranium loading and burnup,
and 3) to ensure that there was no evidence of incipient failure in those fuel
samples which appeared to be satisfactory. The extent of examinations of
sectioned miniplates and full-sized plates was determined by what was observed
during these and other examinations. It was anticipated that extensive
examinations of plate sections would not be required for the uranium-aluminide
and uranium-oxide fuels since they had been studied thoroughly at lower
uranium densities. Much more detailed studies were made of the uranium-
suicide fuels in order to fully characterize them. As stated previously,
most of the metallurgical studies were performed using the miniplates. Only
limited metallographic examinations for the full-size plates were made to
confirm expected behavior unless anomalies were discovered during the
nondestructive examinations.

Miniplate Examinations

Post-irradiation examinations of the RERTR Program miniplates were
performed at Argonne National Laboratory and at Oak Ridge National Laboratory,
depending upon the particular type of fuel being examined. The various types
of examinations that were made are explained below.

1. Visual examination of module containing the miniplates. These
examinations were made to determine if any abnormalities could be
detected prior to removing plates from the module.

2. Visual examination of individual plates. During these examinations
blisters or other unusual features were detected and photographed.
Photographs were also made of typical miniplates.

3. Gamma scanning. The plates were scanned longitudinally and
transversely to determine the distribution of one or more fission
products. Typically, a long-lived isotope which was not expected to
migrate, such as 13 Cs, was studied. Therefore, the relative
distribution of fission products was the same as the relative
distribution of fission events. These data were used to determine the
relative fission densities in the various miniplates.

4. Dimensional measurements. The length, width, and thickness of each
miniplate are measured to determine dimensional changes resulting from
the irradiation. These data were of limited use in determining volume
changes (swelling) of the miniplates due to relatively large
uncertainties in the thickness measurements.

5. Weight and density measurements. The weight of the miniplates and
their densities as determined by immersion techniques were used to
accurately determine the volume changes of the miniplates.

6. Blister threshold temperature measurements. The threshold temperature
for the formation of blisters was determined by the standard technique
of heating the plate in a furnace to a specified temperature, holding
at that temperature for approximately 30 minutes, and removing the
plate for visual examination. The sequence was repeated for successive
higher temperatures until blistering was observed. The threshold
temperatures for other phenomena, such as significant fuel plate
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warping, were also determined. Variations of the standard blister test
technique were also employed when needed to more fully explain the
observed phenomena.

7. Chemical or radiochemical burnup analysis. Samples of one or more
miniplates from each batch were analyzed to determine the absolute
burnup of 235U. These data were used with gamma scanning data to assign
absolute burnups (fission densities) to each miniplate.

8. Metallographie examination. Samples were removed from selected
miniplates an examined metallographically to determine the swelling
characteristics of individual fuel particles, chemical interactions of
fuel and aluminum matrix, changes in bonding of cladding to fuel meat,
changes in porosity, and the distribution of fission-gas bubbles.

9. Scanning electron microscopy. Samples from selected miniplates were
examined with a scanning electron microscope to determine the
distributions of fission-gas bubbles and other fission products in the
fuel meat.

10. Electron microprobe analysis. An electron microprobe was used to study
the distribution of fission products in the fuel meat.

11. Scanning Auger microscopy. A scanning Auger microscope was used to
study the interaction layers in the fuel and aluminum matrix.

12. Gas release measurements. A miniplate was punctured under vacuum
conditions at room temperature to determine the amount of gas released
from the plate. The interconnected void volume of the fuel core was
determined by backfilling with gas under standard conditions..

13. Measurement of fission-product release as a function of temperature.
Using a series of temperature steps as was done for blister threshold
temperature determination, the threshold temperature for the release of
fission products and the amounts of fission products released as a
function of temperature above threshold were determined.

The examinations listed in Nos. 1 through 8 and No. 13 were performed
on all of the types of fuel being developed by the RERTR Program. The
examinations listed in Nos. 9 through 11 were performed primarily on samples
from the uranium-suicide miniplates that were examined at Argonne National
Laboratory. The gas release measurements (No. 12) were made at Oak Ridge
National Laboratory on selected t^Og-Al miniplates.

Full-size Element Examinations

Post-irradiation examinations of full-size fuel elements irradiated
under the RERTR Program were performed at Argonne National Laboratory, Oak
Ridge National Laboratory, The Netherlands Energy Research Foundation
(Petten), and the Saclay Nuclear Research Centre (France), depending upon
where the fuel elements were irradiated. The following examination steps for
elements irradiated in the ORR illustrate the types of examinations made on
each fuel element.
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Nondestructive PIE

1. Visual Inspection

Purpose: To observe general appearance and photograph.

a. Observe general external appearance.
b. Note any unusual features.
c. Photograph element exterior with close-ups of unusual features.
d. Photograph through channels with element backlighted.

2. External Dimensions

Purpose: To determine dimensional changes during irradiation.

a. Measure major external dimensions (length, width, depth),
b. Determine amount of warp, twist, or bow.

3. Gamma Scanning of Fuel Element

Purpose: To determine relative longitudinal burnup (fission
product) distribution for entire element and to determine
relative burnup from element to element.

a. Scan using Ge(Li) detector and multichannel analyzer for
fission-product peaks in the energy range 100 to 1400 keV,
including 106Ru and 137Cs.

b. Scan longitudinally in 1.0-in. increments along centerline of
element.

4. Measure Channel Gaps

Purpose: To detect unusual amounts of plate swelling or warping.

a. Remove end fittings.
b. Measure channel gaps on both sides of comb.

Destructive (Full) PIE

1. - 4. Same as above

5. Dismantling of Element

Purpose: To prepare plates for individual examination,

a. Separate individual fuel plates from side plates.
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6. Visual Inspection of Plates

Purpose: To detect blisters or other unusual features.

a. Observe general external appearance of each plate and note any
unusual features.

b. Photograph typical plates (2 or 3) and any areas of unusual
features.

7. Thickness Measurements

Purpose: To provide data for estimation of plate swelling. Since
measured thickness changes always overestimate the volume
change (only the "high" points on the surface are
measured), these measurements served mainly to show that
no unexpected swelling had occurred.

a. Measure thickness at ~24 points on plates Nos. 1, 5, 9, 13, 17,
including at least two points outside the fuel meat zone.

b. Measure thickness at conspicuous spots.

8. Gamma Scanning

Purpose: To determine relative longitudinal and transverse burnup
(fission product) distributions.

a. Perform analog scan longitudinally along centerline for all
plates, for both integral above 0.5 MeV and 137Cs.

b. Perform multichannel spectrum measurements along centerline at
peak, as determined from analog scan, at 6 in. below peak, and
at 10 in. above peak for plates Nos. 1, 5, 9, 13, and 17.

c. Perform analog scan transversely at peak of longitudinal scan,
at 6 in. below peak, and at 10 in. above peak for plates Nos. 1
and 9, for both integral above 0.5 MeV and 137Cs.

9. Blister Testing

Purpose: To determine the threshold temperature for the formation
of blisters. The threshold temperature was measured by
the standard technique of heating the entire plate in a
furnace to a specified temperature, holding at that
temperature for approximately 30 minutes and removing the
plate for visual examination. The sequence was repeated
for successively higher temperatures until blistering was
observed.

a. Blister test two plates (Nos. 2 and 8).
b. If results are not consistent, test also plate No. 18.

10. Metallography

Purpose: To confirm that the behavior of the fuel is as expected,
based upon previous examinations of miniplates.

a. Obtain two sections (high and low burnup) from the plate (other
than No. 1) showing the highest burnup.

b. Perform optical metallographic examination.
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11. Burnup Analysis

Purpose: To determine the absolute number of fissions (burnup).
These data were used with gamma scanning data to assign
absolute burnups to each element.

a. Obtain burnup samples from high- and low-burnup regions of
plate sectioned for metallography.

b. Determine burnup by 148Nd method.

As was stated in the section on Philosophy, the examinations of full-
size elements and fuel plates removed from them were intended to be
confirmatory in nature; therefore, they were much less detailed than the
corresponding examinations on the miniplates. Of course, any anomalies
detected were fully investigated.
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Appendix J-4.1
THE OAK RIDGE RESEARCH REACTOR

Appendix J-4.1.1

MINIPLATE IRRADIATIONS IN THE
OAK RIDGE RESEARCH REACTOR

OAK RIDGE NATIONAL LABORATORY
Oak Rigde, Tennessee

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

United States of America

Abstract

The miniplate irradiation program was designed to screen a large
number of possible LEU fuel types for use in research and test
reactors. Two hundred and forty-four miniplates fabricated by
ANL, CNEA, EG&G Idaho, NUKEM, and ORNL were irradiated in the
Oak Ridge Research Reactor (ORR). Eleven types of fuel were
tested: U3Si2, U3Sii.5/ U3Si, USi, U3SiCu, U3SiAl, U3O8, UA1X,
UA12, UgFe, and U6Mn1-3. The samples included a wide range (0.2%
- 93%) of enrichments and uranium densities up to 8 Mg/m3. Most
of the miniplates were irradiated beyond the 50% burnup level
that is typical for research reactor fuel. Some were irradiated
beyond 90% burnup of the contained 235U. Extensive post-
irradiation-examinations were performed. These examinations
included measurement of swelling, blister threshold
temperatures, fission product release temperatures, and
metallurgical analyses.

1.INTRODUCTION

Since its inception in 1978, the U.S. Reduced Enrichment Research and
Test Reactor (RERTR) Program has pursued the development of high density
dispersion fuels as one method of making feasible the conversion of
research and test reactors from the use of highly enriched uranium (HEU) to
low enriched uranium (LEU) fuel. This program required irradiation of
various fuel types to normal burnup levels and beyond, and examination to
determine the effects of the irradiation. The irradiation program was
conducted at the Oak Ridge Research Reactor (ORR) , and the post-irradiation
examinations took place at ORNL and at ANL. Both miniature plates
(miniplates) and complete fuel elements were irradiated.

The miniplate irradiation program was designed to screen many
different types of reduced enrichment fuel that might be suitable for use
in research reactors. Miniplates with various fuel loadings were placed
into a holder (module) which was in turn loaded into one of the regular
fuel element positions in the ORR. Up to sixty miniplates contained in
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five modules could be irradiated in a single fuel element position. The
miniplates were irradiated until the desired burnup had been achieved, or
until examination showed a failure of some type.

In the ORR program1'2, some 244 miniplates of various candidate fuel
materials were irradiated in the special irradiation test facility,
designated as High-Uranium-Loaded Fuel Element Development (HFED). The
miniplates were manufactured by ANL, Comision Nacional de Energie Atomica
of Argentina (CNEA), EG&G Idaho, Inc., NUKEM GmbH, Hanau, Federal Republic
of Germany (NUKEM) and ORNL.

The program required development of a number of pieces of hardware.
These included the modules for holding twelve miniplates, and the module
holder which could hold five modules. When properly loaded, the HFED
assembly was loaded into a fuel element location within the reactor for
irradiation. A poolside station was installed in the ORR pool to permit
examination after irradiation. A channel gap measuring device (CGMD),
obtained from EG&G Idaho, Inc., allowed the gaps between plates in the
modules to be measured accurately.

During each of the reactor refueling shutdowns, gap measurements were
made in each of the coolant channels in the HFED. Miniplates showing any
significant swelling were removed for further testing and examination, and
to prevent a serious fuel failure while in the reactor core.

After reaching the designated burnup level, or when swelling was
detected, the miniplates were removed from the holders and stored in the
ORR pool until they could be examined further. Most of the post-
irradiation examination was performed at ORNL and ANL, but a number of
plates were shipped to the Savannah River Laboratory for reprocessing
tests. These tests and examinations formed the basis for the decision to
proceed with U3$i2 fuel as the most likely successful material for the LEU
program.

To ensure that the miniplates could be safely irradiated in the ORR
facility, specifications were developed to control the manufacture and
inspection of the plates. This Specification is included in this appendix
as Attachment A.

It was necessary to ship many of the irradiated miniplates from ORNL
for post-irradiation examination. These shipments had to conform to the
various regulations controlling shipments of irradiated fuel. A small
computer code to determine the remaining uranium content of the plates, the
curie level and the heat load of the shipment was developed1 at ORNL. This
code, titled HFEDSHIP.BAS, is reproduced in Attachment B.

2. MINIPLATE IRRADIATION PROGRAM

The objectives of this irradiation program were to screen LEU fuel
materials to determine their suitability for replacing the HEU materials
currently in use and to provide a database of fuel characteristics leading
to the development of full-sized LEU fuel elements for full-core reactor
tests and operation. (A review of research reactor fuels as of 1982 can be
found in Ref. 3.) To accomplish these objectives, miniplates were
irradiated in a core positions in the ORR with peak neutron fluxes of -1.96
x 1018 neutrons m s . Burnups of up to 2.2 x 1027 fission/m of fuel
core volume were reached. At intervals during irradiation, measurements
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were made to detect fuel swelling. After reaching the desired burnup
level, or upon detection of fuel swelling, the plates were removed from the
reactor, stored for cooling, and ultimately shipped to a hot cell for post-
irradiation examination.

Table 1 lists the fuel types and the fabricators of the miniplates,
along with the number of each type of miniplate, the uranium density in the
fuel meat (g U/cm3) and the uranium enrichment.

3. TEST FACILITY AND EQUIPMENT1'2

3.1 Miniplate Design

The fuel plates used in the fuel elements for most research and test
reactors consist of a fuel core of "meat" in aluminum alloy cladding. For
the purposes of this experiment, a fuel-plate design was developed that had
fuel meat and plate thicknesses typical of those used in existing reactors
and that fit within an ORR fuel element core space. The width and length
was much greater than its thickness to provide prototypical conditions with
regard to constraint of the fuel meat by cladding and frame.

These conditions were met with a miniplate 114.3 mm long by 50.8 mm
wide and either 1.27 or 1.52 mm thick, as shown in Fig. 1. The fuel meat
could be up to 109 mm long by 46 mm wide. Fabrication of developmental
fuel plates at ORNL and ANL has been previously reported.4'5

A miniplate specification (see Attachment A) was prepared to match
existing aluminum-clad, fuel-plate manufacturing techniques as far as
practicable. Originally, the specification required a 0-temper condition
of the cladding of the finished miniplate to ensure uniformity of cladding
constraint conditions as produced by different fabricators. It was later
determined that cladding temper did not play a major factor in miniplate
performance, and this requirement was abandoned in favor of more nearly
simulating commercial fuel-plate manufacturing techniques.

3.2 Experiment Design

The irradiation test facility, designated HFED, was designed to fit
into a core position of the ORR,6 a 30-MW water-moderated reactor. The
HFED experiment operated in various core positions at different times
throughout the irradiation test period.

The HFED was designed to accommodate 60 miniplates at one time. The
plates were contained in five modules; each module was originally designed
to hold 12 miniplates, 6 of an overall thickness of 1.27 mm and 6 of an
overall thickness of 1.52 mm. A second series of modules was built to hold
8 thin and 4 thick miniplates. A detailed view of a typical module with
miniplates installed is shown in Fig. 2. The miniplates were held in
position by their respective slots in the side plates, and by a hafnium
(Hf) grid located in the bottom of each module. The Hf grids not only
retained the miniplates but also served as neutron absorbers to depress the
power peaks that otherwise would occur at the ends of the plates because of
higher fuel loading caused by dogboning and/or neutron flux peaking caused
by the water gaps between the ends of each module. (Dogboning is fuel core
thickening that may occur near the ends of a fuel plate as a consequence of
fabrication methods.) The modules were designed to provide a 2.54-mm-wide
water coolant channel between each plate.
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Table 1. Miniplates That Were Irradiated in the ORR.

Fabri- Enrich-
Fuel Type cat or ment g

U3Si2 ANL 9

4

1

CNEA 1

U a S i i . s ANL 4

1

3

0

9

0

9

0

9

U3Si ANL 92

4

19.

CNEA 1

N U K E M 1

USi ANL 4
1

U3SiCu ANL 4

U3SiAl ANL 19.

0

. 0

. 1

. 8

. 2

. 7

. 0

. 8

. 6

. 0

8-19.9

0

9

9

0
9
0

0

5

. 22

. 8

. 4

. 1

. 8

.2

. 0

-19.9

1

3
5

3
4
5

4

4

3

5
5

2

4
5

4
5
6
6
6

6

4
5
6

6

3
3
3

3
5
5
6

4
5
6
6

U /cm3

. 7

. 9

. 0

. 7

. 9

. 6

. 7

. 8

. 8

. 0

. 8

. 0

. 5

. 9

. 8

. 6

. 0

. 3

. 9

. 1

. 8

. 2

. 1

. 9

. 8

. 8

. 7

. 8

. 3

. 9

. 8

. 5

. 6

. 1

. 9

-4
-5

-3
-5
-5

-4

-3

-5
-6

-6

-5
-6
-6
-7

-6

-3
-3
-3

-4

-6
-7

-4
-5
-6
-7

. 0

.2

. 8

.2

. 7

. 9

. 9

.2

. 0

. 4

. 7

. 2

. 5

.2

.2

. 9

. 9

. 8

. 1

. 1

. 0

. 7

. 9

. 4

. 0

No. of
Plates

2

2
3

4
13

7

2

6

2

3
2

2

2
4

11
4
7
5
5

2

1
2
1

6

3
4
3

3
2
3
4

14
7
9
6

Subtotal = 156
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Table 1 (cont'd)

Fabri- Enrich-
Fuel Type cat or ment

U O CNEA 19.
3 B

NUKEM 39.
27 .

20 .

ORNL 93.
45 .

19.

Aluminides

UA1X CNEA 45.
2 0 .

E G & G 4 0 .

19.

NUKEM 39.
27.

UA12 ANL 44.

CNEA 19.

Others

U Fe ANL 19.
6

o .
U.JMn i 3 ANL 40.

19.

7

7
3

4

2
0

5

0
2

2

9

8
1

8

8

8

22

0
8

g

2 .
2 .
3.

2 .
2 .
3.
3.

0 .
2 .
3.
2 .
2 .
3.

1 .
2 .

1 .
2.

1 .
2 .

2 .
2 .

3 .

3.

7 .
7 .
7 .

6 .
6 .

U /cm3

5
9-3. 1
5-3. 6

4
3
1
1

7
5-2 . 8
1
4-2 . 5
8
1

5
3-2 . 5

9-2. 0
2-2 . 3

9-2 . 0
3

1-2 .2
1

0

0-3.1

0
8-8. 0
0-7.1

2 - 6 . 3
9-7. 0

No. of
Plates

2
3
3

2
2
2
2

1
2
3
5

11
9

1
5

4
4

3
1

2
2

2

5

1

3
2

3
3

Subtotal = 8 8

TOTAL = 244
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Fig. 1. HFED Irradiation Experiment Miniplate and Module Details.

W $

Fig. 2. Closeup view of a module with typical installation of
miniplates. Note electron-beam welds along edges and widened slots along
top edge to aid in miniplate insertion.
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The five modules, stacked one above another, were held within a
module holder sized to fit within an ORR core piece. The loaded assembly
with selected modules, was placed in an ORR core position for irradiation.
A photograph showing an exploded view of the HFED experiment and its
various parts is presented in Fig. 3.

ALUMINUM CORE CAN

Fig. 3. Exploded view of the HFED miniplate irradiation experiment
showing, from top to bottom, (1) ORR core piece, (2) module holder with
three modules installed, (3) two typical miniplates and modules 1 and 2.

The reactor coolant water flowed downward through each channel in all
five modules in series. Plates in the same plane through all five modules
were of the same thickness, thus ensuring that each coolant channel had a
constant dimension from top to bottom of the experiment assembly. A
complete description of the design and initial operation of the HFED
experiment can be found in Ref. 2.

3.3 Poolside Station and Metrology

An underwater examination facility was installed in the ORR pool to
permit examination of the modules and fuel plates during the irradiation
period. Fixtures to hold the experiment and the disassembled components
were fastened to the facility. Special handling tools permitted opening
the module holder and removing the modules, removing single plates, and
reassembling the experiment.

The modules and fuel plates were examined visually as they were
disassembled on the poolside station. The channel gaps between the fuel
plates were also measured between most cycles while the reactor was being
refueled. A probe, supplied by EG&G Idaho, Inc., incorporating two
ultrasonic transducers and the necessary electronics, was inserted down
through each of the channels. The elevation of the probe and the width of
the channel were measured over the entire length of the five modules and
recorded automatically.
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4. CONDUCT OF EXPERIMENTS1

4 .1 Module Management

The Operations Division of ORNL had the responsibility to see that
the acceptable operating limits for this experiment were not exceeded. To
meet these requirements, they conducted extensive thermal-hydraulic
calculations for the various materials proposed for irradiation. These
calculations were confirmed with out-of-reactor flow tests and various flux
measurements made in the ORNL Pool Critical Assembly. Measurements were
made to compare the HFED assembly with a standard ORR fuel element and to
determine the effects of the hafnium grid and the water spaces within the
HFED assembly. The flux level for each module could be adjusted by
selecting its position in the module holder, and by properly choosing the
core position for the HFED. This permitted modules to be irradiated to the
desired burnup levels. Of course, indications of swelling prompted the
removal of some of the miniplates before reaching their burnup goals.

The initial series of miniplate irradiations in ORR began on July 18,
1980, and ended on June 13, 1983. There were 132 miniplates in 12 modules
irradiated in this series. This series included miniplates manufactured by
ANL, CNEA, EG&G Idaho, Inc., NUKEM, and ORNL. They were fueled with UA12,
UA1X, U3O8, U3Si, and U3Si2 with enrichments from 20% to 93% 235U, and fuel
densities up to 7.16 Mg/m3.

The second series of irradiations began March 30, 1984 and ended
January 30, 1987. In this series 112 miniplates were contained in 13
modules. Some modules included plates that had been irradiated earlier.
This series included plates manufactured by ANL, CNEA, and NUKEM. They
were fueled with USi, U3Si2, UsSii.5, U3Si, U3SiCu, UA12, U6Fe, and U6Mn1-3.
Enrichments of from 0.2% (depleted) to 93% with fuel densities up to 8.0
Mg/m3 were used in the process.

Between the fuel cycles, the experiment was removed from the core and
placed in the poolside station for channel gap measurements. This meas-
urement provided a means to detect swelling and possible incipient failure
of the miniplates. During the irradiation program, some swelling and
pillowing was detected, and the suspected plates were removed for hot cell
examination. (Pillowing is gross swelling characterized by large-scale,
fission-gas-driven separations within the fuel meat or at the meat/clad
interface. The plate resembles a pillow after swelling.)

During the course of its irradiation, each miniplate experienced many
thermal cycles owing to normal startups and shutdowns and power set backs
required by other experiments. Fuel meat centerline temperatures are
estimated to have been between 75 and 125°C during irradiation.

4.2 Results from Channel Gap Measurements

During the experiment, 86 sets of channel gap measurements were made.
Each set of measurements resulted in 22 X-Y plots showing the gap and
elevation of the probe as it passed through both the north and south sides
of each of the 11 accessible channels. Typical X-Y plots of three adjacent
slots are shown in Fig. 4. Careful analysis of all plots from run-to-run
was necessary to distinguish bowing from swelling. Bowing could be
discerned by gap narrowing on one side and equivalent enlargement of the
gap on the opposite side of the plate. True swelling was detected by
narrowing of the gap on both sides of a plate.
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Fig. 4. Typical X-Y plots from channel gap measurements of three adjacent
slots.

The CGMD proved to be very useful and provided important information
regarding miniplate status during the irradiation period. The use of
ultrasonic crystal detectors with the associated electronics and readout
devices was successful in determining swelling of irradiated nuclear fuel
plates.

5. TEST RESULTS

5.1 General

After irradiation and following suitable periods of cooling, the
miniplates were subjected to an extensive series of postirradiation
examinations (PIE). The key examinations were thickness and volume
measurements to assess the swelling of the fuel meat, metallography to
assess the condition of the fuel meat, and blister threshold temperature
measurements. Gamma scans were performed to provide fission density
profiles and plate-to-plate fission density normalization, and uranium and
plutonium isotopic analyses of selected samples were performed to provide
absolute burnup information. As described in Appendix G of Ref. 7,
calculated 235U fission fractions were used to convert 235U fission
densities to the total fission densities reported below. Fission product
release studies were made on several of the miniplates.
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5.2 Fuel Data and Microstructure
Fuel meat swelling data obtained from immersion density measurements

and data from blister-threshold temperature measurements on the miniplates
are summarized in Table 2.

UA1X Fuel: Eleven plates contained medium-enriched uranium (MEU,
40-45%) with uranium densities ranging between 1.5 and 2.3 g/cm3. Nine
plates contained LEU(<20%) and two plates contained uranium with an
enrichment of ~27%. The latter eleven plates had uranium densities ranging
between 1.9 and 2.5 g/cm3. For all of these plates, swelling8'11 of the
fuel meat ranged between -0.3 and 4.3% for fission densities between 0.8 x
1021 and 1.8 x 1021 fissions/cm3. Two of the MEU plates were fabricated
with 100% fine (<44 (im) fuel particles. These plates showed the lowest net
swelling even though their fission densities were 1.5 x 1021 fissions/cm3,
probably because of a high initial void content of the fuel meat. All
swelling data are consistent with similar data measured for HEU UAlx fuel
over the same range of fission densities (see Appendices J-l . 1 and J-1.2
and Ref. 12) .

Blister-threshold temperature tests8-11'13 on LEU and MEU miniplates
with UA1X fuel are consistent with blister-threshold temperatures in the
range of 550 - 565°C. Metallographie examinations8 of sections of one LEU
and two MEU (including a high fines) miniplates showed each plate to be in
excellent condition. There were no indications of actual or incipient
failures. A photomicrograph of a section from the MEU miniplate with the
highest fission density is shown in Fig. 5. The few large voids seen may
be remnants of the voids initially in the fuel meat. No other gas bubbles
are evident in the fuel particles.

Based upon all of the results obtained, UA1X appears to be an
extremely well-behaved fuel for LEU and MEU applications requiring uranium
densities of up to 2.5 g/cm3.

UA12 Fuel: Five LEU miniplates with 3.0 - 3.1 g U/cm3 and two
miniplates with 45% enriched fuel and 3.0 g U/cm3 were irradiated in the
ORR. Data1/5 on fuel meat swelling and blister-threshold temperature
measurements are shown in Table 2.

Fuel: A total of 47 miniplates containing U3O8 fuel were
irradiated in the ORR. Selected data on the miniplate characteristics are
shown in Table 1 and are summarized below. Data on the irradiations and
post-irradiation-examinations have been published in Ref s . 9-11, and 14-17.

Miniplates Irradiated in the ORR.

Enrich-
ment, %

19 - 20
27

40 - 45
93

Numbe r of
Miniplates

35
4
7
1

U Density,
Range, g/cm3

2.4 - 3.6
2.3 - 3.1
2.4 - 3.1

0.7

19-27% Enrichment Range: As shown in Table 2, miniplates in the 19-27%
enrichment range showed either shrinkage or moderate swelling for fission
densities between 0.8 and 1.6 x 1021 fissions/cm3. The higher-loaded
plates with more as-fabricated void volume densified slightly while the
lower-loaded plates began to swell. This result is in agreement with
previous work which showed that fabrication voids are effective in
accomodating irradiation swelling.18

248



Table 2. Summary of Swelling and Blister Threshold Temperature
Data for High-Density Dispersion Fuels Irradiated in
the ORR (Prom PIE of Miniature Fuel Plates).

Fuel
Type

UA1X
UA1X
UA1X
UA1X
UA1X
UA1X
UA12

U308
U308
U308
U308
«3°8
U308
U30a

U3Si2
U3Si2
U3Si2
U3Si2
U3Si2
U3Si2
U3Si2
U3Si2
U3Si2

U3Si
U3Si
U3Si
U3Si
U3Si
U3Si
U3Si
U3Si
U3Si
U3Si
U3Si
U3Si

Fabri-
cator

C
E

E, N
E

E,N,C
C
C

0,K
0
O

O,N,C
0

0,N,C
C

A
A
A
A
A
C
A
A
A

A
A
A
A
A
A,C
C
A
A,C
A
N
A

Density
Range ,
Mg/m3

Low High

1.
2.
1.
2.
2.
2.

2.

2.
2.
2
3.

3

5
3
4
4
5
5

1.

6.
4.
4.
5.
5.
6.
6.
6.
6.

1.
.88
.13
.88
.14
48
99

.40
2.
3.

,30
.76
.91
.49

1.
.94

4.
.13
.72
.81
.92
.1
.60

98
4
5.

23
79
77
.18
65
05
23
89
92

47
1.
2.
1.
2.
2.
3.

2.
77
10
2.
2.
3.
3.

66
3.

,95
5.
3.
4.
4.
S.
5.

1.
.5
91
6.
4.
4.
5.
S.
6.
6.
6.
7.

95
31
99
33
52
09

46

48
79
13
58

95

18
76
88
99
2
67

99

40
83
81
20
72
16
33
93
13

Enrichment

45
40

.1

.2
39.8-40.2

19 .9
19.9-27.3

20,
19,

39.7-
45
45

.2

.8

45.0
.0
.0

19.5-27.3
19 .5

19.5-27.3
19

93
40
40
40
19
19
19
19
19

92,
40.
40.
40.
19.
19.
19.
19.

.7

.0

.1

.1

.1

.9

.7

.8

.8

.8

.6

.1

.1

.1

.9

.9

.8

.9
19.8-19.9

19.
19.

19.8-

.8

.4
19.9

No. of
Plates

1
4
6
3
6
2
5

3
1
3
9

11
16
3

2
2
1
2
4
6
4
5
7

2
2
1
3
5
7
2
4
5
4
6
5

Fission
Density Range

10"/n>3
Low High

1.1
1.3
0.8
1.0

1.7

2.1
0.8
0.9
1.0

1.4
1.5

1.6
1.7
1.2
1.0
2.2

1.7
1.9

2.4

1.7

1.5
2.4

1.4

1.3
1
1
0
1

1.1
1.3

2
2.3

2
1
1
1

1.5

2
2

1.4
1.6

1
1
1
2
2

2
2

1.4
2

0.7
2

2.2
1.9

2
2

2.5
2

.5

.8

.9

.1

.0

.5

.1

.2

.6

.1

.4

.8

.8

.3

.3

.5

.1

.3

.5

.1

.6

.5

.6

, Swelling Range,
% AV/Vm

Low High

-0.3
1.9
0.7
-1.7
-3.9
-7.2

2.9

11.2
0.0
-0.7
-3.8
-5.4

4.9
0.7

-2.1
3.7
1.5
0.2
0.0
0.1

8.8
7.3

9.6

5.2
10.3
0.4
0.8
25.4
13.3
1.7

4.3
0
3
2
4

-3
-2

9
P+

P
2
1
12
-3

11
10

~0
-1
7
2
0
4
2

9
10

1.5
39

~0
12
11
6

20
38
21
44

.6

.4

.9

.0

.3

.7

.7

+
. 0
.3
.6
.4

.6

.6

.1

.0

.8

.8

. 6

.7

.7

.3

.6

.0

.4

.8

.4

.8

.7

.3

Blister-
Threshold

Temperature, °C

_
550-565
550-561
>550
>550
550

475-500

470
-
-

490->550
>550

478-550
450

-
-
-
-

530
525
-
-

515

-
-
-
-

510
500->550

500
525
-
-
-
-

Fabricators: ANL, EGSG Idaho, ORNL, NUKEM, CNEA.
^Indicates that plates "pillowed" during irradiation.

The blister threshold temperatures for these plates are not
substantially different than the 375 - 600°C temperatures historically
experienced for highly-enriched low-loaded plates.19 Figure 6 is a
photomicrograph15 of a section of an LEU plate containing 75 wt% UßOe (3.1
g U/cm3) in the fuel meat. This plate had been blister-tested to 500°C.
The meat is essentially a mixture of reaction products with islands of
unreacted aluminum remaining. In the two plates examined after blister-
testing the blisters occurred at the meat/cladding interface.
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Fig. 5. Longitudinal Section8 of 2.3 Mg/m3 UA1X Miniplate E-117 after
Irradiation to 1.8 x 1027 Fissions/m3. (ORNL Photo R-78319)

80|jin

Fig 6. Micrographlb of 75 wt%, 20%-enriched U308 Miniplate O-55-3 after
Blister Annealing to 500°C Showing That the Meat Is Essentially
Completely Reacted Except for Islands of Aluminum.

The data in Table 2, along with data contained in Appendix J-4.1.2 on
full-sized fuel elements containing l^Og fuel indicate that l^Og appears to
be a well-behaved fuel for LEU(<20%) applications requiring uranium
densities up to 3.2 g U/cm3. It is worthwhile noting that the highest
fission density attainable in LEU fuel plates with a uranium density of 3.2
g/cm3 is about 1.7 x 10?1 fissions/cm3 (including non-235U fissions).
40-45% Enrichment Range: Three of the U3<Dg miniplates with enrichments in
the 40-45% range had "pillowed" out15 during irradiation in the ORR. Two
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plates had a uranium density of 3.1 g/cm3 and an estimated burnup of 2.3 x
1021 fissions/cm3. The third plate which "pillowed" had a uranium density
of 2.8 g/cm3 and an estimated burnup of 2.1 x 1021 fissions/cm3. Three
other plates with uranium densities between 2.4 and 2.5 g/cm3 and fission
densities between 1.7 and 2.0 x 1021 fissions/cm3 showed no signs of
abnormal swelling behavior or abnormal blister-threshold temperature
behavior.

As a result, U3O8 fuel is not recommended for use with enrichments
>20 and uranium densities which could yield fission densities >1.7 x 1021

fissions/cm3.

93% Enrichment Range: One miniplate was irradiated which contained 93%
enriched uranium and a uranium density of 0.7 g/cm3. This plate was
typical of the HEU l^Og fuel used in full-sized ORR elements and was
irradiated to provide a comarison with previous irradiation tests18. The
swelling data for this plate at an estimated fission density of 1.1 x 1021

fissions/cm3 (~76% 235U burnup) was consistent with previous measurements
and no further testing was done.

Suicide Fuels: A total of 156 miniplates containing suicide
fuels were irradiated in the ORR. Selected data on the miniplate
characteristics are shown in Table 1 and are summarized below. Data on the
irradiations and post-irradiation-examinations have been published in Refs.
8,11,14, 17, and 20-31.

Suicide Miniplataa Irradiated in the ORR

Enrich-
ment, %
U3S12
19 - 20

40
93
0.2

19 - 20
40

U3Si
19 - 20

40
93
0.2

OSi
20
40
0.2

U3SiCu
40

U3SiAl
19 - 20

Number of
Miniplates

30
5
2
2

5
2

42
6
2
2

4
3
3

12

36

U Density,
Ranqe, q/cra3

3
3

5
3

4
4

6

3
3
3

3

4

.7 - 5.7

.9 - 5.2
1 .7
4.7

.0 - 6.0

.8 - 3.9

.8 - 7.2

.5 - 6.0
2.0

.1 - 6.2

.8 - 3.9

.8 - 3.9

.7 - 3.8

.8 - 7.0

.5 - 7.0

The net swelling of the fuel meat or fuel plate is usually of most
interest to reactor operators. Fuel meat swelling data are shown in Table
2. However, fuel meat and fuel plate swelling can be calculated if the
swelling behavior of the fuel particles is known. The fuel meat volume of
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Fig. 7. Swelling of Uranium Suicide and UA1 Fuel Particles
vs. Fission Density in the Particle. Dashed Lines
Indicate Fission Densities Not Attainable in LEU Fuel.

an unirradiated fuel plate is occupied by the fuel particles, the aluminum
matrix, and pores created when matrix aluminum does not flow around all
fuel particles and into the cracks produced in fuel particles during the
rolling of the plate. Such pores can occupy from approximately 4% to
greater than 12% of the volume of high-density fuel meats. During the
early stages of irradiation, irradiation-induced sintering results in some
consolidation of the pores, and the volume of the fuel meat can actually
decrease. As the fuel particles begin to swell from the buildup of solid
and gaseous fission products, the pores begin to be filled. The fuel meat
exhibits a net positive volume change only after the volume of the fuel
particles has increased by approximately the amount of the original pore
volume. Since the amount of as-fabricated porosity is influenced by many
factors32, the effect of the porosity must be removed to ascertain the
swelling behavior of the fuel itself.

Thus, a clear picture of the swelling behavior of the various uranium
suicides can be obtained by calculating the swelling of the fuel particles
themselves, assuming that the as-fabricated porosity has been completely
filled. The general trends of these data27 and, for comparison, data for
UA1X,12 are shown in Fig. 7. The swelling of UA1X, USi, and U3Si2 fuel
particles is very stable, being a linear function of the fission density to
fission densities well beyond those which can be achieved in LEU fuel (2.4,
5.0, and 5.8 x 1027 f/m3 in the fuel particles of UAlx, USi, and U3Si2/
respectively). On the other hand, U3Si fuel particles in highly loaded
fuel plates exhibit an unstable behavior, called breakaway swelling, for
fission densities greater than -4.5 x 1027 f/m3 (-65% 235U burnup for LEU).
The swelling rates per unit fission density of U3Si2 and UA1X fuel particles
are the same within the accuracy of the data. The slopes of the linear
swelling curves are 4.8%, 6.0%, and 6.2% per 1027 f/m3 for USi, UA1X, and
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respectively. These data were derived for 40 voll loadings of USi,
28 to 36 vol% loadings of UA1X, and 45 to 59 vol% loadings of U3Si2. The
UA1X was fully enriched, and the uranium suicides were low enriched. The
data of Table 321 indicate that the slope of the U3Si2 swelling curve may
be marginally lower for lower fuel volume loadings. Given the fuel
particle swelling rate, the fuel volume fraction, and the as-fabricated
porosity, the meat swelling for a given fission density can be reliably
predicted.

An example of the meat microstructure of a UßSij miniplate after >90%
burnup is shown in Fig. 8. Some of the noteworthy features in this optical
micrograph are the absence of fission gas bubbles and the fact that all of
the as-fabricated porosity has been consumed by fuel particle swelling.
Fuel-aluminum interaction was limited to a narrow zone around the U3$i2
particles with a thickness about equal to the range of fission product
recoils in aluminum. Examination of fractured fuel particles using a
scanning electron microscope (SEM) reveals a gas bubble morphology typical
of pure UsSia, as shown in Fig. 9. The very uniform distribution of small
gas bubbles that show no tendency to interlink is the reason for the stable
swelling behavior of

The microstructural changes in UsSi miniplates resulting from
irradiation to high burnups are quite different, as shown in Fig. 10
Fission gas bubbles are clearly visible in the optical micrograph. The
bubble morphology, more clearly shown in the SEM images in Fig. 11, reveals
a basic difference in fission gas behavior between U^SL and U3$i2. The
fission gas bubbles in 1)38! are not uniformly distributed and vary widely
in size. The large bubbles are growing rapidly and interlinking, resulting
in a much larger fuel swelling rate than that of U3Si2- The fuel in the
full-sized U3Si2 plates exhibits characteristics of both U3Si2 and

The post irradiation blister threshold temperature has been used
traditionally as an indicator of the relative failure resistance of plate-
type dispersion fuels. The U3Si2 (and UsSi) miniplates blistered at
temperatures in the range of 515 to 530 C, except for very highly loaded
1138! miniplates which, at the threshold of breakaway swelling, blistered at
450 to 475 C. The blister threshold temperature appears to be insensitive
both to burnup and to fuel volume loading. These temperatures are at least
as high as those measured for highly enriched UAlx and UsOg dispersion
fuels in use today.12-19

Other Fuels: l^SiCu-Al fuel contained a small ternary addition of
Cu to the fuel particles in order to determine whether this Cu addition
would supress the swelling behavior of UjSi fuel. Since it did not, this
fuel was not pursued beyond the miniplate screening stage.

Miniplates containing U6Fe-Al fuel33 and U3SiAl-Al fuel34-8 exhibited
excessive swelling upon irradiation in the ORR and were also not pursued
beyond the miniplate screening stage.

5.3 Fission Product Release

Over the years several studies of fission product release from plate-
type reactor fuels have been performed, first for plates with U-Al alloy
meat and later for plates with UA1X and l^Gg dispersion meats. Results of
these experiments have been summarized in Refs. 3 and 35. As part of the
development of high-density fuels under the RERTR Program, fission product
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to Table 3. Miniplate Swelling Data Summary

Plate
No.*

A32
A34
A36

A46

A100
A85
A99
A87
A88

A89
A90
A91
A92
A93
A94

A123M
A124M
A125M
A126M

A121H
A122H

U Dens.,
Mg/m3

3.
3.
3.

3.

5.
5.
5.
5.
5.

5.
5.
5.
5.
5.
5.

4.
3.
5.
5.

1.
1.

8
8
8

7

2
0
2
1
2

6
6
6
6
6
7

0
9
1
2

7
7

Fuel Vol.
Fraction,

33
33
33

33

46
45
45
45
45

49
49
49
50
50
50

35
35
45
46

14
14

.3

.4

.3

.1

.2

.4

.9

.6

.8

.8

.9

.7

.0

.0

.4

.1

.0

.6

.0

.7

.7

Fuel Meat 235U
Porosity,

4
4
4

5

8
10
9
9
9

13
13
13
12
13
12

4
4

11
11

0
0

.5

.3

.5

.2

.5

.3

.1

.8

.5

.4

.3

.5

.9

.0

.4

.2

.3

.8

.0

.8

.8

Burnup,

90
90
90
96
90
96

42
79
79
85
85

85
85
85
85
85
85

42
69
39
39

41
69

Fuel Meat
Fission Dens . ,

1027/m3

1
1
1
1
1
1

1
1
1
2
2

2
2
2
2
2
2

1
2
1
1

1
2

.6

.6

.6

.8

. 6

.8

.0

.8

.9

.1

.1

.3

.3

.3

.3

.3

.3

.5

.5

.8

.8

.4

.3

Fuel Particle
Fission Dens . ,

1027/m3

4
4
4
5
4
5

2
4
4
4
4

4
4
4
4
4
4

4
7
3
3

9
15

.8

.8

.8

.5

.8

.5

.1

.2

.2

.6

.6

.6

.6

.6

.6

.6

.6

.2

.1

.9

.9

.3

.7

Fuel Meat
Swelling,

Vol%

3
4
4
7
3
6

0
1
2
3
2

0
0
0
1
0
2

0
11
2
1

4
11

.8

.1

.3

.1

.7

.8

.0

.6

.0

.3

.6

.9

.2

.1

.5

.4

.9

.7

.6

.1

.1

.9

.6

Fuel Particle
Swelling,

Vol%

25
25
26
35
27
36

<18
26
24
29
26

29
27
27
29
26
30

<14
45
30
26

38
84

All plates LEU except those with plate number ending in M (MEU) or H (HEU).



Fig. 8. Meat Microstructure of U3Si2 Miniplate After 90% Burnup (Bu)

Fig. 9. Fission Gas Bubble Morphology in u"3Si2 After 90% Bu.
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Fig. 10. Meat Microstructure of U-jSi Miniplate After 90% Bu.

Fig. 11. Fission Gas Bubble Morphology in U.,Si After 90% Bu.
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release measurements of limited scope have been performed. Detailed data
on these measurements are provided in Appendix J-5. A brief summary of the
main conclusions is given below.

Measurements using UA1X miniplates were performed at ORNL in
collaboration with the Kyoto University Research Reactor Institute
primarily to determine the threshold temperature for fission product
release and to measure release rates above that temperature.13 These tests
showed that the first significant release of gaseous fission products
occurred when the fuel plate blistered. Another significant release
occurred at about the solidus temperature of the cladding, and a third
significant release occurred at about the UAl^-Al eutectic temperature.

Similar measurements, using the same equipment, were made using
and UaSi miniplates, with similar results.36 The first release of gaseous
fission products was detected when the plates blistered, at 500°C for the
UaOg plates. Essentially all of the gaseous fission products had been
released by the end of the test at 650°C. From the amounts of Cs detected
in the traps and from visual observations of deposits on the sample holder
following the 650°C test, it was determined that much more Cs was released
from the UaSi plate than from the U^Og plate.

Release/Born (R/B) ratio data of fission products for U-A1 alloy,
UA1X-A1, and UaSi2-Al fuels were measured37 by JAERI in order to assess the
integrity of uranium suicide fuel in the safety assessment for LEU
conversion of the JMTR reactor. The results showed that the release rate
of Iodine-131 at 700 °C for suicide and aluminide fuel are lower than the
U-A1 alloy fuel by approximately a factor of three. The release of rare
gases in suicide and aluminide fuels are almost 100%, similar to alloy
fuel.
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FUEL PLATES FOR RERTR IRRADIATION TEST

1.0 Scope

This specification applies to Reduced-Enrichment Research and Test
Reactor (RERTR) fuel plates suitable for irradiation in the Oak Ridge
Research Reactor (ORR). These aluminum-base dispersion-type plates
presently include (1) the high uranium content l^Og-bearing miniplates
being developed and fabricated at ORNL, (2) the high uranium content
UA1 -bearing miniplates being developed and fabricated at EG&G Idaho,X
Inc., and (3) the very high uranium content l̂ Si- and (UßSi + Al)-
bearing miniplates being developed and fabricated at ANL.

2.0 UCC-ND Drawings

ORR-HFED Experiment Plate Details X3E-11821-0105-B
ORR-HFED Experiment Assembly X3E-11821-0101-A

3.0 Materials

3.1 All materials that compose the cored region of the miniplates
shall conform to the requirements of this document and the specifications
of the cognizant organization (e.g., ORNL will specify the core materials
within the UsOß-bearing miniplates).

3.2 Cover plate and frame cladding shall conform to Standard
Specification for Aluminum-Alloy Sheet and Plate, ANSI/ASTM Designation
B209-77, for alloy 6061 and Alclad 6061.

4.0 Fuel Plate Requirements

4.1 The fuel plates shall be rolled by a combination of, first,
hot rolling, and second, cold rolling at room temperature to a reduction
in thickness of at least 10% to insure uniform cladding properties among
fabricators.

4.2 After completion of hot rolling and before cold rolling, the
fuel plates shall be annealed for 60 +10 min at 485 +20°C. After cooling
to room temperature, both sides of every fuel plate shall be visually
examined for blisters. Visual detection of one or more blisters that
would remain in the finally-sized fuel plate shall be cause for rejection.
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A.3 After completion of cold rolling, the fuel plates shall be
heat-treated at 485 +20°C for 60 +10 min followed by a cooling at a rate
of _<28°C/hr to <260°C. After further cooling to room temperature, both
sides of every fuel plate shall be visually examined for blisters.
Visual detection of one or more blisters that would remain in the finally-
sized fuel plates shall be cause for rejection.

4.4 Fuel plate, core, and cladding dimensions shall conform to
UCC-ND Drawing X3E11821-0105-A.

4.5 Within the maximum core outline of UCC-ND Drawing X3E11821-
0105-A and for any 4-mm to 2-mm-diam spot, the U235 surface density, in
g/m2 of core surface area, shall be ̂ 290 for fuel plates to be irradiated
in Modules 3, 4, and 5 (see UCC-ND Drawing X3E11821-0101-A for module
numbering scheme); and ̂ 500 for fuel plates to be irradiated in Modules
1 and 2.

4.6 The interfaces between the cover plates and frames of the fuel
plates shall be metallurgically bonded. Grains that have grown across
these interfaces for a minimum of 50% of the interfacial length constitute
acceptable bonding.

4.7 The surfaces of the fuel plates shall be free from all foreign
matter including moisture, dirt, oil, organic compounds, scale, paint,
ink, graphite, all solders, silver, lead, mercury, thorium, chlorine,
and fluorine.

4.8 The exterior surfaces of the fuel plates shall be free from
uranium after fabrication. A final pickling treatment, which shall be
performed before packaging for shipment to ORNL, of submerging the fuel
plates in 45 vol% HN03-55 vol% H20 solution for 2 to 4 minutes at room
temperature followed by rinsing in either demineralized or distilled
water meets the intent of this requirement.

4.9 The fuel plates shall be identified as shown on UCC-ND Drawing
X3E-11821-0105-A. Serial numbers of 0-001 through 0-999, E-001 through
E-999, and A-001 through A-999 are permitted, respectively, for fuel
plates supplied by ORNL, EG&G Idaho, Inc., and ANL.

5.0 Inspection

The fuel plate fabricator shall be responsible for inspection and
certification of the achievement of requirements set forth in paragraphs
3 and 4 above and in paragraph 6 below.
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6.0 Quality Assurance Documentation

6.1 The preirradiation data package for the fuel plates shall
include the following items:
(1) dimensional inspection reports (including an estimation of minimum

clad thickness) for each plate;
(2) radiographs of each plate; and
(3) results from determination of the meat attributes including a

tabulation of (a) plate number, (b) weight of plate, (c) weight of
meat, (d) elemental composition of the meat, (e) 235U enrichment
(wt %), and (f) total 235U loading.

6.2 Certified copies of inspection and test records to assure
compliance with this specification and the preirradiation data package
shall be supplied to R. L. Senn, Bldg. 9201-3, MS-5, P. 0. Box "Y", Oak
Ridge, Tennessee 37830.

7.0 Shipping

7.1 Storage of the fuel plates and final assembly of the HFED
experiment will be conducted in Building 3012, ORNL. The fuel plate
fabricators shall provide shipping containers and shall have full respon-
sibility for the fuel plates while in transit to the site designated
below. A duplicate copy of the tabulation of 6.1 (3) shall be included
in the shipping container with the plates.

7.2 Fuel plate fabricators shall ship the fuel plates by acceptable
means to the Oak Ridge National Laboratory, Building 3012, Oak Ridge,
Tennessee 37830, Attention: H. C. Austin, Bldg. 3037 for M. M. Martin,
Bldg. 4508, ORNL.

7.3 Accountability shall be transferred to facility F.Z.C.,
H. C. Austin, Bldg. 3037, ORNL.
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ATTACHMENT B Reproduced from
ORNL-6539 (Ref. l)

Table 4 . 2 . L i s t i n g for 1IFEDSH1 P.BAS
,**************!10 LPRINT "*****************«'

20 LPRINT
HFEDSHIP.BAS, A BASIC PROGRAM TO CALCULATE HEAT LOAD AND CURIE
LEVEL OF IRRADIATED HFED MINIPLATES AS OF PRESENT DATE.
TO RUN, LIST 100-300 AND ENTER DATA AS INSTRUCTED.

AS OF "F$
AS OF "F$:LPRINT

30 LPRINT "
40 LPRINT "
50 LPP.INT "
60 LPRINT
70 LPRINT " R. L. SENN MAY 5, 1986
80 LPRINT
90 LPRINT "********************************************************
100 PRINT
110 'E$ = MODULE NO. OR PLATE-MODULE NO.
120 'F$ = TODAY'S DATE
130 'A = TIME OUT OF REACTOR, DAYS
140 'B = TIME IN REACTOR, DAYS
150 'C = GRAMS 235-U
160 'D = ESTIMATED FRACTIONAL U-235 BURNUP
170 'Z = SUMMING DEVICE (ENTER 1, OR 0 IF LAST CASE).
180 'P = WATTS/GRAM 235-U REMAINING
190 'TO RUN, TYPE DATA STATEMENTS BEGINNING WITH 510 WITH SEVEN (7)
200 'ENTRIES PER CASE, AS FOLLOWS:
210 ' 510 DATA A, B, C, D, E$, F$, Z
220 READ A, B, C, D, E$, F$, Z
230 P = 5.9*7.4*((A*-.2)-((A+B)*-.2))
240 G = P*C*(1-D)
250 SUM = SUM +G: H = G*240
270 NSUM = NSUM + H: LPRINT
290 PRINT "HEAT LOAD + CURIE LEVEL FOR "E$"
300 LPRINT"HEAT LOAD + CURIE LEVEL FOR "E$"
320 PRINT "TIME IN REACTOR =" B "FULL POWER DAYS"
330 LPRINT"TIME IN REACTOR =" B "FULL POWER DAYS"
340 PRINT "COOLING TIME =" A "DAYS"
350 LPRINT"COOLING TIME =" A "DAYS"
360 PRINT "TOTAL ORIGINAL 235-U=" C "GRAMS"
370 LPRINT "TOTAL ORIGINAL 235-U=" C "GRAMS"
380 PRINT "ESTIMATED FRACTIONAL 235-U BURNUP =" D
390 LPRINT "ESTIMATED FRACTIONAL 235-U BURNUP =" D
400 PRINT "REMAINING 235-U =" C*(1-D)
410 LPRINT "REMAINING 235-U =" C*(1-D) "GRAMS"
420 PRINT:LPRINT
430 PRINT "POWER/GM 235-U =" P:LPRINT "POWER/GM 235-U ="
440 PRINT:LPRINT
450 PRINT "TOTAL HEAT LOAD
460 LPRINT "TOTAL HEAT LOAD
470 LPRINT
500 IF Z = 0 GOTO 590
510 DATA 249,252.68,15.163,.88,"MOD
520 DATA 194,272.3,25.814,.84,"MOD.
530 DATA 194,234.65,20.497,.70,"MOD. 31",6/01/87,1
540 DATA 123,146.89,28.835,.30,"MOD. 33",6/01/87,1
550 DATA 123,321.55,7.660,.70,"PLATES A-114,-115",6/01/87,1
555 DATA 123,147,21.108,.40,"MOD. 34",6/01/87,1
560 DATA 123, 401.62,9.995, .92,"PLATES A-87,-89,-90,-93",6/01/87,0
570 LPRINT:PRINT
580 GOTO 220
590 LPRINT:PRINT
600 PRINT "
610 LPRINT "
620 PRINT "
630 LPRINT "
640 END

G "WATTS","CURIE LEVEL ="
G "WATTS","CURIE LEVEL ="

27",6/01/87,1
30",6/01/87,1

TOTAL HEAT LOAD FOR ABOVE SHIPMENT=" SUM "WATTS"
TOTAL HEAT LOAD FOR ABOVE SHIPMENT=" SUM "WATTS"
TOTAL RADIATION FOR ABOVE SHIPMENT=" NSUM "CURIES"
TOTAL RADIATION FOR ABOVE SHIPMENT=" NSUM "CURIES"
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Table 4.3. Output from HFEDSHIP.BAS for typical shipment

HFEDSHIP.BAS, A BASIC PROGRAM TO CALCULATE HEAT LOAD AND CURIE
LEVEL OF IRRADIATED HFED MINIPLATES AS OF PRESENT DATE.
TO RUN, LIST 100-300 AND ENTER DATA AS INSTRUCTED.

R. L. SENN MAY 5, 1986

HEAT LOAD + CURIE LEVEL FOR MOD. 27 AS OF 6/01/87

TIME IN REACTOR = 252.68 FULL POWER DAYS
COOLING TIME =249 DAYS
TOTAL ORIGINAL 235-U= 15.163 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .88
REMAINING 235-U = 1.81956 GRAMS

POWER/GM 235-U = 1.893304
TOTAL HEAT LOAD = 3.444981 WATTS CURIE LEVEL = 826.7954

HEAT LOAD + CURIE LEVEL FOR MOD. 30 AS OF 6/01/87

TIME IN REACTOR = 272.3 FULL POWER DAYS
COOLING TIME = 194 DAYS
TOTAL ORIGINAL 235-U= 25.814 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .84
REMAINING 235-U = 4.130241 GRAMS

POWER/GM 235-U = 2.449113

TOTAL HEAT LOAD = 10.11543 WATTS CURIE LEVEL = 2427.702

HEAT LOAD + CURIE LEVEL FOR MOD. 31 AS OF 6/01/87

TIME IN REACTOR = 234.65 FULL POWER DAYS
COOLING TIME = 194 DAYS
TOTAL ORIGINAL 235-U= 20.497 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .7
REMAINING 235-U = 6.149101 GRAMS

POWER/GM 235-U = 2.232195

TOTAL HEAT LOAD = 13.72599 WATTS CURIE LEVEL = 3294.238

HEAT LOAD + CURIE LEVEL FOR MOD. 33 AS OF 6/01/87

TIME IN REACTOR = 146.89 FULL POWER DAYS
COOLING TIME = 123 DAYS
TOTAL ORIGINAL 235-U= 28.835 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .3
REMAINING 235-U = 20.1845 GRAMS

POWER/GM 235-U = 2.425384

TOTAL HEAT LOAD = 48.95515 WATTS CURIE LEVEL = 11749.24
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Table 4.3 (continued)

HEAT LOAD + CURIE LEVEL FOR PLATES A-114,-115 AS OF 6/01/87

TIME IN REACTOR = 321.55 FULL POWER DAYS
COOLING TIME = 123 DAYS
TOTAL ORIGINAL 235-U= 7.66 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .7
REMAINING 235-U = 2.298 GRAMS

POWER/GM 235-U = 3.779093

TOTAL HEAT LOAD = 8.684356 WATTS CURIE LEVEL = 2084.245

HEAT LOAD + CURIE LEVEL FOR MOD. 34 AS OF 6/01/87

TIME IN REACTOR = 147 FULL POWER DAYS
COOLING TIME = 123 DAYS
TOTAL ORIGINAL 235-U= 21.108 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .4
REMAINING 235-U = 12.6648 GRAMS

POWER/GM 235-U = 2.426544
TOTAL HEAT LOAD = 30.7317 WATTS CURIE LEVEL = 7375.608

HEAT LOAD + CURIE LEVEL FOR PLATES A-87,-89,-90,-93 AS OF 6/01/87

TIME IN REACTOR = 401.62 FULL POWER DAYS
COOLING TIME = 123 DAYS
TOTAL ORIGINAL 235-U= 9.995 GRAMS
ESTIMATED FRACTIONAL 235-U BURNUP = .92
REMAINING 235-U = .7995998 GRAMS

POWER/GM 235-U = 4.199284

TOTAL HEAT LOAD = 3.357747 WATTS CURIE LEVEL = 805.8592

TOTAL HEAT LOAD FOR ABOVE SHIPMENT= 119.0154 WATTS
TOTAL RADIATION FOR ABOVE SHIPMENT= 28563.68 CURIES
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Appendix J-4.1.2

FULL-SIZED ELEMENT IRRADIATIONS
IN THE OAK RIDGE RESEARCH REACTOR

OAK RIDGE NATIONAL LABORATORY
Oak Rigde, Tennessee

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

United States of America

Abstract

Twenty-one full-size test elements were irradiated in the ORR
between 1981 and 1985 as part of the RERTR Program. The
purpose of these irradiations was to confirm that the data
obtained from the miniplate irradiations was applicable to
complete elements. Table 1 lists the key characteristics of
these elements: element number, fuel type, enrichment, initial
uranium density and fissile loading, percentage 235U depletion,
and the date at which each irradiation was completed. This
appendix consists of three papers that provide the main results
of the irradiations and post-irradiation examinations.

CONTENTS

Part I

G.L. Copeland, G.L. Hofman, and J.L. Snelgrove, "Irradiation Performance of
Low-Enriched Uranium Fuel Elements", Proc. 1984 International Meeting on
Reduced Enrichment for Research and Test Reactors, October 15-18, 1984,
Argonne, Illinois, ANL/RERTR/TM-6, CONF-8410173 (July 1985), pp. 152-166.

Part II

G.L. Copeland and J.L. Snelgrove, "Performance of Low-Enriched Uranium
Aluminide-Aluminum Thick-Plate Fuel Elements in the Oak Ridge Research
Reactor," paper excerpted from a draft of ANL/RERTR/TM-16, "Performance of
Reduced Enrichment UA1X-A1 and UaOg-Al Fuel Elements in the Oak Ridge
Research Reactor," by G.L. Copeland and J.L. Snelgrove (to be published) .

Part III

G.L. Copeland, G.L. Hofman, and J.L. Snelgrove, "Examination of U3Si2~Al
Fuel Elements from the Oak Ridge Research Reactor", Proc. 1986
International Meeting on Reduced Enrichment for Research and Test Reactors,
November 3-6, 1986, Gatlinburg, Tennessee, ANL/RERTR/TM-9, CONF-861185 (May
1988), pp. 211-221.

Following successful irradiation testing of the six U3Si2 fuel elements
described in Part III, a whole-core demonstration of the U3Si2 fuel was
conducted in the ORR between 1985 and 1987 to provide both reactor physics
data and proof that commercially fabricated elements would perform well.
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The fuel elements for the demonstration were fabricated by CERCA, NUKEM,
and Babcock & Wilcox and were essentially identical with the test elements.
The HEU-LEU transition phase of ORR demonstration is described in Volume 5,
Appendix M-4.

Table Full-Sized Fuel Elements Irradiated in the ORR.

Element
No.a

T291X
T292X
T293X
T294X

NLE451
NLE452

CLE451
CLE452
CLE453

NLE201
NLE202

CLE201
CLE202
CLE203
CLE204

NSI201
NSI202

CSI201
CSI202

BSI201
BSI202

Fuel
Type

U O3 8
U O3 8
U 03 8
U 03 8

UAl
X

UAl
X

UAl
X

UAl
X

UAl
X

U 03 8
U O3 8

UAl
X

UAl
X

U 03 8
U O3 8

U Si3 2
U Si3 2

u3si2
V1'

U Si3 2
U Si3 2

No. of
Plates

19
19
19
19

19
19

19
19
19

13
13

13
13
18
18

19
19

19
19

19
19

Enrich-
ment

45
45
45
45

44
44

44
44
44

19
19

19
19
19
19

19
19

19
19

19
19

.0

.0

.0

.0

.9

.9

.9

.9

.9

.6

.6

.8

.8

.7

.7

.7

.7

.8

.8

.8

.8

Initial Initial
U density 235U
Mg/m3 g

1
1
1
1

1
1

1
1
1

2
2

2
2
3
3

4
4

4
4

4
4

.7

.7

.7

.7

.7

.7

.7

.7

.7

.3

.3

.1

.3

.2

.2

.8

.8

.8

.8

.8

.8

280
280
280
280

284
284

282
282
284

340
340

312
336
326
326

340
340

339
339

339
339

235U Date
Depletion Irrad.

% Complete

56b
70e

55b

58b

75C

59b

71C

56b
75b

77b
58b

51
71
74b

54C

35
82

52
82

54
77

10/31/81
4/16/82
10/11/82
6/22/82

10/11/82
6/11/82

11/18/82
4/16/82
9/15/83

1/20/85
5/30/85

5/30/85
1/20/85
4/22/84
9/29/83

1/14/83
8/14/84

10/13/83
8/14/84

4/22/84
12/19/84

First letter in element no. designates fabricator:
CERCA (C), NUKEM (N), or Texas Instruments (T).

bEstimated burnup.
cBased on preliminary evaluations of measurements.

Babcock & Wilcox (B),

270



Appendix J-4.1.2
Part I

IRRADIATION PERFORMANCE OF LOW-ENRICHED
URANIUM FUEL ELEMENTS*

G.L. COPELAND
Oak Ridge National Laboratory,
Oak Ridge, Tennessee

G.L. HOFMAN, J.L. SNELGROVE
Argonne National Laboratory,
Argonne, Illinois

United States of America

Abstract

The status of the testing and evaluation of full-sized
experimental low- and medium-enriched uranium fuel elements
in the Oak Ridge Research Reactor is presented. Medium-
enriched elements containing oxide and aluminide have been
completely evaluated at burnups up to 75%. A low-enriched
uaSi2 element has been evaluated at 41% burnup. Other sui-
cide and oxide elements have completed irradiation satisfac-
torily to burnups of 75% and are now being evaluated. All
results to date confirm the expected good performance of
these elements in the medium power research reactor
environment.

INTRODUCTION

This paper presents the results of irradiation of experimental medium-
and low-enriched uranium fuel emements in the Oak Ridge Research Reactor
(ORR). The purpose of the test irradiations is to confirm the expected good
performance of these elements in a medium power research reactor to burnups
in excess of that normally achieved in routine operation. This expectation
of good performance is based on niniplate irradiations at even higher fuel
concentrations and burnups.^"^ Nine medium-enriched and 12 low-enriched ele-
ments have been produced by commercial fuel fabricators and irradiated in the
ORR. Five elements remain in the reactor while the others have satisfac-
torily completed irradiation and have been evaluated or are now awaiting
postirradiation examination (PIE).

ELEMENT DESCRIPTION

The experimental elements were designed to replace a standard ORR ele-
ment. The standard element is a box type containing 19 curved plates and a
total of 285 g of 235U (highly enriched). The nominal plate thickness is

*Research sponsored by the Reduced Enrichment for Research and Test
Reactors Program, U.S. Department of Energy, under contract DE-AC05-850R21400
with Martin Marietta Energy Systems, Inc., and Argonne National Laboratory,
operated by The University of Chicago, under contract W-31-109-Eng-38.
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1.27-mm (0.050-in.) with a 0.51-mm (0.020-in.) fuel meat. The experimental
elements are similar except for the 18 plate and 13 (flat) plate elements
which have thicker meats and plates. The elements have been treated
routinely for fuel shuffling except for the 13 plate elements which were
restricted to low-flux positions early in life to meet heat-flux restrictions
of the reactor. The water channels of the elements were periodically
measured during reactor shutdowns. No abnormal changes were found on any of
the elements.

A description of the elements and their current status is in Table 1.
The elements contain 1)303, 03A1X (x ~ 3), or 03812 dispersed in aluminum.
The fuel fabricators were Texas Instruments (TI) and Babcock and Wilcox (B&W)
in the United States, Compagnie pour l'Etude et la Realisation de Combustible
Atomiques (CERCA) in France, and NUKEM in the Federal Republic of Germany.
At least two elements of each type were irradiated, one of which was intended
for normal burnup of about 50% depletion of 235^ ancj one of which was
intended to achieve a burnup of 75% (substantially higher than would be
achieved in normal reactor operation).

POSTIRRADIATION EXAMINATION PROCEDURES

Postirradiation examinations of the plate-type fuel elements irradiated
in the ORR are conducted in the High-Radiation Level Examination Laboratory
(IIRLEL) at ORNL, with the exception of metallography of uranium-suicide
specimens, which is performed at the Argonne National Laboratory (ANL ).
Since the full-sized element irradiations are meant to be confirmatory in
nature and not to provide basic irradiation-behavior data for the fuel, the
emphasis of the PIEs is on checking the dimensional stability of the element
and plates, on measuring blister-threshold temperatures and burnup levels,
and on performing limited metallography. A summary of the PIE steps for a
typical element is included in the Appendix. In some cases, such as for a
f irst-of-a-kind element, more samples might be taken for certain steps, as
for example plate thickness measurements. If any unusual or unexpected
features are noted, more extensive examinations are performed as needed. In
general, a nondestructive PIE is performed on the normal burnup element of a
pair and a destructive (full) PIE is performed on the high burnup element.
In some cases, a full PIE is performed on the normal burnup element.

As shown in Table 1, PIEs of six MEU elements and one LEU U3Si£ element
have been completed. Nine other elements have completed irradiation with no
apparent problems. Postirradiation examination is in progress on three of
these, four are cooling prior to PIE, and no PIE is planned for the two
additional TI elements.

RESULTS

Postirradiation examination results to date show completely satisfactory
performance for all the elements.

Element Visual and Dimensional Inspection

A careful visual examination of each element has revealed no abnormal
features. The elements appear to be essentially as-fabricated with the
exception of the normal corrosion film and scuff marks from handling.
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Measurements for length, width, thickness, twist, and bow reveal no signifi-
cant changes. The elements are within the original fabrication specification
envelope.

Channel Spacing Measurements

Each water channel was measured in two locations for the full length of the
element. These measurements showed the channels to meet the minimum fabrica-
tion specification in each case. The channel spacings were very uniform with
the exception of one channel in NLE-451 which opened up near one end. This
apparently did not occur during irradiation since the adjacent channels were
uniform.

Plate Visual Inspection

After removing the plates from the full-PIE elements, they were visually exa-
mined for defects. The plates were bowed and warped to some extent after
removing from the element. The plates appeared to be in excellent condition
with a uniform corrosion film over the meat and no apparent blisters, unusual
swelling, or other defects.

Plate Thickness Measurements

Selected plates from each element were measured in 24 locations for thickness
change. The accuracy of measurement for these plates is not sufficient for
swelling data due to the curvature, warping, bowing, and lack of accurate
preirradiation measurements. The thickness measurements showed uniformly
varying swelling up to about 50 ym as a maximum with one exception. One area
of one plate showed thickness changes up to 150 ym over a small area, which
later proved to be erroneous measurements. This was a central plate from
element CLE-451. Metallography of this area showed the plate to be of normal
thickness with no unusual features in the microstructure which could have
resulted in abnormal swelling.

Blister Annealing
Blister annealing of selected plates from each full-PIE element was
accomplished by heating the plates singly in a tube furnace. The furnace was
able to maintain a uniform maximum-temperature zone about 7-in. long in the
maxiraum-burnup region of the plate. Temperatures decreased toward the ends
of the plate by up to 10°C. The plates were sequentially heated for 30 min
at 400, 450, 475, 500, 525, and 550°C or until blisters were observed. The
plates, their maximum heating temperature, and the type blisters observed are
listed in Table 2.

These data show that the blister threshold temperature of these high-loaded,
low-enriched fuels is not significantly different from the low-loaded,
highly-enriched fuels currently in use.

Metallography

The highest burnup plate (other than a side plate) based on gamma scanning
was selected from each full-PIE element for metallographic examination.
Metallographie sections were taken from the peak—burnup and low-burnup areas
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Table 2. Results of blister anneals of full-sized plates
from various fuel elements

Element
no.

T292X

T292X

NLEA51

NLE451
CLE451

CLE451

NSI201
NSI201
NSI201

Plate
position

2

8
2

8
2

8

2
8
19

Plate Maximumtemperatureno. *.c

12-2-4

12-2-8

ORR-044

ORR-050
OMIU-34

OMIU-40

ORR-092
ORR-100
ORR- 144

500
483
550
550
550

550

550
550
550

, Description of blisters01

Many blisters over 15 in. of
plate, both sides, typical PI

Small, typical PI, over ~10 in.
of plate, both sides

Small, typical PI, over about
7 in. of plate, both sides

None
Very small blisters over non-
fuel zone, both ends of
plate, no blisters over fuel

Very snail blisters similar to
above over nonfuel zone but
less noticeable, no blisters
over fuel

None
None
None

°Typical PI — typical of postirradiation blisters observed previously in
low-volume fraction fuels (i.e., appear to be discrete blisters between meat
and cladding with no "pillowing").

of these plates (adjacent to the burnup analysis sample). Representative
microstructures from the peak burnup areas of each fuel are shown in. Figs,
through 6. In general, the microstructures are as expected from previous
miniplate irradiations and reveal no abnormal conditions. The plates appear
to be in excellent condition.

1

CONCLUSION

Postirradiation evaluation to date of medium- and low-enriched uranium
elements from the ORR confirm their expected satisfactory performance in this
medium powered research reactor. Medium-enriched elements containing oxide
and aluminide fuel have been completely evaluated at up to 75% burnup. A
low-enriched element containing U3Si2 has been completely evaluated at about
41% burnup. Low-enriched elements of 03812 and oxide have satisfactorily
completed irradiation up to 75% burnup and are now awaiting complete
evaluation.
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200 IOOX

40 pm 500X

Fig. l. Microstructure of MEU oxide plate from element T292X,
plate 7, peak-burnup région, 86%. (R78807 top, R78808 bottom).
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•XauJ

. 20O IOOX

40 pm 500X

Fig. 2. Microstructure of MEU aluminide plate from element CLE-451,
plate 17, peak-burnup région, 87%. (R78795 top, R78795 bottom).
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200 IOOX

/•̂S-. • r(^

40 pm 500X

Fig. 3. Microstructure of MEU aluninide plate from elenent NLE-451,
plate 9, peak-burnup region, 91%. (R78801 top, R78802 botton).
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Fig. 4. Microstructure of LEU U3Si2 plate from element NSI-201, peak-
burning region, 507». The large voids are remnants of as-fabricated porosity.
Reaction zones and absence of gas bubbles are similar to mini-plates.
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Fig. 5. Scanning Electron Micrograph of U-jSio from element NSI-201 at
% 2 U depletion (using backscattered electrons;. The dark area is

aluminum, grey area is reaction zone, and the lighter area is the fuel
particle. Note the presence of small stable gas bubbles in some grains and
the lack of bubbles in other grains.
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Fig. 6. Scanning Electron Micrograph of 113812 from element NSI-201 at
burnup showing a grain with a distribution small uniform and stable gas

bubbles. These observations are consistent with those from miniplate
evaluations.
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Appendix J-4.1.2
Part II

PERFORMANCE OF LOW-ENRICHED URANIUM
ALUMINIDE-ALUMINUM THICK-PLATE FUEL ELEMENTS
IN THE OAK RIDGE RESEARCH REACTOR

G.L. COPELAND
Oak Ridge National Laboratory,
Oak Ridge, Tennessee

J.L. SNELGROVE
Argonne National Laboratory,
Argonne, Illinois

United States of America

Abstract

Two high-density, low-enriched, thick-plate UA1X-A1 dispersion
fuel elements, fabricated by CERCA, have been tested in the Oak
Ridge Research Reactor (ORR). The fuel meat was nominally 1.5 mm
thick, and the uranium density in the fuel meat was 2.1 Mg/m3 in
one element and 2.3 Mg/m3 in the other. The elements were
irradiated in several core positions. The lower-density element
was irradiated to approximately normal ORR burnup (50 to 56% 235U
depletion), and the higher-density element was irradiated to an
average burnup of 72%, well above the burnups normally achieved in
research and test reactors. Peak burnups over 97% were achieved.

Following suitable cooling periods, the elements were
subjected to a series of nondestructive and destructive (higher-
density element only) examinations, including visual inspection and
dimensional measurements, channel gap thickness measurements, gamma
scans, plate thickness measurements, blister threshold temperature
tests, metallography, and isotopic burnup analyses. Externally,
the elements were essentially unchanged from their as-fabricated
condition. The behavior of the fuel wag found to be entirely
consistent with that expected on the basis of results of previous
tests using miniature fuel plates. The plates showed small,
uniform thickness changes, ranging up to 100 jun in regions of ~97%
burnup. No blisters formed over the fuel meat during
postirradiation anneals, even at 575°C.

It is concluded that high-density low-enriched UA1X-A1
dispersion fuel elements with fuel meat thicknesses up to 1.5 mm
will perform at least as well in research and test reactors with up
to medium power density as the high-enriched UAlx-Al dispersion
fuel elements currently being used in many reactors.

1. INTRODUCTION

Since its inception in 1978, the U. S. Reduced Enrichment Research and
Test Reactor (RERTR) Program1 has pursued the development of high-density
dispersion fuels as one means of making feasible the conversion of research
and test reactors from the use of highly enriched uranium (HEU) fuel to the
use of low-enriched uranium (LEU) fuel. At that time the highest density
fuels in common use in plate-type research reactor fuel elements were dis-
persions of uranium aluminide (UA1X) and uranium oxide (U3Og) in aluminum
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with uranium densities in the fuel meat of 1.7 and 1.3 Mg/m3, respectively.
These two types of dispersion fuels have now been developed and tested for
LEU applications up to their practical fabrication limits—2.4 Mg U/m3 for
UA1X and 3.2 Mg U/m3 for U3O8.2 In addition, dispersions of uranium
suicide (U3Si2) in aluminum has been developed and tested up to about
5.2 Mg U/m3.3' *

Before the success of the high-density fuels was assured, a parallel
concept for increasing the uranium content of fuel elements was pursued--
increasing the volume fraction of fuel in the element by using fuel plates
with much thicker fuel meat (-1.5 mm instead of -0.5 mm) while decreasing
the number of plates to maintain an adequate coolant channel thickness. In
this way conversion of reactors with low to moderate power densities would
have been possible with UA1X or U3O8. Irradiation testing of elements of
this type containing UA1X and U308 was conducted in the Oak Ridge Research
Reactor (ORR) and in the High Flux Reactor (HFR) at Petten, The Nether-
lands.5 However, the unqualified success of the U3Si2 dispersion fuel has
eliminated the need for such large increases in fuel meat thickness.
Nevertheless, irradiation of the four thick-plate UA1X elements provided a
demonstration of the good performance of highly loaded, low-enriched,
aluminide dispersion fuel.

The two UA1X elements irradiated in the ORR, their irradiation
histories, and the results of their detailed postirradiation examination
are described and discussed in this report.

2. DESCRIPTION OF FUEL ELEMENTS

2.1 General Description

The standard box-type ORR element contains 19 curved plates, each
nominally 1.27 mm thick with 0.51-mm-thick meat and 0.38-mm-thick cladding.
The standard ORR high-enriched U308 element contained 285 g of 235U
(0.85 Mg U/m3, 12 vol% U3O8) while the low-enriched U3Si2 element with the
same geometry contained 340 g of 235U (4.75 Mg U/m3, 42.1 vol% U3Si2). The
low-enriched UAlx elements discussed in this report contained 312 and 336 g
of 235U. The additional uranium loading was achieved by increasing the
volume loading of fuel in the meat and by increasing the meat thickness and
decreasing the number of plates (giving a coolant channel thickness only
slightly less than the 2.95-mm nominal of the standard element). The
nominal meat thickness was 1.50 mm with 0.43-mm-thick cladding, giving a
total plate thickness of 2.36 mm. The rigidity of these thick plates was
great enough to provide stability without curving so they were left flat.
Outer plates of unfueled aluminum were used to adapt the flat-plate element
to the curved-plate ORR geometry. A cross-section of the element is shown
in Fig. 1.

The uranium densities of the meat in these elements were 2.1 and
2.3 Mg U/m3 (~45 and 50 vol% UA1X) , which are near the upper limit of
fabricability for UA1X fuels (-2.4 Mg U/m3 for x=3) . The lower- and
higher-density elements were identified as CLE-201 and CLE-202,
respectively.

2.2 Specifications

The elements were fabricated by CERCA (Compagnie pour l'Étude et la
Réalisation de Combustibles Atomiques, Romans-sur-Isere, France) using
specifications developed by them and approved by ANL/ORNL. The materials
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Fig. 1. Cross Section of 13-Flat-Thick-Plate ORR Test Element.

and fabrication and inspection procedures were essentially those used by
CERCA in their standard production. The materials used in the test
elements are listed in Table I. The composition and properties of the
aluminum alloys used in the elements are listed in Table II.

The fuel plate specifications for the ORR HEU elements required a
minimum cladding thickness of 0.33 mm. Surface defects with depths up to
0.13 mm were allowed, leaving a minimum of 0.20 mm of cladding over the
fuel meat at any point. These specifications were retained for the UA1X
elements and were met with no apparent difficulty, probably because of the
extra 0.05 mm of cladding.

Related to the high volume loading of fuel in the meat is an increased
number of fuel particles at the surface of the fuel compact and, conse-
quently, an increased probability for fuel particles to become dislodged
and spread into nominally fuel-free zones during the rolling process. This
phenomenon, referred to as fuel flaking or fuel out of zone, is identified
by the occurrence of white spots on an X radiograph of the fuel plate.
Although the specifications did not specifically address this problem, it
was known to exist from previous development work, and ORNL used realistic
criteria in judging the acceptability of plates with fuel out of zone.
Since the amount of fission energy liberated in these relatively isolated
particles is so small as to preclude any cooling problems, the only concern
is the isolation of the fission products. In general, it was required that
no particle be within 0.5 mm of the edges or ends of the plates. As dis-
cussed in Section 5.4, small blisters which formed during postirradiation
annealing tests are believed to be associated with some of these out-of-
zone particles. The formation of such blisters after out-of-pile annealing
verifies that the fission products were retained within or near these
particles during irradiation.
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Table I. Materials Used in UA1X Test Elements.

Part Name Material

Fuel Plate

Frame AG 3 NEa/AG 5 NEb

Cover AG 3 NE

Fuel Core

Fuel UA1X

Matrix A5 NE

Adapter Plate AG 3 NE

Side Plate AG 3 NE

End Adapter 356 Alc

Welding Wire AG 3 NE

aCLE-201
bCLE-202
cSupplied by ORNL/ANL

2.3 As-Fabricated Attributes

Three lots of UA1X powder were used in the fabrication of plates for
these elements. The compositions of these powders are listed in Table III.
All of the powder was required to pass through a 150-nm-mesh sieve, and up
to 25 wt% was allowed to pass through a 44-nm-mesh sieve.

A variable which influences the plate thickness change, or swelling,
during irradiation is the void content of the as-fabricated plates. The
void content depends on the fuel particle size, fuel volume fraction, and
meat thickness (and probably on other properties as well). The void con-
tent was not determined for these plates. However, based on the amount
residual porosity in the irradiated fuel and on our knowledge of porosities
in other UA1X and U3Si2 plates, we estimate that the as-fabricated porosity
was of the order of 8 to 10%.

3. IRRADIATION HISTORY

Because the 235U was contained in considerably fewer fuel plates than
in a standard element, it was necessary to begin their irradiations in low-
flux positions in order to remain within heat flux limits. Consequently,
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Table II. Properties of Aluminum Alloys Specified for ORR LEU
UA1X Fuel Elements and of Similar U.S. Alloys.

Alloy3

Composition, «t%b
AG 3 NE AG 5 NE 5056d 6061 6061-T6

Alc
Mg
Si
Cu
Cr
Mn
Fe

Tensile Strength, MPa

Yield Strength, MPa

Hardness (HB)

Thermal Conductivity, W/m-K

Heat Capacity, J/kg-K

Solidus Temperature, °C

Liquidus Temperature, °C

96.8
2.75
0.13
0.004
0.01
0.06
0.26

235

127

42

130

~900e

~605e

650

94.2
5.15
0.13

<0.005
0.11
0.10
0.28

-290e

~150e

~65e

~120e

~900e

~570e

~640e

94.8
5.0

<0.3
<0.1
0.12
0.12
——

290

152

65

120

904

568

638

97.6
1.0
0.6
0.28
0.2

<0.15
- —

124

55

30

180

896

582

652

97.6
1.0
0.6
0.28
0.2

<0.15
——

310

276

95

167

896

582

652

aAll properties are for O-temper anneal unless listed otherwise.

'•'Actual value for AG 3 NE and AG 5 NE; average value of composition limit
range for other alloys.

cTypical Al contents are provided for comparison purposes only. The
specification is for Al to constitute the remainder after accounting for
additions and impurities.

dFor reference; 6061 used in standard ORR HEU elements.
eEstimate based on properties of similar U.S. alloys.

element powers and fuel meat power densities were lower than for other LEU
elements irradiated in the ORR. The irradiation histories of the two ele-
ments are summarized in Table IV. The higher density element (CLE-202) was
actually irradiated first; its good behavior allowed the irradiation of
CLE-201 to begin in a higher-flux position. Element CLE-201 was irradiated
to approximately the normal burnup for ORR elements, while CLE-202 was
irradiated to a burnup higher than would likely be achieved in any applica-
tion. The burnup of element CLE-201 was not measured, and its burnup was
estimated from results of ORR fuel management calculations by multiplying
the ORR-estimated burnup (175 g 235U, or 56%) by the ratio of the measured
value to the ORR-estimated value of burnup for element CLE-202 (0.908).

The two basic core configurations employed during the irradiations are
shown in Fig. 2. At various times experiments were replaced with Al filler
pieces or with fuel elements. Although these UA1X elements were not cycled
through the core in a normal pattern, they did experience irradiation in a
variety of core positions.
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Table III. UA1X Powder Compositions and Impurities.

Major Constituent, wt%

U

Al

24

71.55

NAC

30a

70.20

NAC

32

71.05

NAC

Specified
Value

69.0 ± 3.0

Remainder

Impurity,

B

C

Cd

H

N

O

<5

165

<2.5

45

<50

1560

<5

136

<2.5

65

135

2610

<5

174

<2.5

55

210

2310

5 max

3000 max

10 max

200 max

500 max

7500 max

U Isotopic Content,
% of Total U

0.151

19.840

0.219

79.970

0.153

19.809

0.216

79.822

0.153

19.789

0.213

79.845

0.50 max

19.75 ± 0.2

1.00 max

Remainder

aThe destructively analyzed plate 020V2034 contained UA1X from Lot No. 30.
bNot analyzed.

The detailed irradiation histories of the elements and their final
burnups have been used to estimate average powers during each cycle. This
analysis yielded peak cycle-averaged powers of -0.75 and -0.65 MW for ele-
ments CLE-201 and CLE-202, respectively. Using an effective heat transfer
area of 1.07 m2 (8% greater than the fuel meat area), maximum element-
averaged heat fluxes of -0.7 and -0.6 MW/m2 were calculated for CLE-201 and
CLE-202, respectively. Table V gives estimated temperature drops from the
center of the fuel meat to the bulk coolant for the two elements during
their maximum-power cycles. A power-peaking factor of 2.0 was used, based
on measured fluxes and on calculations for a fresh element. The peak heat
flux listed in Table V is likely to be an overestimate, however, since the
peak element power occurred after some burnup had been achieved, lowering
the power-peaking factor. It is estimated that peak fuel centerline
temperatures were between 120 and 140°C, assuming a bulk coolant
temperature of 53°C.
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Table IV. Irradiation History Summary for UA1 Test Elements

Core
Position

A- 9

B-2

B-9

C-6

A-2

A- 8

D-8

Total

Begin Irrad.

End Irrad.

Irradiation Time, fpd

CLE-201 CLE-202
40.02

84.34

131.56

152.04

82.72

88.92

39.36

211.00 407.96

09/06/84 12/18/82

05/30/85 01/20/85

Total No.
of Cycles 17 32

Ave. Burnup,
235U 51a

Ave. Burnup,c
MWd 128 195

Ave. Power,
MW 0.61 0.48

aBased on ORR fuel management estimate normalized to measured
value for element CLE-202, as explained in the text.

bBased on gamma scanning and isotopic analysis.
C8ased on the following calculated 235U burnup rate correlation:

Burnup rate (g/MWd) = 1.2608 - 0.0004103 • Burnup (MWd).

4. POSTIRRADIATION EXAMINATION OF ELEMENTS

During November 1985 the two UA1X elements, along with others, were
transported to the ORNL High-Radiation-Level Examination Laboratory
(HRLEL). The high-burnup element, CLE-202, was given a complete non-
destructive and destructive examination, while the low-burnup element,
CLE-201, was given only a nondestructive examination. The nondestructive
portion consisted of visual examination, dimensional inspection, gamma
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1 2 3 4 5 6 7 8 9

Configurations 163-E Through 167-A, 12/18/82 Through 2 /23 /84

SR

SR

SR

SR

SR

SR

1 2 3 4 5 6 7 8 9
Configurations 167-C Through 172-B, 3/07/94 Through 5/30/85

Fig. 2. Basic Core Configurations During Irradiation of UAlx Elements.

scanning, and coolant channel measurements. Following this, element
CLE-202 was dismantled and the plates were visually inspected. Selected
plates were measured for thickness and gamma scanned. Two plates from the
element were tested for blister threshold temperature, and one plate was
sectioned for microstructural and burnup analyses.

4.1 Visual Examination

The elements were examined visually through the cell windows and
through the Kollmorgan periscope. Both of the elements appeared to be in
excellent condition. With the exception of the oxide film and some
handling scratches the elements appeared to be as fabricated. Looking
through the coolant channels with backlighting showed the channels to be
uniform with no evidence of plate swelling or distortion. No abnormal
conditions were observed.
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Table V. Estimated Average and Peak Fuel Temperature Drops

Thickness, mm Thermal Conductivity, W/m-K

Fuel Meat (CLE-201)
Fuel Meat (CLE-202)
Cladding
Boehmite Layer

0.74a

0.74a

0.43
0 - 0.025

40b

25b

130C

2.25

Temperature Drops, °C

CLE-201 CLE-202

Fuel Meat

Cladding

Boehmite
25 jun thick

Water Filmd

Total
Minimum
(no Boehmite)

Maximum

7.8

20.6

35.9

43.7

15.6

41.2

71.6

87.2

6.7

17.6

37.4

44.1

Average Peak Average Peak

(0.70 MW/m2) (1.40 MW/m2) (0.60 MW/m2) (1.20 MW/m2)

13.0 25.9 17.8 35.5

2.3 4.6 2.0 4.0

13.3

35.2

74.7

88.0

aHalf-thickness.
bBased on assumption that U3Si2 data is valid for UA1X. See R. K.
Williams, R. S. Graves, R. F. Domagala, and T. C. Wiencek, "Thermal
Conductivities of U3Si and U3Si-Al Dispersion Fuels," Proc. 19th
International Conference on Thermal Conductivity, Cookeville, Tennessee,
USA, October 21-23, 1985, Thermal Conductivity, Vol. 19, Ed. D. W,
Yarbrough, Plenum Pub. Corp. (1988).

°See Table II.
dFilm coefficient calculated using the Dittus-Boelter correlation for a
bulk water temperature of 53.3°C.

4.2 Dimensional Inspection

The width (between side plate outer surfaces) and stack height
(between adapter plate curved surfaces) of each element were measured at
the front, center, and back at six axial locations. The measurements were
made by moving the element to given x-y coordinates between opposing dial
micrometers and comparing the readings to a standard. By comparing read-
ings from the upper and lower micrometers, bow or twist could be detected.
The length of each element was determined by comparison to a standard using
a fixture and a dial indicator. No unusual bow, twist, or swelling was
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Table VI. Results of Dimensional Inspection of Irradiated Elements.

Width,
mm in.

Stack Height, Length,

Fabrication
Limit
Maximum 76.10 2.996 78.18 3.078
Minimum 75.84 2.986 77.67 3.058

Element
No.

975.1 38.390
973.5 38.328

CLE-201

CLE-202

76.01
75.87

75.95
75.79

2.9925
2.9871

2.9903
2. 9839

78.66
77.90

78.74
78.00

3.0969
3.0668

3.1000
3.0710

974.4 38.362

976.1 38.429

observed for any of the elements. A summary of the dimensional measure-
ments is given in Table VI. The width of CLE-202 was slightly less than
the fabrication limit at two points near the bottom of the element, and the
stack heights for both elements were slightly greater than the fabrication
limit at most points. Also, the length of CLE-202 was measured to be
greater than the as-fabricated value.

4.3 Gamma Scanning of Elements

The elements were passed in front of a collimator (1.6-mm-diam x
432-mm-long), and analog profiles of gamma intensity versus axial position
were obtained, using a Nal detector, for integrated energies greater than
0.5 Mev and for a narrow energy band containing the 137Cs peak, at about
0.67 Mev. One spectrum covering the full energy band of fission product
gamma rays was obtained with a Ge(Li) detector in order to identify the
fission products contributing to the integral data. The burnup profiles
indicated by the scans were similar to those of other test elements with
similar burnup (see, for example, Appendix D of Ref. 3). These data were
not used to evaluate the element-averaged burnup and will not be discussed
further.

4.4 Coolant Channel Measurements

Following removal of the end boxes from the elements, the coolant
channel thicknesses were measured midway between the side plates along the
entire length of the channel. The measuring technique was based on capaci-
tances between the plates and the probe. These data show that the channels
exceed the as-fabricated minimum dimension of 0.104 in. No comparable
preirradiation data are available to determine changes during irradiation.
However, the uniformity of the channels indicates that no excessive
swelling or warping of the plates occurred.

5. EXAMINATION OF FUEL PLATES

All of the fuel plates were removed from element CLE-202 individually
by cutting through the side plates into the coolant channels with a milling
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machine. The strips of aluminum clinging to the fuel plate were then
pulled off easily without damaging the plate.

5.1 Visual Inspection of Plates

The first examination of the plates following removal from the element
was verification of the plate numbers and a thorough visual inspection.
The plates exhibited some warping and bowing after removal from the ele-
ment. This is typical of all plates from irradiated elements. All of the
plates from the element appeared to be in good condition with no evidence
of blisters, excessive swelling, or any other unusual condition.

5.2 Plate Thickness Measurements

Plate thickness was determined by positioning the plate between oppos-
ing dial micrometers at the desired point of measurement and comparing the
reading to a standard. The indicator tip for the top surface was a 1/4-in.
(6.35-mm)-diam flat and for the bottom surface was a 1/8-in. (3.18-mm)-diam
ball. Measurements were made along tracks at the center of the plate and
near each edge. The accuracy of the measurements was greatest along the
center track due to more reproducible alignment; therefore, these data were
used to estimate plate swelling. No attempt was made to remove the oxide
film from the plates so this is included in the plate thickness. Near the
end of the examinations, a new device which measures the capacitance of the
air gap between two probes and the plate and compares that to a standard
became available to measure the plate thickness. This device was used to
confirm the thicknesses of several plates.

Five plates from the element (CLE-202) were selected for measurement.
Plate thickness increases were determined from the thicknesses measured at
each position by subtracting the plate thickness measured outside the fuel
zone, near the end of the plate. This method at least partially corrects
for the oxide film buildup, since the normalization region also has an
oxide film, though probably not as thick a one as in the fuel zone, where
heat fluxes are higher. Measurements made by CERCA were used to determine
the amount of thickness difference between unfueled and fueled positions
prior to irradiation. The average thickness changes of the five plates
were 1.6 mils (41 urn) near the low-burnup position and 1.9 mils (48 urn)
near the peak burnup position. These values correspond to 2.7 and 3.2% of
the meat thickness. The data indicate considerable variation from plate to
plate; however, the largest individual measurement would correspond to a
swelling of only 7%, which should cause no concern. Because of uncertain-
ties in the "correction" for the oxide film and because mechanical measur-
ing devices always measure between "high" points on the surfaces, the
measured thickness increases are upper limits on the actual increase.
Since virtually all volume swelling in plate-type fuel occurs in the thick-
ness direction, the measured thickness increases also represent upper
limits on the actual meat volume swelling.

5.3 Plate Gamma Scanning and Burnup Analysis

Five plates from the element (including the one which was analyzed
later for burnup) were selected for determination of the burnup profile
along the length by gamma scanning. Each of these plates was passed in
front of a collimator (0.51-mm-high x 25.4-mm-wide x 432-mm-long), and pro-
files of gamma intensity versus axial position were obtained, using a Nal
detector, for integrated energies greater than 0.5 Mev and for energies
corresponding to the 137Cs peak at about 0.67 Mev. A full energy spectrum
was obtained using a Ge(Li) detector at the peak burnup point of each of
the thirteen plates of the element. The average-to-maximum ratio from the
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profile (Nal) measurements and the average area (Ge(Li)) of the 137Cs peaks
at the maximum-burnup position of each plate were correlated with the ana-
lyzed burnup at the maximum-burnup point of one plate to obtain the average
burnup of the element.

The burnup estimated by the ORR fuel management algorithm was about
10% higher than the average obtained from the above analysis, consistent
with experience with other test elements. Note that the average burnup of
element CLE-202 was intentionally pushed well beyond the approximately 50%
normally achieved in reactors using this type of fuel. This resulted in a
peak burnup of over 97% for the outer plate in position 1, based on the
measured burnup for the plate in position 13 and the ratio the 137Cs gamma
intensities (Ge(Li)) at the peaks of the two plates. Accounting for non-
235U fissions, the fission density in element CLE-202 ranged between -0.5 x
1027 and l.lx 1027 f/m3.

5.4 Blister Threshold Testing

A method which has been used historically to compare the relative
irradiation performance of dispersion plate-type research reactor fuels,
especially under abnormally high operating temperatures, is their resis-
tance to blistering during postirradiation annealing. This "blister
threshold test" is performed by sequentially heating the plate (or portions
thereof) to higher and higher temperatures and visually examining the plate
after each heating for evidence of blisters. Two plates (from positions 2
and 6) of the element were blister threshold tested. The entire plate was
heated to preclude the possibility of fission gas diffusing out of the
plate rather than causing blisters at these relatively high volume frac-
tions of fuel. The plates were held at the following temperatures for 30
minutes, removed from the furnace and cooled and examined, then heated to
the next higher temperature (or removed from testing if blistering was
observed): 400, 450, 475, 500, 525, 550, and 575°C. This corresponds
closely to the testing done previously on highly enriched, low-volume-
fraction oxide and aluminide fuels for which the current fuels are being
considered as replacements. Typical blister threshold temperatures for the
highly enriched uranium aluminide fuels in use today range from 480 to
>565°C.6 Helium gas from the 10B(n,a) reaction in many of the ATR-type
samples listed in Ref. 6 is believed to be responsible for some blister
temperatures being lower than 550°C. Hofman7 found that the presence of
10B in the fuel meat of uranium suicide dispersion fuel plates resulted in
lowering of the blister threshold temperature by ~100°C.

No typical postirradiation blisters (small isolated blisters between
the meat and the cladding) were found on the two plates even after the
575°C heating. However, small blisters formed near the ends of both plates
over the non-fueled regions. These small blisters started during the 450°C
heating for the position-2 plate and during the 475°C heating for the
position-6 plate. The appearance of these blisters is illustrated in Fig.
3. Blisters such as this have been previously found8 to be due to fuel
flaking (individual particles of fuel between the frame and cladding in the
nonfuel zone at the end of the plate). More recently it has been estab-
lished7 that blisters tend to form first where fuel particles have been
oxidized (for instance, during preheating before the first hot-rolling
pass). It is highly likely that the fuel flakes near the ends of these
UA1X plates had been oxidized during fabrication. This flaking did not
appear to effect the performance of the fuel during irradiation.

We conclude that the blister threshold temperature for the low-
enriched, higher-loaded aluminide fuels is about the same as for the high-
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Fig. 3. Blisters over Nonfuel Region of Plate 020V2040, Element CLE-202,
After Annealing at 475°C. (R79723)

enriched, lower-loaded aluminide fuels they are proposed to replace. From
this testing we infer that the probability for a fuel plate to blister over
the fuel zone in-reactor will not be increased by switching to these
higher-density, low-enriched UA1X fuels.

5.5 Metallography

Plate 020V2034 (the bottom fuel plate, position 13) from element
CLE-202 was sectioned for destructive examination. The burnup analysis
sections were taken from the minimum and maximum burnup areas of the plate
as determined by the gamma scan profile. Metallography sections were
located immediately adjacent to the burnup analysis sections.

The metallography sections were prepared for viewing (transverse to
the length direction of the plate) using conventional techniques. The
section was mounted in epoxy, ground on progressively finer silicon carbide
paper through 600 grit, then vibratorily polished. The vibratory polishing
was a three step process. The first and second steps were on a Texmet*
cloth with a water medium and 3-jjm and l-|im diamond paste, respectively.
The final polish was on Microcloth* with a thick water slurry of Magomet*
for 12 minutes.

The microstructure at the top of the plate where the burnup level is
53.5% is shown in Figs. 4 and 5. The fuel (darker gray area) is now the
continuous phase after its volume growth both by swelling and reaction with
the aluminum matrix (UAl-j transforms to UA14). The aluminum phase remain-
ing is discontinuous and is seen as the lighter gray constituent. The
black areas are voids (now probably containing some fission gas) which are
remnants of the voids introduced during fabrication. The microstructure

*Texmet, Microcloth, and Magomet are trademarks of Buehler, Ltd.
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from the peak burnup area of the plate (94.9% depletion of 235U) is shown
in Figs. 6 and 7. The constituents are the same as in the lower burnup
region, and, as expected, there are lower fractions of both voids and alu-
minum. The microstructural examination revealed the plate to be in excel-
lent condition with no cracks, interactions with the cladding, or any
evidence of impending instability.

Two features noted during the metallographic examinations require com-
ment. The first of these, shown in Fig. 8, is probably an area of oxidized
fuel at the meat-cladding interface. It is relatively common to find such
localized areas of oxidized fuel at the meat-cladding interface in highly
loaded UA1X or U3Si2 dispersion fuel plates. The second feature is a
series of inclusions in the cladding, shown in Figs. 9 and 10, which, of
course, are not related to the fuel. Neither of these anomalies adversely
affected the performance of the plate, and neither was studied further.

6. DISCUSSION OF RESULTS

The postirradiation examination of these low-enriched UA1X fuel ele-
ments revealed the excellent behavior expected from previous miniplate
tests. 9rlO The elements appeared to be essentially as-fabricated after
irradiation. The dimensional examination, visual examination, coolant
channel measurements, and destructive examinations revealed no significant
abnormalities nor any evidence of undesirable behavior. In general, the
microstructures are as expected from previous miniplate irradiations and
reveal no abnormal conditions. Qualitatively, the microstructures agree
with the thickness measurements. The top of the plate (No. 020V2034), with
~4% measured thickness increase, shows more residual porosity than the high
burnup region, with ~6% measured thickness increase. The minor dimensional
changes observed after irradiation of the elements are insignificant to
their performance. The plates remained flat with no observable warping
(while constrained within the element), and the coolant channels remained
uniform.

7. CONCLUSION

Evaluation of low-enriched UA1X fuel elements containing thick flat
plates after irradiation in the ORR confirms their expected satisfactory
performance. The fuel meats of the plates were loaded to 2.1 and 2.3 Mg
U/m3. Peak burnups ranged to above 97% — far above that expected from nor-
mal reactor operation. The elements were essentially as-fabricated, both
dimensionally and visually. The plates showed small, uniform thickness
changes. Blister threshold temperatures were above those typical of
current fuels. Both elements showed completely satisfactory performance.

It is concluded that high-density low-enriched UA1X-A1 dispersion
fuel elements with fuel meat thicknesses up to 1.5 mm will perform at
least as well in research and test reactors with up to medium power
density as the high-enriched UA1X-A1 dispersion fuel elements currently
being used in many reactors.
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Fig. 8. Area of Probable Oxidation of UAlx at Meat-Cladding Interface in
Peak Burnup Section of Plate 020V2034, Element CLE-202. (R79954)
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Fig. 9. Inclusion in Cladding in Section from Top of

Plate 020V2034, Element CLE-202. (R79950)
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Fig. 10. Detail of Fig. 9. (R79951)
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Abstract

The results of postirradiation examination of low-
enriched UoSi- fuel elements from the Oak Ridge Research
Reactor are presented. The elements replaced standard
highly-enriched elements and were handled routinely except
that the burnup of three of the elements was extended
beyond normal limits—up to about 98% peak. The elements
were manufactured by commercial fuel suppliers. The per-
formance of all elements was completely satisfactory.

INTRODUCTION

This paper presents the results of the irradiation of low-enriched U^Sio
fuel elements in the Oak Ridge Research Reactor (ORR). The purpose of the
test irradiations was to confirm the expected good performance of these ele-
ments in a medium-powered research reactor under typical operating conditions
to burnups in excess of those normally achieved. This expectation of good
performance was based on miniplate irradiations at even higher fuel concen-
trations and burnups.1 3 Six experimental elements, two from each of the
commercial manufacturers of UoSio fuel, were irradiated. One element from
each manufacturer was irradiated to normal burnup (~50% average) and one was
Irradiated well beyond this point (~75% average). Postirradiation examination
(PIE) of the six elements has been completed with completely satisfactory
results for all.

ELEMENT DESCRIPTION

The experimental elements were designed to replace a standard ORR ele-
ment. The box-type standard element contains 19 curved fuel plates and a
total of 285 g of 235U (highly enriched) as U^Oo dispersed in aluminum. The
nominal plate thickness is 1.27 mm (0.050 in.) with a 0.51-mm (0.020-in.) fuel
meat. The experimental elements were physically identical but contained a total
of 340 g of 235U (19.7 to 19.8% enriched) as U3Si2 dispersed in aluminum.
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The additional 235U more than compensates the neutronic poisoning of the
additional 238U. This loading requires 4.8 Mg/m3 of uranium in the fuel meat
(about 43 vol% U^Si«)« Two elements were fabricated by each of three commer-
cial research reactor fuel element suppliers. The fuel fabricators were Babcock
and Wilcox in the United States, Compagnie pour l'Etude et la Realisation de
Combustibles Atomiques (CERCA) in France, and NUKEM in the Federal Republic of
Germany. The elements have been treated routinely for fuel shuffling. One of
the elements from each manufacturer was irradiated to ~50% depletion of the
originally contained 235U (normal burnup), and one was irradiated to a burnup of
~75% (substantially higher than would be achieved in normal reactor operation).

POSTIRRADIATION EXAMINATION PROCEDURES

Postirradiation examinations of these elements were conducted at the
High-Radiation-Level Examination Laboratory (HRLEL) at ORNL with the excep-
tions of scanning electron microscopy and some metallography, which were
performed at Argonne National Laboratory. Since the irradiations of full-
sized elements are meant to be confirmatory in nature rather than to provide
basic irradiation behavior data for the fuel, the emphasis of the PIE is on
checking the dimensional stability of the element and plates, on measuring the
blister-threshold temperatures and burnup levels, and on performing limited
metallography. A summary of the PIE steps has been published previously.1*
Each of these elements was given a full destructive examination.

RESULTS

Postirradiation results confirm the completely satisfactory performance
of all elements.

Element Visual and Dimensional Inspection
A careful visual examination of each element revealed no abnormal

features. The elements appeared to be essentially as-fabricated with the
exception of the normal corrosion film and scuff marks from handling.
Measurements for length, width, crown height, twist, and bow revealed no
significant changes. The element dimensions were essentially within the
original fabrication specification envelope.

Channel Spacing Measurements
Each water channel was measured in two locations for the full length of

the element. These measurements showed the channels to meet the minimum
fabrication specification in each case. The channels were generally uniform
with no abnormalities noted.

Plate Visual Inspection
After removing the plates from the elements, they were given a careful

visual examination. The plates were bowed and warped to some extent after
their removal from the element. The plates appeared to be in excellent
condition with a uniform corrosion film over the meat and no apparent
blisters, unusual swelling, or other defects.
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Plate Thickness Measurements and Burnup Analysis
Selected plates from each element were measured in 24 locations for

thickness change. In order to approximately account for effects of plate
curvature on the thickness measurement and for the buildup of the oxide layer
on the plate surfaces, thickness changes were computed relative to the plate
thickness measured outside of the fuel zone, rather than relative to preirra-
diation measurements on flat plates. Due to warping, bowing, and other local
surface irregularities, volumetric swellings of the fuel meat calculated from
thickness changes are always larger than the actual volumetric swelling. This
fact must be kept in mind if one should compare the swelling of these plates
to the accurately measured swelling of similar miniplates. Average thickness
increases (based on five plates) are shown in Table 1 and indicate uniform,
low swelling for all elements. The data are separated into the low burnup
region (the top two inches of the fuel zone) and the peak burnup region (about
ten inches from the bottom of the fuel zone) and show the effect of burnup.
The 235U burnup (depletion) was determined at the peak and minimum points of
one plate using 235U isotopic ratios measured before and after irradiation by
mass spectroraetry and calculated correction factors to account for the buildup
or depletion of the other uranium isotopes. The burnup data listed in Table 1
were obtained by averaging the 137Cs gamma scan counts for the appropriate
plate regions or for all of the plates and normalizing to the measured peak
burnup.

The plate thickness changes also correlate with the amount of preirradia-
tion voids (i.e., the onset of swelling is delayed by fabrication-induced
porosity) and with the phases present (as discussed below in the metallography
section). No unusual swelling was detected, indicating that there were no
blisters or other indications of the onset of rapid swelling.

Table 1. Average Thickness Increase and Burnup
Low Burnup Region Peak

Thickness
Element
No.

BSI-201
BSI-202
CSI-201
CSI-202
NSI-201
NSI-202

Burnup
(%)

28
53
32
55
19
53

Increase
(mils)

0.0
0.0
0.1
0.9
0.7
1.2

(ym)

0
0
3
23
18
30

Burnup
(*)

69
97
66
98
46
98

Burnup Region
Thickness
Increase
(mils)

1.5
1.8
1.7
4.4
1.0
4.1

(pm)

38
46
43
112
25
104

Element
Average
Burnup
(Z)

54
77
52
82
35
82

Blister Annealing

Blister annealing of selected plates from each element was accomplished
by heating the plates singly in a tube furnace. The furnace was able to
maintain a uniform maximun-temperature zone about seven inches long in the
maximum burnup region of the plate. Temperatures decreased toward the ends of
the plate by up to 10°C. The plates were sequentially heated for 30 minutes
at 400, 450, 475, 500, 525, 550, and 575°C or until blisters were observed.
The plates were cooled and visually examined for blisters between each heating
cycle. The plates, their maximum heating temperature (blister threshold
temperature), and the type of blisters observed are listed in Table 2.
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These data show that the blister threshold temperature of these high-
loaded, low-enriched suicide fuels is significantly higher than the minimum
values for the low-loaded, highly-enriched fuels currently in use.

Table 2. Results of Blister Anneals of Full-Sized Plates

Element
No.

BSI-201

BSI-202

CSI-201

CSI-202

NSI-201

NSI-202

Plate
Position
in Element

3
8
3
8
4
8
3
8
2
8
19
3
9

Plate
No.

S-3-211-13
S-3-210-23
S-3-213-15
S-3-212-19

OSIIW065
OSIIW054
OSIIW044
CSIIW026
ORR-092
ORR-100
ORR-144

ORR-114
ORR-123

Maximum
Temperature

(°C)

575
575
550
550
550
550
550
550
550
550
550
550
550

Description of
Blisters8

None
Typical PI
Typical PI
Typical PI
Typical PI
Typical PI
Typical PIb
Typical PIC

None
None
None

Typical PI
Typical PI

aTypical PI—typical of postirradiation blisters observed previously in low-
volume-fraction fuels (i.e., appear to be discrete blisters between meat
and cladding with no "pillowing")«

bSmall blisters off of fuel formed at 500°C.
GSmall blisters off of fuel formed at 525°C.

Metallography
The inner plate with the highest burnup, based on gamma scanning, was

selected from each element for metallographic examination. Metallographie
sections were taken from the peak-burnup and low-burnup areas of these plates
(adjacent to the burnup analysis sample). Representative microstructures from
the low- and peak-burnup regions of each high-burnup element are shown in
Figs. 1 through 6. The burnups listed in the figure captions are those
measured for the adjacent samples. In general, the microstructures are as
expected from previous rainiplate irradiations and reveal no abnormal condi-
tions. Qualitatively, the microstructures agree with the thickness measure-
ments. No, or very little, swelling was measured for the areas showing
fabrication porosity remaining. Plates containing more of the U^Si phase
(CSI's and NSI's) showed more areas with beginning formation of large gas
bubbles and more thickness change. The plates which contained some free U as
fabricated and less UoSi (BSI's) showed fewer areas with large bubbles forming
and less thickness change. The free U apparently converts to UA1 during
fabrication and/or irradiation and retains the gas. Overall, the plates
appear to be in excellent condition.

306 Text cont. on p. 313.



•2 4te3^& . - . • . " • " • . . •^o-

200 pm

rv̂ rî ^̂  '
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Fig. 1. Microstructure of BSI-202 at 51% burnup showing fabrication

porosity remaining and small gas bubbles. (R79963 top and R79964 bottom).
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Fig. 2. Microstructure of BSI-202 at 977, burnup showing no fabrication
porosity and beginning formation of large gas bubbles in some areas. (R79965
top and R79966 bottom).
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Fig. 3. Microstructure of CSI-202 at 55% burnup showing no fabrication
porosity and small gas bubbles. (R79955 top and R79956 bottom).
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Fig. 4. Microstructure of CSI-202 at 97% burnup showing no fabrication
porosity and early stage of linking of gas bubbles in some areas. (R79957 top
and R79958 bottom).
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Fig. 5. Microstructure of NSI-202 at 54% burnup showing fabrication
porosity remaining and small gas bubbles. (R79559 top and R79558 bottom).
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Fig. 6. Microstructure of NSI-202 at 96% burnup showing no fabrication
porosity remaining and formation of large gas bubbles. (R79564 top and R79565
bottom).
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CONCLUSION

Postirradiation evaluation of low-enriched U^Si- fuel elements from the
ORR confirmed their expected satisfactory performance in this medium-powered
research reactor. Peak burnups ranged up to 98%—far above that expected from
normal reactor operation. The elements were essentially as-fabricated, both
dimensionally and visually. The plates showed small, uniform thickness
changes. Blister threshold temperatures were above those typical of current
fuels. Both elements from each manufacturer showed completely satisfactory
performance.
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Abstract

The progress achieved in the qualification of LEU and
MEU fuels in the SILOE reactor and LEU fuel in the
OSIRIS reactor is presented. This program, which
began in the SILOE reactor in 1980 involves
irradiation of a complete UA1 element with 45%
enriched uranium and 2.2 g U/cm3, full-sized plates
with LEU UßSi and U3&i2 fuels, and complete elements
with LEU loadings of 6.0 g U/cm3 with ̂ Si and 5.2 g
U/cm3 with U3Si2. Periodical examinations were
carried out during irradiation, in particular plate
thickness and water channel width measurements.
Finally, the characteristics and status of a mixed
U3Si-U3Si2 element under irradiation in the OSIRIS
reactor is presented.

1. GENERAL OUTLINES OF THE PROGRAM

Irradiation testing of LEU and MEU research reactor fuels began in
the SILOE reactor in 1980 within the framework of agreements concluded
between the CEA, ANL, and CERCA as part of the Reduced Enrichment
Research and Test Reactor (RERTR) Program. Also as part of this program,
irradiation testing of LEU suicide fuel began in the OSIRIS reactor in
1986.

The program is comprised of essentially three phases aimed at
qualification of reduced enrichment fuels manufactured by CERCA.

The first phase, completed in 1983, involved irradiation in SILOE
and post-irradiation-examination at Saclay of a complete fuel element
containing UAlx fuel with a uranium density of 2.2 g/cm3.

The second phase began in June 1982 and involved irradiation in
SILOE of 4 U3Si fuel plates with LEU densities of 5.5 g/cm3 and 6.0 g/cm3
using a special casing located in the reactor reflector. The intention
was to examine the behaviour of these separate plates before irradiation
testing of a complete fuel element. Similarly, 4 separate U3Si2 plates
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FIG. 1. Cross-section of standard 23-flat-plate fuel element for SILOE irradiation tests.

with LEU densities between 2.0 and 5.4 g/cm3 were also irradiated in the
special casing.

In the third phase, complete LEU fuel elements containing 6.0 g/cm3
with U3Si fuel and 5.2 g/cm3 with U3Si2 fuel were irrdiated in the SILOE
reactor. A standard HEU UAl element was also irradiated in SILOE for the
purpose of comparing swelling behaviour. In order to keep the possibil-
ity of increasing the uranium density, necessary in certain cases, and to
extend the knowledge of silicide-based fuels, a complete element contain-
ing a mixture of U3Si and U3Si2 fuels with a density of 4.7 g/cm3 began
irradiation in the OSIRIS reactor in 1986.

In all cases, various measurements were carried out during and
after irradiation.

2. TESTING OF 45% ENRICHED UA1X FUEL«1'2)

2.1 CHARACTERISTICS OF THE ELEMENT TESTED

The geometry (Fig. 1) of the fuel element manufactured by CERCA was
identical to the standard fuel element normally used with SILOE. The
fuel element had a charge of 418.3 g of 235y and was made up of 23 plates
(18.6 ± 0.37 g of 235U per plate),
and the uranium was 45% enriched.

The fuel was UA1X with 2.2 g U/cm3

Before the irradiation in the SILOE core was started, different
measurements had been taken in order to complete the neutronic and
thermo-hydraulic studies carried out previously, namely concerning the
establishment of the safety file necessary to obtain the agreement of the
safety authorities on the irradiation program:

a) Hydraulic measurements: this measurement was taken on a
hydraulic test loop in order to check the flowrate-pressure drop
characteristic of the element.
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b) Neutron Measurements:

* Reactivity Effect

At the start of irradiation, the element presented a gain in
reactivity of + 50 pcm compared with a new standard element placed in the
same position (53). After 6 months irradiation, a gain of + 70 pcm was
again noted over an element with the same burn-up placed in the same
position (22).

* Flux Measurements

These measurements were taken at low power and with miniature
fission chambers (235U coating for measurements with thermal neutrons,
and 237Np coating for measurements with fast neutrons).

The results obtained are presented in Figs. 2 and 3. These fluxes
are quite comparable to those calculated elsewhere.
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FIG. 2. Flux distribution measurement with miniature fission chamber (235U).
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FIG. 3. Flux distribution measurement with miniature fission chamber (W7Np).
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TABLE 1. IRRADIATION OF A 45% ENRICHED FUEL ELEMENT (2gUT/cm3)
Main irradiation data

Irradiation
cycla

02/81

03/81

04/81

OS/81

06/81

07/81

08/81

09/81

10/81

Position

in oora

53

43

64

48

67

52

22

62

64

B up («tart
of cycla)

%

0

8.5

17.3

25

31.9

36.6

41.6

45.4

47.8

Corresponding
weight US

<Q>

418.3

382.75

345.9

314

285.9

266.3

245.1

228.4

218.5

Maan Power
dissipated

(MW)

1.358

1.207

1.400

1.155

0.77

0.83

0.651

0.384

0.441

Counting rata
DRQ

c,vc2"

0.8

0.5

1

0.6

1

0.8

0.9

0.9

1.3

Energy

raleasad

(MWJ)

33.92

24

24.96

23.04

15.68

16.94

13.38

7.92

9.00

Characteristics

of reactor water

during Irradiation
(Mficm)

0.9

1.3

1.45

1.5

1.6

1.6

1.1

1.23

1.3

PH

6

6.1

6.1

6.3

6.4

6.4

6.4

6.3

6.2

Counting rat« of clamant tatted

Observations

Visual examination outside
pool before placing In
reactor : No Comment
Examination under water :
No Comment

M •(

tf II

II II

Examination in hot cell early
Sept. 81 t No comment.
Examination under water :
No comment

n ii

At end of irradiation; BU SO.«*
Residual MUfi : 207.26 g
E total : 168.64 MW/D
Examination in hot cell in
Jan. 82: no comment

Mean counting rate of elements with residence times or BU similar
to the element under consideration

'DBG Failed Fuel Element Detection Systea



2.2 IRRADIATION CONDITIONS

The element for testing was placed in the SILOE reactor core on
February 2, 1981 and its irradiation was terminated on November 26, 1981.
The fuel element stayed in the core in different positions for 9 cycles.
The main irradiation data are presented in Table 1.

Between the cycles, the fuel element was submitted to:

a visual inspection under water or in the reactor hot cell

a DRG test of the cladding (DRG: Fuel cladding failure
detection system).

It is worth noting that from the results of the Failed Fuel Element
Detection (DRG) test, carried out between each cycle, the behaviour of
the element was ideal, since no fuel element failure was evidenced during
irradiation. This good behaviour is confirmed moreover by the visual
examinations performed each month (under water) and twice in a hot cell,
in particular at the end of irradiation (January 1982).

The behaviour of the fuel element was excellent, and a final mean
burn-up of 50.4% was reached.

2.3 POST-IRRADIATION-EXAMINATIONS (PIE)

The fuel element was loaded into a special transport cask and
transferred to the hot laboratories of SACLAY (LECI*), in December 1982,
in order to perform different non-destructive and destructive tests. The
following operations were carried out:

measuring the width of the 22 water channels between the fuel
plates with special equipment allowing the exploration of 3 tracks
in the axis of each channel. These measurements showed nothing
particular.

dismantling of the fuel element plate by plate.

- measuring the thickness of the plates longitudinally and
transversely and comparing with the thickness measurements taken
during fabrication, before assembling the plates. No significant
difference was observed.

- metallographic examination of one plate presenting a high burn-
up (57%). The photographs do not give any particular indications.

At the end of all these examinations, which terminated in June
1983, the plates were placed into a special support box and loaded into
the transport cask to be transferred back into the SILOE reactor pool.
Moreover, some of the plates were examined by spectrometry. All of the
plates will be reprocessed.

Finally, it can be concluded that the behaviour of the fuel element
proved excellent and that the UAlx fuel with 2.2 g of total uranium per
cubic centimeter (E = 45%) is qualified to be used in research and test
reactors.

»Laboratoire d'Examen des Combustibles Irradies (Irradiated Fuel
Testing Hot Lab.) C.E.A. C.E.N. SACLAY, France
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3. TESTING OF 19.75% ENRICHED URANIUM-SI LI CON FUEL<2~6>

The program up to October 1987 comprised irradiation of the
following fuels, fabricated by CERCA, in the SILOE and OSIRIS reactors:

In SILOE:

4 separate t̂ Si fuel plates
4 separate 113812 fuel plates
1 complete 1)381 fuel element
1 complete l?3Si2 fuel element
1 complete HEU UA1 fuel element

In OSIRIS:

- 1 complete fuel element

3.1 IRRADIATIONS IN THE SILOE REACTOR

3.1.1 Irradiation of Separate Fuel Plates (U3Si and U3Si2)

The eight separate fuel plates had the same dimensions and
thickness as the plates of the standard fuel elements for SILOE (Fig. 4)

U3Si Fuel Plates
g U/cm3 g 235U/Plate

5.5
5.5
6.0
6.0

20.2
20.2
21.2
21.2

U3SÏ2 Fuel Plates
g U/cm3 g 235U/Plate

2.0
3.7
5.2
5.4

7.4
13.6
19.1
19.9

The alloy used for the frame and cover of the fuel plates was an
aluminum alloy containing 3% magnesium (alloy AG3 as per French
standards).

641.9

.6Q6.5

FUEL HEAT

FIG. 4. Uranium-suicide plate for SILOE irradiation tests.

CROSS-SECTION
OF PUTE
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4 ALUMINUM PLATES

8 WATER CHANNEL (3 MM WIPP)

4 FIEL PLATES

80

FIG. 5. Cross-section of the U3Si plates holder.

Four fueled plates (either U3Si or 03812) were placed in a special
irradiation casing (shown in Fig. 5) located at the periphery of the
core. Four other aluminum plates are roll-swaged in the sideplates of
the casing. Two holes dia. 36 mm (on the rear end in relation to the
reactor core) allow production of artificial elements, if required.

Each plate could be removed from the casing for examination at the
end of each reactor operating cycle, i.e. after three weeks' irradiation.
They were then examined visually under water and then placed on an
immersed metrology bench to check fuel swelling under irradiation by
measuring their thickness. The checks made also included cladding
failure detection carried out before each new reactor operating cycle.

3.1.2 Irradiation of Complete Fuel Elements (U3Si, U3Si2 and UA1)
The three complete fuel elements had the same geometry as a

standard SILOE fuel element with 23 plates. The standard HEU UA1 element
was irradiated to compare the behaviour of U-A1 alloys and suicides,
from a swelling point of view.

Fuel Type

U3Si
U3Si2
UAl

Complete Fuel Elements
Enr., % g U/cm3

19.75
19.75
93

6.0
5.2
0.85

g 235u/Element

507
434
340
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U)
K)
K)

TABLE 2. LEU IRRADIATIONS IN SILOE

4 Us Si
plates

4 UsSiz
plates

Ussi
element

(2 remov. plates)
U»Siz
element

(2 remov. plates)
UA1
element

(2 remov. plates)

Density
got/can
5,5
5,5
6
6

2
3,7
5,2
5,4

6

5,2

o,es

Beginning
of

irradiation

O7/82

07/84

10/84

06/02/86

06/86

End
of

irradiation
10/83
11/83
11/83
10/83

31/03̂ 86

10/10/85

Number of
scheduled
cycles

1O

5

Achieved
cycles

12

15

9

6

3

Mean
B D
%

46 % (M)
53 % (M)
54 % (M)
43 % (M)

78 % (M)
76 % (M)
75 % (M)
75 % (M)

52 % (M)

59 % (M)

38 % (E)

25 % (E)

ThicXnesa
increase

O,O5
0,06
0,105
0,095

0,035
0,045
O,O45
O,O55

O.O7O

0,095

0,01

O,O1S

0,02

O,O2

Number
of

fission/cm3

2,21.10"
2,07.10"
2.19.1O"
2,19.10"

8,8O.1O*°
1,54.10"
2.15.1O"
2,27.10"

1,76.10"

2,O6.1O"

1,1.10"

1,1.10"

5,5.10ZO

5,5.10"

(M) = Measurement

(E) = Estimation



Each element had an interesting characteristic. Two of the plates
of the fuel assembly were removable so that the same checks could be
performed on both of these plates as those carried out on the plates
irradiated separately in the special casing, i.e. visual examination and
thickness measurements along five parallel tracks. In addition, the
width of the water channels was checked using an eddy current device.
Finally, cladding failure detection was performed at each intercycle on
the element as a whole.

3.1.3 Results Obtained

U3Si fuel (19.75%-enriched U)

The results obtained with l̂ Si fuel in the plates irradiated in the
casing and in the complete element are shown in Table 2 and in Figures 6
and 7.

It can be noted that the swelling becomes significant when the
number of fissions exceeds 1.5 x 10^1 per cm^. Below this value, it is
difficult to account for what causes a plate thickness variation: swell-
ing proper of the fuel or cladding oxidation. The swelling accelerates
towards the end of the irradiation and for the highest number of fissions
obtained, it can reach a value of 0.1 mm. This figure is however quite
acceptable.

A clear variation of the swelling between the center and edge of
the plate has been noted on all the plates examined, which confirms the
relation between swelling and number of fissions, the burnup rate being
higher at the center of the plates.

*W1
"- DENSITT : 6. C/CP13

280
"" CTCLES : 05-10-11-12

THICKNESS PlEASUREtlENTa
240

220

200

180

160

120

100

80

60

to
20

0 100 200 300 «0 500 600
HEAT LENGTH (W)

FIG. 6. Irradiation of U3Si fuel plate.
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DENSITT : B. G/CH3
CYCLES : 00-05-<n-08-09

THICKNESS MEASUREMENT

500 600
flEAT LENGTH (fW>

FIG. 7. Irradiation of U3Si fuel element.

U3Si2 fuel (19.75%-enriched U)

The results obtained with 03812 fuel in the plates irradiated in
the casing and in the complete element are shown in Table 2 and in
Figures 8 and 9.

On these curves, it can be seen that the U3Si2 fuel presents a very
small swelling, which leads to a less clear correlation between swelling
and number of fissions than in the previous case. On the most heavily
loaded plate (5.4 g/cm3) , the number of fissions (estimated figure) is
equal to 2.27 x 10 cm~3 i.e. a value close to the physically possible
maximum (approx. 2.7 x 1021 cm"). The swellings observed are generally
smaller by a factor 2 than those observed with the

Irradiation of a UAl element (93%-enriched U)

This irradiation involved a standard element normally used in the
SILOE core, but two plates were not swaged so as to make them removable.
This special feature enabled us to perform what had not been done up to
now, swelling measurements of the UAl fuel used for over 20 years without
any problem, so as to compare them with those carried out on the UßSi and
U3$i2 fuels. This irradiation program is now more than 50% completed and
the results make it possible to forecast an identical behaviour to that
of the U3Si2 fuel (Figure 10).
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1480
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1200

DENSITT : 5.4 G/OU

CTCLES : 00-09-11-13-15

THICKNESS nEASURBlENT
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(lEM LOtfTH (Wl)

FIG. 8. Irradiation of U3Si2 fuel plate.

'.500

1480

1460

1440

1420

1400

1380

1360

1340

1320

1300

1280
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1200

DENSITT : 5.2 G/CH3

CTCLES : 00-02-04-05-06
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FIG. 9. Irradiation of U3Si2 fuel element.
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1500

1*80
1160
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1420
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1360

13X0

1320

1300

1280

1280

1240

1220

12000

DENSITY : 0.85 G/Cfü
CYCLES : 00-01-02-03
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100 200 300 400 600
ftAT LENCTH («I)

FIG. 10. Irradiation of UAI fuel element.

3.2 IRRADIATION IN THE OSIRIS REACTOR

Since January 1980, the OSIRIS reactor has been using the CARAMEL
low-enriched fuel which has proved fully satisfactory. However, it also
appeared worthwhile carrying out irradiation of a fuel element manu-
factured from a silicon alloy in this reactor in order to collect as much
data as possible on the behaviour of silicon-based fuels.

The fuel element was manufactured by CERCA and its irradiation
began in November 1986. This element is similar in shape to the former
UAI (93%) elements. Its main features are as follows:

E = 19.70%
d = 4.66 g/cm3
number of plates
235U weight/plate

21
23.81 g

The density of uranium required to ensure normal reactor operation
is equal to 4.66 g/cm3. This value could be obtained using a 1̂ 3812 fuel
which is now known to have a satisfactory behaviour. However, in order
to keep the possibility of increasing the density, necessary in certain
cases, and also to extend the knowledge of silicide-based fuels, we
decided to use a fuel made up of a mixture of 30 wt% t̂ Si and 70 wt%
U3Si2

In September 1987, this element had reached an average burnup of
60% (maximum burnup of 72%) , which represents approximately eight 21-day
operating cycles of the OSIRIS reactor. Authorization has been obtained
from the safety commission to continue irradiation of this element to an
average burnup of 80%.
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Before the element was inserted in the reactor, a channel measuring
apparatus which had already been used elsewhere was fitted to this new
element to achieve a zero point before irradiation and to enable the
variations of the channel thickness measurements after each cycle to be
followed.

4. CONCLUSION
All the qualification tests either in progress or scheduled in our

reactors involve these silicon-based fuels. The results obtained up to
now are satisfactory and enable more detailed studies to be carried out
on the optimized performances which can be expected from complete cores
made up of this type of fuel.
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Appendix J-4.3

FINAL REPORT ON THE IRRADIATION TESTING AND
POST-IRRADIATION EXAMINATION OF LOW ENRICHED
U3Og-Al AND UAl^-Al FUEL ELEMENTS BY THE
NETHERLANDS ENERGY RESEARCH FOUNDATION (ECN)

H. PRUIMBOOM, E. LIJBRIJK, K.H. VAN OTTERDIJK,
R.J. SWANENBURG DE VEYE
Netherlands Energy Research Foundation,
Petten, Netherlands

Abstract

Within the framework of the RERTR-programme four low-enriched (20%)
MTR-type fuel elements have been irradiated in the High Flux Reactor at
Petten (The Netherlands) and subjected to post-irradiation examination.
Two of the elements contain UA1 -Al and two contain U.O--A1 fuel. The
test irradiation has been completed up to the target Burn-up values of
50% and 75% respectively. An extensive surveillance programme carried
out during the test period has confirmed the excellent in-reactor
behaviour of both types. Post-irradiation examination of the test
elements, comprising of dimensional measurements, burn-up determination,
fuel metallography and blister testing, has confirmed the irradiation
experiences. Good agreement between calculated and measured power and
burn-up characteristics has been found.
A survey of the test element characteristics, their irradiation history,
the irradiation tests and the PIE results is given in this report.

1. INTRODUCTION
Four 20% enriched MTR-type fuel elements have been test irradiated in
the 45 MW High Flux Reactor at Petten (The Netherlands) in the frame of
an agreement between the Netherlands Energy Research Foundation (ECN),
Argonne National Laboratory (ANL), NUKEM (F.R.G.) and CERCA (France).
The purpose of the irradiation programme was to demonstrate the reliable
and safe behaviour of high density UA1 -Al and U 0 -Al type fuel elements
under application conditions Which are typical for medium powered
material testing reactors at U burn-ups up to 75%. Further verifi-
cation of this behaviour has been achieved bv extensive Pest Irradiation
Examination (PIE).
All irradiations have been completed and the ppsoc-fated t urveil n i rre
programmes, such as intermittent neutron dosimetry, plate defoiir?ticr
cortro] arc1 \ista] inspection have been rounded off. PIF has been
completed on all four elements. The results will be reported in this
report.
A detailed description of the test elements, of the irradiation charac-
teristics and of the methods applied for inspection and characterization
of the elements before and during irradiation is given in |1|. A summary
of this information is given below.

2. THE PETTEN HIGH FLUX REACTOR
The High Flux Reactor (HFR) is part of the Joint Research Centre of the
European Community at Petten (The Netherlands). It is a multi-purpose
test reactor of the ORR-type and utilized for fundamental research,
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FIG. 1. Isometric drawing of HFR Petten.

reactor fuel and materials testing, safety experiments, radioisotope
production and various non-destructive testing activities, such as
neutron activation analysis and neutron radiography. It is water cooled
and moderated, opeiates at a thermal power of 45 MW anc tes a nine-by-rine
cere c onf iguraf' rn v,ith 3^ fuel eUemertF, ( contre] rods, 25 reflector
elements and 17 irradiation cyperiment positions.
Figures 1 and 2 give an impression of reactor building and core lay-cut.

3. THE TEST ELEMENTS
All test elements contain 19.75% enriched uranium at a volume density in
the meat of 2.1 g/cm . Their design has been adapted to the existing
configuration and dimensions of the HFR core, but some significant
changes vith respect to the standard HFR-KEU fuel.elements bad to be
implemented in order to accor.ir.odatf the required " U leading cf 20 g
per plate, to maintain thermohydraulic safety and to provide for the
required irradiatior, characterization and surveillance measurements.
The changes comprise a.o.
a) fuel meat thickness_of 1.32 mm (instead of 0.51 mm) in order to

achieve required U loading
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FIG. 2. Standard core loading pattern for the HFR Petten.

b) 16 flat fuel plates (instead of 23 curved plates and non fuelled
outer plates, in order to maintain required cooling channel widths

c) square (instead of round) upper inlet sections in cider to improve
accessibility for coo]ing channel width measurements and neutron
dosimetry

d) lorgitucir? 1 plots in cut or plati: -*n order tc fiprl> ptrnar^rt ard
reloadable neutron fluence monitors.

Tn addition, one cf each type test element has been provided with
cadmiuir-wires (10 wires in each side plate, 0.5 nan diameter, 20y
aluminium clad) in order to test the effectiveness of cadmium as a
burnable poison in comparison to the presently applied boron-absorber.
The materials specification for the test elements is given in Table 1.
Fipurts 3 and A show various technical details.

4.__T_R_P_AI.̂ TICI. u:r̂ Ŷ
PFP core pcsiticrr //, A8, B2, Pf, CI arc ( '<• -'rec fip. T') VE i c stltct<d
for the irradiations. Test element power in these positions ranged frm
0.5 to 19MW, which corresponds with maximum heat flux densities of 75 to
150 W/cm . In order to compensate for such power differences and for the
flux gradients at the peripheral core positions the elements were
periodically switched between the north and south position. The overall
irradiation peiiod for all foui test elements extended from November 1981
to April 19F2.

5. IRRADIATION SURVEILLANCE

5.1. Visual inspection
Each test element was subjected to careful visual observation after each
irradiation cycle. No abnormalities have been observed.
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TABLE 1. MATERIAL SPECIFICATIONS FOR LEU TEST ELEMENTS

Fuel
Fuel meat composition
Uranium - loading
- per element
- per plate
- surface density
- volume density

Enrichment

0-235 loading
- per element
- per plate
- surface density
- volume density

Cadmium - composition (1)
- nr. of wires
- diameter
- weight per element

Aluminium
- in meat
- clad and frame
- side boxes and outside plates
- end boxes
- welding additure

Type : LN-O1-CDUM-02
U308-A1
(Nukem)

U 0 -Al3 8

1660 ± 35
104 ± 2
280 10~3

2.1
19.75 + 0.2

- 0.5

328 t 6
20.5 ± 0.4
54.1 10~3
0.41

99.92
20
0.05
20.4

pure Al .
Al Mg 1 (or 2)
Al Mg Si 7, F32
Gk Al Si 5 Mg
Al Si 5 (or 12)

Type :
Ü AljAI
(Cerca)

U Al -AlX

1687 t 35
105 ± 2
280 10~3

2.J
19.5

329 t 6
20.6 ± 0.4
54.2 10~3
0.41

99. 9Z
20
0.05
20.4

A 5 NE
AG 2 NE (3 NE
AG 3 NE
Cr-Al Si 5 Mg
AG 3 NE

LCXM-CO
LC-02

g
g
g / cm2
g / cm3

g
g
g / an2
g / cm3

pure grade

cm
g

, 4 SE)

(1) Only in cas« of LN-01-CD and LC-01-CD.

5.2. Cooling channel width measurements
Measurements of the width of several preselected cooling channels have
been taken on each test element at regular intervals during the irradiation.
The measurements were taken by means of a specially developed ultrasonic
scanring device with the following technical featurer
- throe fsprirg loaded) IS-fensors pei coolirp chtrrel , providing three
vertical scans with a resolution of 5y

- automatic recording of sensor position, signal and temperature
- very precise lateral positioning of the measuring device, allowing

fast and easy access to the selected cooling channel
- special device for intermediate sensor recalibration.
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0 HEU STANDARD ELEMENT

x
23 FUEL PLATES

F L A T FUEL P L A T E S ! d= 2.08 mm

meal. U_0 0 -A I or U AI - AI ; d : 1.32 mm
J o *

U- densi ty: 2.1 g /ce ; 19.7 % enriched

cladding- AI . d-0.38 mm

COOLANT CHANNEL; d-. 2.18 mm

SIDE P L A T E S ; AI ; d , 4 5 mm
113

CADMIUM W I R E S ; O 05 mm! 2500 mg Cd / Elem.

C U R V E D O U T E R P L A T E S ( A I )

SLOTS FOR N O N - R E L O A D A B L E FLUX MONITORS

SLOT FOR R E L O A D A B L E FLUX MONITOR

0-

CURVED FUEL PLATES ; d: 1.27 mm

meat: U AI . AI ; d-. 0.51 mm

U-dens l ty : 1 . 0 g / c c ; 93% enriched

cladding : AI : d s 0.38 mm

COOLANT CHANNEL ; d. 2.18 mm

SIDE P L A T E S ; Al ; d = 4.5 mm

BORON SLABS ; d = 1.0 mm ; 1000 mg B / Elem.

U)
FIG. 3. Specifications of LEU test element and HEU standard element.



FIG 4 Inlet section of LEU test element

Figure 5 shows in detai l the measuring ^en^ors, riore
j r l c t i c i T r : r i \er in i 2 .

technica l

Some typical channel width profiles are given in figures 6 and 7.
Average cooling channel width values as a function of burn-up for all
four test elements are shown in figure 8.
The general conclusion from these measurements is that no cooling
channel width changes and thus no fuel plate deformations of any signifi-
cance have occurred.
A detailed survev of the cooling channel width measuring procedures and
results is given in |?|.

5.3. Flux, fluence and power determination
Test fuel power, burn-up and isotopic composition during irradiation
have b<=en deduced from nuclear calculations and neutron dosimetry. The
nuclear calculations were performed by means of a two dimensional
diffusion code.
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FIG. 5. Mounting configuration of ultrasonic sensors

For the test elements a representative calculation model consisting of a
fuel region surrounded by two side plates and two outer puâtes has been
defined. 2^ U3
For several U and Cd depletion values the nuclear data for this
calculation model were determined and stored on a library file. For the
actual U/ Cd combination a quadratic interpolation procedure was
applied.
The depletion of the uranium contents of the-LEU-elements was calculated
accounting for burn-up rhains of U and U. The calculations indicated
that for a burn-up value of 15% the energy produced by Pu and Pu
amounts to about 24% of the total power (see figure 10). The conversion
ratio for the elements is about 0.17.
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FIG. 6. Channel width as a function of height, with the burn-up as a parameter.
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FIG. 7. Channel width as a function of height, with the burn-up as a parameter.
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FIG. 8. Average coolant channel width as a function of burn-up.

For verification of the nuclear calculations extensive neutron dosimetry
measurements were carried out, comprising
- application of four permanently installed fluence monitors in the

outer plates of each test element (for overall burn-up verification)
- application of one reloadable fluence monitor in one of the outer

plates, which was exchanged after each reactor cycle (for stepwise
burn-up determination)

- application of up to 15 flux monitors devided over 5 cooling channels
per element for flux distribution measurements at regular irradiation
intervals.

From the detailed flux measurements some conclusions could be drawn :
- Especially in the LEU-elements without cadmium wires the radial flux

and power gradients were somewhat (10 tc 157) hiphci than_thosc ir the
E-poisoned FFl elements. 11 iL is ivrrJy cr.vF^< rj fr c " I i t t f ^ i r i

abporbtion, by the non fuel containing outer plates ETC by the- ahfrr.rr
of poison in the side plates.

- The presence of cadmium wires in the side plates of LEU-elements
LN-OI-CD and LC-OI-CD, resulted in a minor reduction of above mentioned
power peaking (5%).

- Power production values as derived from measured flux results and from
calculations were in good agreement (± 7%).

The results of the flux measurements over the total irradiation period
£.it- ir gord agreement, with the result? of gairira scanning and cherrdrr l
burr-up f i r?] \ F t f v} ici. c. ic ; < < ' ( r^pr1 ; t i < - . i _ U < I . T. r r rf ~i 11 r t .
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FIG. 9. Reactivity as a function of burn-up for LEU test elements as measured in position D5 of the HRF Petten.

5.4. Reactivity measurements
Periodical reactivity measurements K-we beer performed for two re
a) determination of the reactivity of LEU-elements as a functicr of

burn-up.
b) determination of effectiveness of cadmium as a burnable poison.
The measurements have been performed by comparing the reactivity of the
LEU-e]ements with that of a fresh HEU-element containing 404 U and
1000 mg B. Central core position D5 was selected for this purpose. It
appeared that the reactivity value for the fresh LEU-elements without
cadmium wires (LN-02 and l.C-02) is equal to that of the fresh HEU-element,

338



100

ISO1OPIC POWER(
MD(DE3S)-3Za GH.

is ao FKBC
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FIG. 10. Power production per fissile isotope in LEU test elements as a function of burn-up.

The initial effect of the
LC-01-CD) was measured to
burn-up values indicated
In this curve the effects
have been included.
Complete depletion of the
turn-up of the I FU-eleir.en
thermal fluence of about

iap ir. cri€ peri tier

cadmium wires in the LEU-elements (LN-01-CD -
be -300 pcm. Measurements at increasing
a reactivity development as shown in figure 9.
of samarium, xenon and bulk fission products
cadmium wires is reached after some 23%
s. This,burn-up figure corresponds with a

C.54 10 cm * . The resqt;^vit> decrease due to
rc 1 £ about f.5 pcrr/pr "%"U.
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6.1. PIE methods
The P IE-prog ramme has been carried out to verify the following test
element characteristics
- external appearance (corrosion effects, blisters, local deformations,
cracks, etc.)

- fuel element and fuel plate dimensions
- burn-up and burn-up distribution
- isotopic content of fuel
- temperature required for blister formation
- m e t a l l u r g i c a l rercpof- ' i t ioi; f . r f F t rum- re cf f u e l

Special measuring device? end auxiliary equipment have beer eevelcpe-r
for the dismantling, handling and examination activities, such as
- an electrically heated dummy element in order to determine the fuel

plate temperatures which could be expected during PIE
- measuring devices for fuel plate thickness scanning and fuel element

length, bow and twist determination
- cutting devices for fuel plate sampling and segmentation
- an electrically heated furnace for blister temperature determination
- s» special fuel pl^te container for intermediate fuel plate storage

adapted tc pcst-FTF fuel disposal transport requirements.
In addition to these hardware developments the software required for
execution and evaluation of the y~scanning measurements had to be
adapted.
The scanning and measuring pattern for the various examinations has been
chosen such that precise comparisons with pre-irradiation characterization
results would be possible.
PIE has been completed on each of the four test elements.

6.2. PIE results
6^2 . 1 ,_External_appearance o f _ t h e test_elerients

Apart from some superficial scratches on the outer plates (probably
caused by in-reactor handling) no damage or local deformations have been
observed.
Temperature sensing strips were used by means of which the temperature
predictions obtained by the electrical dummy element have been verified.
Maximum fuel element temperature was 80°C.

'
By means of a special measuring device all essential external dimensions
as well as bow and twist of the elements were determined and compared
with pre-irradiation measured data. No irradiation-induced changes have
been detected.

6^213^_External_agpearance_and_dimensions of fuel_p_lates
Dismantling of the 16 fuel plates was carried out by longitudinal
milling of the side plates. For fuel plate storage and identification a
special container has been trade.
I'tiel plate inspection revealed no abnormalities. Some temperature
induced colouring of the fuel plates as well as some irinor corrosion
effects could be observed. Measurements of corrosion layer thickness and
structure have not been carried out.
For fuel plate thickness measurements a device shown in figure 12 has
been applied. It consists of two opposite spherical shaped sensors (one
fixed and the other movable) with the fuel plate in between.
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FIG. 11. Definition of plate and channel numbers and locations of measuring tracks and sampling.
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FIG 12 Detail of measuring device for plate thickness measurements
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Ey moving the fuel plate the thickness profile i s measured with the
movable upper sersor fnvjptius scale prircip1«:). / i'r.ii u rrr ic
proviceG in order to guide the plate tc the treasuring p c s _ t i < r v i
damaging the two ireasurirg sensors. Longitudinal as well as latitudinal
tracks can be performed. The device was calibrated using steel calibres
with various thicknesses in the range of interest.
In figure 13 and 14 the thickness profiles of the central fuel plates
(no. 9) of two elements are presented. The profiles are rather smooth
with some local spikes, probably caused by oxidation products.
Similar profiles foi a fresh fuel plate are gi\er ir figure Jr. The>
show nc significant differences with those of the irradiated plates.
Comparison of the measured thickness profiles of the irradiated plates
with the plate width measurements made after fabrication yields only
minor differences.

'
For the determination of the relative burn-up distribution, the fission
product activity in the LEU fuel plates was measured. Of each element
five plates (], 4, 8, 9.1" ard 16) were selectee'. Ihrrt lonpit uciral
tears and one "lati ti-cina1 scan were performed per selected plate (see
figure J l ) . The épp^ec intervals for the axial scans ard the latitudinal
scar are 25 mm and 5 mrr respectively. The measuring equipment consists
of a fuel plate holder, provided with an accurate displacement mechanism,
a collimator (2 x 2 mm opening), a Ge-Li detector, a 4096 channel
spectrum analyser and a magnetic tape unit for data storage.
Plotting and data evaluation is performed on an off-lire compttr-r
(CYBFF 75).

T h e fo l lowing 9 lonp l iv i rg iibf'or prodvrt1- V I M t e a ; i i t <

I s c t c p e s Frerpv
L ^ - r / ff 1 .6 UVr--1 /̂, rt;.f uvrr-Vi. i::.5 k«v
Ce/Pr-144 696.4 ke\
Ce/Pr-144 2185.8 keV
Ru-103 497.1 keV
Ru-106 622.0 keV
Zr-95 724.2 keV
Nb-95 765.2 keV

The measured activity profiles are corrected for decay and for the
influence of the dead time of the measuring circuit. Figures 16 and 17
show some Cs-137 activity profiles for the LEU-elements LN-02 and LC-02.
The measurements show that the axial scans per element have very similar
shapes (± ?«)• The measured profiles have been smoothed by the application
of a fifth degree polynomial curve fitting procedure. From the Cs-137
profiles in figures 16 and 17 it can be concluded that the shape factors
for the vertical and horizontal burn-up distribution are 1.25 and 1.20
respectively.
The maximum of the vertical burn-up distribution is located at about
10 cm below core mid height, which is in good agreement with the measured
vertical thermal flux density distribution. From the measured distributions
for burn-up ana thermal flux density it can be derived that the spatial
power distributicr has been rather flat at the end of the irradiation
period.
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FIG. 16. Results of gamma spectrometry on LEU fuel plate 9 (YC5374) of LN-02.
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TABLE 2. CALCULATED ISOTOPIC FUEL COMPOSITION OF LEU TEST ELEMENTS

Isotope

U-234
U-235
U-236
U- 23 7
U-238
U-tot.
Pu-239
Pu-240
Pu-241
Pu- toc.
Np-237
Np-238
Np-239
Np-tot.
U-tot/Pu-tot

LN-02
Mass (gr)

Initial

2.17
327.77

1.34
1339.25
1670.53

\
-
—

-
'V

End of irr.

1.80
179.53
26.95
0.08

1319.17
1527.53

9.63
2.18
0.88
12.69
0.75
0.46
1.21

120.37

LC-02
Mass (gr)

Initial

2.49
328.93
3.66

1329.95
1665.03

—

-

-
^

End of irr.

2.02
169.65
30.83
0.11

1308.07
1510.68

10.23
2.25
1.07

13.55
1.03
0.45
1.48

111.49

Isotope

ü-234
U-235
U-236
U-237
ü-238
0-tot.
Pu-239
Pu-240
Pu-241
Pu-tot.
Np-237
Np-238
Np-239
Np-tot.
U-tot/Pu-tot

LN-01-CD
Mass (gr)

Initial

2.17
327.81

1.34
1339.41
1670.73

-

-

^

-
•v,

End of irr.

1.45
86.37
41.05
0.17

1297.61
1426.65

10.79
3.81
2.72
17.42
2.50
0.01
0.53
3.04

81.90

LC-01-CD

Mass (gr)
Initial

2.50
329.81

3.67
1333.25
1669.23

-

-

-

-
-v

End of irr.

1.68
90.02
42.89
0.15

1291.86
1426.61

11.09
3.84
2.69
17.62
2.74
0.01
0.43
3.18
80.96
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absolute_burn-U£
The neodinum-148 method has been applied for burn-up determination of
three samples (diameter 3 mm) taken from each of the two central fuel
plates. The samples were acquired by means of a special punching device.
Thermal ionization mass spectrometry was applied for determination of
the isotopic composition of the samples, except for Pu-238 where alpha-
spectrometry was utilized.
Results of burn-up and radioisotopic analysis are given in table 3.
Absolute burn-up values for two plate locations have been indicated on
the gamma-scan profiles given in the figures 16 and 17. Excellent agree-
ment exists between the ratio of the measured burn-up values and the
Cs-137 profile (± 0.5%).
Good agreement (± 5%) also exists between the measured values and the
calculated composition of the relevant radioisotopes.
Table 2 gives a survey of the calculated element-averaged isotope
composition of the fuel at the end of the irradiation.

6̂ 2.6. Metallograp_hy_
From plate no. 9 of each element three samples were prepared for métallo-
graphie examination of the fuel plate cross-section. The sampling plan
included one longitudinal section in the center of the plate, one trans-
verse section of the edge area at ha]f the plate length and one longitu-
dinal section of the TOP dcgbone area about the plsi'e center! ine (see
figure 18).
To offer a general Impression of the structural condition of the fuel
plate at this level of burn-up, some pictures of the longitudinal
cross-section at the center of the plate are shown (see figure 19).
In the following a summary of the examination results for both fuel
types is given.

**U„00 dispersed particles**j o__________________

Figure 20 shows the original condition of the as-fr-bricatec1 fueJ plates.
It appears that the larger particles become heavily cracked by the
rolling operations curing plate fabrication. After sectioning, many
fragments are free to drop out and actually do so during subsequent
preparation stages. Some of the larger particles were so extensively
fragmented that a nearly empty pocket remains, which accounts for the
appearance of the large elongated cavities in figure 20. At 400x enlarge-
ment the particles are seen to contain a few small isolated sintering
voids (figure 20).

which were
-up level of 45-50% (tesf'eïement IN-02) reveal the

existence of a secondary phase which allegedly results from a burn-up
dependent reaction between U_0_ and the aluminium matrix. The reaction
progresses from the periphery of the U_0„ particles inwards. The smallest
particles are seen to be converted completely already. The reaction
product is remarkably free of porosity, whereas in the remaining U^Oc» a
distinct category of small voids is developing during Irradiation {see
figure 21).
The appearance of the irradiated particles has chanpec1 In another sense,
considering their original fragmented condition before irradiation. The
cracks have disappeared completely and their replacement by a collection
of large-size voids is indicative for considerable diffusional activity
within the U 0 during irradiation. Obviously the main cracks within the
particles, as well as unbonded areas at the particle/matrix interface,

The micrographs picturing the morphology of U.O particles
irradiated to a burn-up level of 45-50% (test element IN-0^
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FIG. 18. Sampling plan for metallography.

have served as nucleation sites for the large voids. The relatively
dense population of much smaller sized voids accounts for the accommo-
dation of fission gas generated in the bulk t'70_. The energy which is
needed for the large-scale rearranging process during irradiation is
readily supplied in situ by the fission reactions (see figure 22).
The pictures of the state of the U
show only a moderate aggravation o
above (see figure 23).

particles after 70-75% burn-up
he effects that were described

**UA1 dispersed particles**X

The original condition of the UA1 particles before irradiation is shown
by figure 24. This material alfo becomes cracked during rolling, but
fragmentation is not as extensive as in the U 0 particles.

J O
The micrographs of the fuel section after irradiation to 45-50% burn-up
(test element LC-02), show a similar healing effect on the rolling
cracks as is observed in the U»0 particles (see figure 25). Relative tc
the latter, the diffusion processes in UA1 appear to be slower however.
The pronourred directionality in the original rolling crack pattern is
agr<ir> veil visible :i' fipi-rp ^f-, be-crtfe cf the s t i l - plcifntcc* opj-cr-rrce
of the former crack openings. It is also obvicuf that iiffior g?s
rrrentier in the crystal lattice is much higher in IIA1 than in U,0.,,
considering the absence of small voids in the crystalline matrix ana the

Text cont. on p. 360.
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FIG 19 Macrograph of sample B of LN-02 (15x)
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FIG. 20. Unirradiated U3OB-AI (LN-02).
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FIG. 21. Irradiated U3O8-AI (LN-02, BU = 0.45).
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FIG 22 Irradiated U3O8-AI (LN-02, BU = 0 45)
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FIG. 23. Irradiated U3O8-AI (LN-01-CD, BU = 0.74).
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FIG. 24. Unirradiated UAI„-AI (LC-02).
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limited extent of their incidence in the grain boundaries (see figure
25). The practical reality of this was evident when samples for burn-up
analysis were taken. For this purpose small diameter discs were cut from
the fuel plates by means of a punch-and-die device. Whenever the U„0„
plates were punched, the hct-cell of^-pas alarm was triggered system-
atically. Punching the UA1 puâtes had no such effect.y
During post-irradiation examination of UA1 particulate material, one
additional observation was made that may well be of secondary significance.
In the dispersed fuel particles there is a more or less scattered
occurrence of partial liquation at subgrain boundaries or other areas of
lattice disorder, as illustrated by figure 26. As a matter of fact,
during irradiation a secondary phase is formed that seems to agglomerate
in the liquid state at the conditions which exist during reactor
operation. It could be assumed that the mixture of U and Al with a
growing fission product content, eventually attains a composition with a
solidus temperature that is exceeded by the service temperature of the
reactor fuel.
The morphological changes that are associated with the increase of the
burn-up level to 70-75% (test element LC-01-Cd), again are characterized
by an aggravation of the effects which have been observed at the inter-
mediate burr-up level (see figure 27). The striking appearance of
brittle cracks in the samples A and B of the particular fuel plate is a
result of bending forces occurring during the disengagement of the fuel
plate from the test element structure. The extreme hardness of the UA1
particles, which is the reason for their apparent brittleness, is another
indication of very nearly complete retention of fission gas atoms in the
UA1 crystal lattice, up to burn-up levels as high as 70-75%.

X

6.2.7. Blister tests
In order to investigate the tendency of irradiated fuel plates to
develop blisters at elevated temperatures, a nuirber of teet plate? vTere
subjected tc P hert trectirert up tc t er perrfuroj. of 55CCC.
For this purpose a special furnace was designed and manufacturée?.
Principally this furnace consists of two electrically heated copper
blocks with a 4 mm gap in between for insertion of the test plate. The
heated section is supported by ceramic insulators and mounted in an
aluminium containment. An accurate (± 1°C) temperature measuring and
control system is connected to the furnace. Additional provisions to
measure ai.d collect the released volatile fission product? veie rv?i!ab?p.
The heat treatment of the test plates consists of a one step temperature
increase from room temperature to 250°C, followed by steps of 50°C up to
550°C. Each temperature step in turn is followed by a holdtime of 30
minutes and subsequent visual inspection of the plate.
From the results of the blister tests it appeared that only the U.O -Al
fuel plates with high burn-up (75%) develop blisters in the fuel meat
zone above 5?5°C. These blisters are located at mid l.cipht near the fuel
edge zone (see figure 28).
For the remaining test plates no blister formatier ir the meat zone was
detected for temperatures up to 550°C.
Apart from the blistering in the meat zone some secondary observations
were made :
- All the tested plates showed a discolouration on the surface of the
Al-cladding in the meat zone, at temperatures of 475°C to 550°C (see
figure 29).

- For all the plates a permanent length increase of about 5 mm was found
after heating up to 550°C (see figure 30).

- The plates with the UA1 -Al type fuel showed minor blister formation
at the top and bottom or the plate, outside the fuel region (see
figure 31).
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FIG. 27. Irradiated UAI.-AI (LC-01-CD, BU = 0.73).
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FIG 28. Blister formation on plate YC5355 (LN-O1-CD).

7. CONCLUSIONS AND FINAL OBSERVATIONS
From the practical experiences and measurements during irradiation and
based on the results of post irradiation examinations of four LEU-assem-
blies having a burn-up of 50 to 75% the following main conclusions can
be drawn :
* All four test elements have shown excellent irradiation behaviour up

to their target burn-up of 50% and 75% respectively.
* Froir coolant channel v'dtb rep^urertr ts no lr crl rr f"ert]l fuel plfte
deformation has been detected. This result has been confirmed bv piste
thickness measurements on the elements.
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FIG. 29. Discolouration of the cladding surface.
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FIG. 30. Length increase of the test plate after heating.

* From detailed flux measurements it was found that LEU test elements
with non-fueled outer plates show distinct radial power peaking (20%)
at the begin of irradiation. Application of cadmium poisoned side
plates reduces this power peaking in E-W direction (5-10%).

* Reactivity measurements show that the depletion of cadmium wires
(d = 0.5 mm)nis completed at r. thermal r.eutrrr. flucrre cf
0.5.10 cm~\
1er future application cf crciriur-. PP s turrsble abrcrber in r LEl'-FFL
core the number of wires per side plate should be increased frcr 1C to
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FIG 31 Minor blister formation outside the meat region

20. In that case the initial negative reactivity of the cadmium
present in the first (6 x 500 pcm) and second (6 x 125 pcm) fuel zone
will amount to 3750 pcm. At the end^of cycle (26 days, 45 MW) about
750 pen remains. In this way the U burn-up effect will be,compen-
sated properly by the cadmium depletion. In comparison with B, the
application of cadmium will lead to a lower fuel inventory of theHFR-core.
* Calculated and measured burn-up data are in good agreement (± 5%).
* The results of chemical burn-up analyses on fuel plate samples fit
well with the burn-up distribution as measured with gamma-scanning
(± 5%).

* At burn-up levels of 50% and 75% the calculated Pu-content amounts to
12.5 g and 17.5 g per element respectively.

* At burn-up levels of 50% and 75% the calculated relative power production
of plutonium in 20% enriched LEU-elements amounts to 13% and 24% respec-
tively.

* Metallography of ILO -Al fuel plates has indicated undisturbed bond
integrity between fuel meat and cladding. Fabrication induced internal
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cracks have disappeared, whereas central cavities have formed within
the fuel particles due to fission product diffusion and coalescing
processes. An irradiation-induced U„0 -Al reaction zone of low
porosity has formed on the inner periphery of the fuel particles.

* Metallography of UA1 -Al fuel plates has equally shown good bond
integrity. Certain irradiation-induced changes in the porosity
structure have been observed.

* Metallography of U»0R-A1 fuel plates has indicated undisturbed bond
integrity between fuel meat and cladding. Fabrication induced internal
cracks have disappeared, whereas central cavities have formed within
the fuel particles due to fission product diffusion and coalescing
processes. A irradiation-induced U_0_-A1 reaction zone of low porosity
has formed on the inner periphery of the fuel particles.

* Metallography of UA1 -Al fuel plates has equally shown good bond
integrity. Certain irradiation-induced changes in the porosity
structure have been observed.

* Blister test on irradiated U_0 -Al fuel plates with a burn-up of 75%
have shown significant blister formation in the meat zone at mid
height at 525°C (see figure 28). For lower burn-up levels (50%) no
blisters have been detected for the same fuel type.

* As regards the UA1 -Al plates no blister formation in the meat zone
has been observed up to 550°C.

* During the blister tests a thermal expansion of the plates of 1% at
525°C was measured (see figure 30). Some of the plates had become
somewhat warped after heating.

* For all the tested plates a clear discolouration of the plate surface
in the meat region was observed at 500°C (see figure 29).

* The UA1 plates show a minor blister development in the outer meat
region at the top and bottom of the plate at 550°C (see figure 31).
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Appendix J-4.4

FULL SIZE ELEMENT IRRADIATIONS IN THE FRG-2

W. KRULL
GKSS — Forschungszentrum Geesthacht GmbH,
Geesthacht, Federal Republic of Germany

Abstract

Irradiation and post-irradiation-examination in the
FRG-2 reactor of 5 test plates with LEU 1)38x2 fuel and
21 full size elements with MEU UAlx fuel, LEU U308
fuel, and LEU U3Si£ fuel are summarized. All test
plates and fuel elements were irradiated to greater
than 60% average burnup of the contained 235U.

IRRADIATION AND PIE OF TEST PLATES IN THE FRG-2

Beginning March 1985 in an instrumented rig 5 U3Si2-miniplates,
p = 4,75 g U/cc, were irradiated to determine the influence of different
grain size ratios on swelling. The content of fine grain {< 40 n) was up
to 40 %. One of the 5 miniplates was instrumented with thermocouples.
The following PIE's are being finished: visual inspection, dimensional
and density measurements, gamma-scans, blister-tests and metallography.
Burnup greater than 60%.

IRRADIATION OF FULL SIZE ELEMENTS IN THE FRG-2

The following fuel element performance tests are completed:
1. 10 fuel elements with 45 % up to 64 % enrichment UA1X,

p = 1,41 g U/cc reached a U-5 burnup up to 64 % in April 1984.
Two of these fuel elements were instrumented with thermocouples.
Continuous temperature measurements and loss of flow measurements
were done. Reactivity values and micro neutronflux distributions
were determined. No PIE's.

2. 7 fuel elements with 20 % enrichment, ̂ Og, p = 3,1 g U/cc,
Irradiations are finished. Burnup up to 66 %. No PIE's.

3. 4 fuel elements with 20 % enrichment U3Si2, p = 3,7 g U/cc,
Irradiations are finished. Burnup up to 68,5 %. No PIE's.
This information is summarized in the attached table.

CONVERSION OF FRG-REACTORS

78 fuel elements (U3Si2, p = 3,7 g U/cc) are ordered and will be delivered
in 1988 for the conversion of the FRG-1 and FRG-2 research reactors.
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Table 1 : Fuel Elements Qualification

Weight U-235 (g)
Weight U (g)
Enrichment (%)
Meat material

Density (g U/cc)

Canning material
Number

Average burnup (%)
Test status
Test finished

T

180
193, 200
90, 93

UA1X

0,44
(0,45)
AlMgl

45

present fuel
open

II

280
622
45

UA1X

1,41

AlMgl

10

< 64

finished

April 84

III

270
1357

20

U308

3,1

AlMg2
7

< 66
finished

Autumn 86

IV

323
635

20
U3si2

3,7

AlMg2

4

< 65

finished

Spring 87

Max peak burnup
1021 fissions/cc
(ex Pu)

Mean U-235 burnup*

0,66 1,01 0,88-1,00 1,20-1,24

45 58,9-64,0 56,7-66,0 66,3-68,5

) Fuel elements instrumented with thermocouples in the fuel plates
have a burnup between 46,3 % and 60,6 %.
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Appendix J-4.5

THE CONVERSION OF NRU FROM HEU TO LEU FUEL*

D.F. SEARS, M.D. ATFIELD, I.C. KENNEDY
Chalk River Nuclear Laboratories,
Atomic Energy of Canada Limited,
Chalk River, Ontario,
Canada

Abstract

The program at Chalk River Nuclear Laboratories (CRNL) to
develop and test low-enriched uranium fuel (LEU, <20% U-235) is
reviewed, and the status of the conversion of the NRU reactor
from highly enriched uranium (HEU, 93% U-235) to LEU fuel is
discussed. The replacement LEU fuels developed and tested at
CRNL contain high-density uranium suicide particles dispersed
in aluminum, in cylindrical rods. The suicides tested include
U3Si, USiAl, USi*Al and U3Si2 (U-3.96 wt% Si; U-3.5 wt% Si-1.5
wt% Al; U-3.2 wt% Si-3 wt% Al; U-7.3 wt% Si, respectively).
Fuel elements were fabricated with uranium loadings suitable
for NRU, 3.15 gU/cm3, and for NRX, 4.5 gU/cm3, and were
irradiated under normal fuel-operating conditions. Eight
experimental irradiations involving 100 mini-elements and 84
full-length elements (7xl2-element rods) were completed to
qualify the LEU fuel and the fabrication technology. Post-
irradiation examinations confirmed that the performance of the
LEU fuel, and that of a medium-enrichment uranium (MEU, 45%
U-235) alloy fuel tested as a back-up, was comparable to the
HEU fuel. The uranium suicide dispersion fuel swelling was
approximately linear up to burnups exceeding NRU's design
terminal burnup (80 at%). NRU was partially converted to LEU
fuel when the first 31 prototype fuel rods manufactured with
the production equipment were installed in the reactor. The
rods were loaded in NRU at a fueling rate of about two rods per
week over the period 1988 September to December. This partial
LEU core (one third of a full NRU core) has allowed the reactor
engineers and physicists to evaluate the bulk effects of the
LEU conversion on NRU operations. As expected, the irradiation
is proceeding without incident.

1. INTRODUCTION

The NRU reactor at CRNL is a multipurpose, tank-type thermal research
reactor, using D2Û moderator and coolant and highly enriched uranium (HEU,
93% U-235) U-A1 alloy driver fuel. Various kinds of rod assemblies are
suspended in the tank on a 7 1/4 in (19.7 mm) hexagonal lattice. The
reactor produces radioisotopes, provides neutron beams for research, and
has special facilities for testing metallurgical specimens and advanced
power reactor fuels, and for performing fuel damage (blowdown) tests.

* Paper presented at the International Symposium on Research Reactor Safety, Operations and Modifica-
tions, Chalk River, Ontario, Canada, 23-27 October 1989 (AECL-9926, Vol. 3, Chalk River Nuclear Laborato-
ries, Ontario (1990)).

369



The NRU reactor achieved criticality in 1957 and ran at 220 MW (Th) using
driver fuel rods containing flat plates of natural uranium metal. It was
converted to highly enriched, rod-type driver fuel in 1964, and currently
runs at about 130 MW (Th). The linear-fissile loading of each 2.7 m long
fuel element (twelve per rod) has risen from 0.3 g U-235/cm to the present
1.8 g U-235/cm. Roughly 90 of the 227 reactor sites are occupied by
driver fuel, and these are taken to approximately 80% burnup in 11 months.
As part of an international effort to reduce the use of HEU, and the risk
of nuclear proliferation, a development program was undertaken in 1980 to
produce low enrichment uranium (LEU, <20% U-235) driver fuel for NRU.
CRNL's progress has been reported at annual meetings sponsored by the U.S.
Reduced Enrichment for Research and Test Reactors (RERTR) program [1-4].
The salient features of the LEU fuel development and testing program, and
the current status of the NRU conversion program are reviewed in this
paper . The LEU fuel burnup analysis has recently been completed using
high-precision liquid chromatography, and where appropriate, the analyzed
burnup values will be given.

2. FUEL DEVELOPMENT AND FABRICATION

The NRU fuel-rod design which consists of twelve elements, each containing
an HEU-AI alloy core with finned aluminum cladding and aluminum end plugs
(see Figure 1), has proven to be extremely durable and reliable. The
geometry, dimensions and linear fissile loading of this 12-element fuel
rod were maintained in the LEU conversion program for licensing
simplicity. CRNL physics studies showed very little effect on reactor
operations from using LEU driver rods, apart from the need to fuel 6 more
reactor sites or reduce exit burnup by about 10%. The problem thus came
down to the development of a replacement fuel with five times the HEU fuel
uranium density, which would be stable to high burnup.

The replacement LEU fuel elements consist of a core, containing high-
density uranium suicide particles dispersed in an aluminum matrix, with
the same finned aluminum cladding and end plugs. The fuel is made by
melting uranium and silicon in a high-frequency induction furnace. Cast
billets are heat-treated to transform the as-cast structure to UjSi, then
the billets are reduced to powders via a series of comminution processes.
Uranium suicide powder is mixed with aluminum powder and hot-extruded
into cores. The finned aluminum cladding is extruded onto the cores in a
semi -continuous process, with the cores acting as a floating mandrel. The
cladding is welded to the end-plugs to hermetically seal the elements.

The high-density suicides tested were ̂ Si, ̂ Si alloyed with -1.5 wt% Al
and 3 wt% Al , and U3Si2 (U-3.96 wt% Si; U-3.5 wt% Si-1.5 wt% AL; U-3.2 wt%
Si-3 wt% Al, and U-7.3 wt% Si, respectively). Fuel elements were
fabricated with uranium loadings suitable for NRU, 3.15 gU/cm , and for
NRX, 4.5 gU/cm3. Following the decision to shut down NRX, testing of NRX-
type fuel was discontinued.

Industrial-scale fuel -production equipment has been installed in temporary
facilities at CRNL, and is currently being used to manufacture prototype
fuel rods to familiarize the operators with the manufacturing process, and
to confirm that the production rate is high enough to meet CRNL's annual
fuel requirements. To date, more than 90 kg of LEU has been processed into
NRU rods (see section 4) and the production line is running
satisfactorily. Most of the process variables and parameters established
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Fig. 1 NRU fuel rod.

during the development program have been used in the production line and
no problems have resulted from scaling up.

A new building has been constructed for LEU fuel fabrication. The
manufacturing equipment is scheduled for installation and re-commissioning
in late 1989. It is anticipated that full-scale production of NRU LEU fuel
will commence early in 1990 in the new building, and the first production
fuel rods will be loaded into NRU later that year. NRU should be
completely converted to LEU fuel within a year of the first production of
LEU fuel rods in the new building.

3. LEU SILICIDE DISPERSION FUEL TESTING

3.1. Test Elements
The test vehicle for irradiating suicide dispersion fuel in most tests
has been the mini-element. The mini-element fuel-core diameter (5.5 mm)
and clad wall thickness (0.76 mm) are the same as in full-size NRU
elements. Mini-elements are, however, only 184 mm long compared with 2.9m
for NRU elements. The mini-elements also resemble NRU elements in that
they have six cooling fins at 60° intervals around the cladding, the fin
width being 0.76 mm and fin height 0.96 mm. To date, approximately 100
mini-elements have been successfully irradiated to burnups in the range
56-93% U-235 depletion in the NRU and NRX reactors.
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TABLE 1 Irradiation Program Status

EXPERIMENT

FZZ-905

FZZ-909A

FZZ-909B

FZZ-910

FZZ-911

FZZ-913a

FZZ-915

FZZ-918

FZZ-921

ELEMENTS

8
4
4

6
6

6
6

8
8
4

8
4
36
48

6

16

12

CORE MATERIAL

Al-61.5% USIA1
AI-21% U
AI-37% U

Al-72.4% USiAl
Al-73.4% USi*Al
Al-61.5% USiAl
Al-62.4% USi*Al

Al-72.4% USiAl
Al-73.4% USi*Al
Al-61.5% USiAl
Al-62.4% USi*Al
Al-61.5% USiAl
Al-62.4% USi*Al
Al-61.0% U3Si
Al-61;5% USiAl
Al-72.4% USiAl
Al-73.4% USi*Al
Al-61.4% U3Si

Al-64% U3Si2

TEST OBJECTIVES

Compare LEU dispersions
(3.15 MgU/m3) with U-A1
alloys
Test dispersions containing
4.5 MgU/m3

High burnup confirmation

Test dispersions with fines

Drilled defects in cladding
Fuel core surface
imperfections

Full-size assembly
irradiation
In-reactor corrosion
of pre-irradiated
dispersions
Define optimum particle
size distributions

Compare to U3Si and evaluate
effect of particle size

RESULTS

LEU fuel performance comparable
to MEU and HEU alloys

Fuel swelling marginally above
1 vol% per 10 at% burnup
Fuel swelling <1 volX per 10 at%
burnup and Unpar up to the
terminal burnup

Particle size needs to be controlled
to tnininiTTi swelling

Corrosion resistance acceptable
Surface defects have no detrimental effect
Swelling 5.7 to 6.9 vo!2
Both dispersions suitable for use in
NRU. U3Si chosen as reference
Prior irradiation enhances corrosion
resistance

Swelling proportional to percentage
of fines
(5.8 to 6.8 vo!2 after 89 at% BU)

Behaviour similar to U Si dispersions
but less swalling

ANALYZED
BURNUP (at%)

57

73

89

51

18-48
88

67-84

23-79

89

aPull-length NRU 12-element assemblies



3.2. Irradiation Conditions

The LEU suicide dispersion fuels were irradiated in NRU. A medium-
enrichment uranium (MEU, 45% U-235) fuel tested as a backup was irradiated
in NRX. The mini-elements were irradiated in a fuel carriage made from an
aluminum cylinder with four holes bored axially through it at 90°
intervals. An aluminum liner containing a string of four mini-elements
was inserted into each hole or flow channel. The mini-elements were
located centrally in the flow channels by four-pronged anodized spiders
located on the end spigots of the mini -elements. The assembly could be
loaded in any of the normal driver fuel positions in NRU.
The mini-elements were irradiated at linear powers representative of a
typical NRU driver fuel rod, ranging from 40 to 112 kW/m. The typical
neutron flux was approximately 1.1 x 10̂ ° n/râ /s, the heavy-water coolant
flow approximately 7.28 L/s, and coolant velocity approximately 10.9 m/s.
The coolant inlet temperature ranged between 30 to 37°C and the coolant
outlet temperature between 40 to 45°C during the mini-element
irradiations.

3.3. Mini-Element Test Results

The fuel test matrix is shown in Table 1. The detailed results were
reported elsewhere [1-4], therefore only the salient features of the
irradiations will be reported here.

3.3.1. Comparison of HEU-Al and LEU Suicide Dispersion Fuel Performance

In Exp-FZZ-905, mini-elements containing AI-21 wt% U alloy fuel (93%
enriched U), Al-37 wt% U alloy fuel (45% enriched U) and Al-61.5 wt%
USiAL (20% enriched U) suicide dispersion fuel, with 0.63 gU-235/cm3, the
fissile loading suitable for use in NRU (and for the new MAPLE-X
reactors), were irradiated to 57% U-235 burnup (analyzed). The elements
were in excellent condition after irradiation; they appeared as they did
in the as-fabricated condition except for a dull oxide layer on the
cladding. Post-irradiation examinations (PIE) showed that the performance
of the uranium suicide dispersion and the MEU alloy fuel was comparable
to the HEU alloy fuel. All element diametral changes were less than 1.6%
and length changes were within 0.2% after 57 at% burnup. As shown in
Figure 2, the Al-HEU fuel microstructure remained essentially unchanged
after irradiation but the LEU suicide particles reacted with the aluminum
matrix material, forming a thin interfacial layer, probably UAlj with
dissolved Si, around the fuel particles. Fission-gas bubbles ranging in
size up to 5 /im were contained in the kernels of the fuel particles.
Considerably less fission-gas bubbles were retained in the interfacial
layers. Fuel-core swelling ranged between 3.4 to 4.5 vol% at the exit
burnup. From the results it appears that all three materials swell at
roughly the same rate, up to 57 at% burnup.

3.3.2. High-Burnup Confirmation

In the Exp-FZZ-909B irradiation, mini-elements containing the USiAl and
USi*Al dispersions, with 3.15 gU/cra^, were irradiated up to 89 at% burnup
(analyzed). Immersion density measurement indicated that the cores had
swollen by 5.92-7.63 vol% after 77 at% burnup and by 6.57-7.76 vol% after
89 at% burnup, see Figure 3. These results showed swelling was
approximately linear right up to 89 at% burnup, and confirmed that NRU-
composition suicide dispersion fuels could exceed the design terminal
burnup (80 at%) without exceeding the threshold of breakaway swelling.
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Fig. 2 Microstructure of: (a) Al-21 wt% U fuel after 57 at%
burnup, UAl^ - dark grey, Al - light grey; (b) Al-61.5
wt% USiAL after 57 at% burnup, U3Si - dark grey, UA13 -
light grey, Al - white.

PIE showed that both dispersions behaved similarly, i.e., the uranium
suicide reacted with the aluminum matrix and fission-gas bubbles formed
in the fuel particles. The interfacial layers were thinner near the fuel-
core periphery and their edges were more sharply defined than at the fuel-
core centre. The fission-gas bubbles were about the same diameter (up to
5 /jm) in both locations but thicker interfacial layers and more particle
coalescence had occurred at the fuel-core centre.

3.3.3. Dispersions with High U Loading and Fine Particles

In the FZZ-909A experiment, Al-USiAl and Al-USi*Al dispersions containing
the higher loading required for NRX (4.5 gU/cm^) were tested. Fuel

374



10

l>

u i,ce *o

2 _

' l ' l
+ FZZ-905
X FZ2-909.911

l

10

Fig. 3

20 40 60 80
ATOMIC PERCENT BURNUP

Swelling of LEU fuel core containing
Al-61.5 wt% USiAl and Al-62.4 wt% USi*Al,

performance was good and the materials behaved similar to the dispersions
containing 3.15 gU/cm3; however, swelling was marginally over 1 vol% per
10 at% burnup, at the terminal burnup of 74 at%.

In the Exp-FZZ-910 experiment, dispersions with a high loading of fine
particles showed greater swelling compared to fuel with coarser particles
at similar burnup. Mini-elements containing USiAl and USi*Al dispersions
with fine particle-size distributions and 4.5 gU/cm3 loading exceeded the
swelling envelope of approximately 1 vol% per 10 at% burnup of the
previous mini-element irradiations. The results suggest that particle
size must be closely controlled to ensure good performance at high U
loadings.

3.3.4. In-Reactor Corrosion
In-reactor corrosion behaviour of uranium suicide dispersion fuels has
been investigated in the FZZ-911 and the FZZ-915 irradiations. The mini-
elements contained Al-USiAl and Al-USi*Al, 3.15 gU/cm3. In the FZZ-911A
experiment, four mini-elements had 1.2 mm diameter holes drilled in the
cladding mid-section, and were irradiated in the linear power range 60-87
kW/m in NRU. The first and second mini-elements were removed from the
reactor after reaching 19 and 32 at% burnup, respectively, and the
remaining two after 48 at% burnup (analyzed).

Post-irradiated metallography and neutron radiography revealed that
ellipsoidal cavities had developed beneath the holes in the cladding. The
cavity size increased with increasing burnup. These cavities correspond
to 1.1 mg and 3.2 mg of U-235 lost to the coolant after 19 and 32 at%
burnup, respectively, and 9.8-48.0 mg U-235 after 48 at% burnup. These
results indicate that the corrosion rate of the purposely defected fuel
elements is acceptably low.
The FZZ-915 experiment was similar to the FZZ-911 experiment, except that
the mini-elements were pre-irradiated to burnups in the range of 23 to 79
at% (analyzed) before the 1.2 mm diameter holes were drilled in the
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cladding. These elements were further irradiated in the NRU reactor to
evaluate the performance of the defective fuel, and during the additional
38 full-power days no increase in activity in the coolant above the normal
background was detected. Neutron radiography and metallographic
examinations revealed that the cavities were typically 0.7 mm deep by 1.3
mm across, i.e., only marginally larger than the original cavity made by
the drill tip. These results indicate that the corrosion resistance of the
LEU fuel is possibly increased by previous burnup.

3.3.5. Fuel-Core Surface Imperfections

The objective of the FZZ-911B experiment was to evaluate the performance
of intact mini-elements having slight as-fabricated or deliberately
introduced imperfections (machined grooves) in .the core surface. However,
the mini-elements contained the same fine particles that caused enhanced
swelling in Exp-FZZ-910. Therefore, examinations were also carried out to
determine the effects of the fine particle size on the core swelling when
the loading is 3.15 gU/cm .

Post-irradiation examinations revealed that the aluminum cladding had
flowed into and filled the surface defects. More importantly, the core
volume of the FZZ-911B mini-elements had only increased by approximately
4.9% after approximately 60 at% burnup compared with 7.0 to 17.5% swelling
in the FZZ-910 cores at about the same burnup. Swelling was 7.1 vol%
after 80 at% burnup. These results indicate that core surface defects had
no detrimental effect on fuel performance, and fuel swelling was
acceptable at the lower suicide loading required for NRU, even when fine
particles were used.

3.3.6. Effect of Particle Size on Core Swelling

In the Exp-FZZ-918 experiment, 16 mini-elements containing Al-61.4 wt%
uranium suicide were irradiated in NRU to help establish limits on the
particle-size distribution to be used in the manufacturing specifications.
The mini-elements were divided into 4 groups, each group containing
progressively lower fractions of fines (particles less than 44 pm in
size).

Fuel swelling was linear with burnup, and to a first approximation
proportional to the percentage of fines contained. After 89 at% burnup
(analyzed) the mini-elements containing a high proportion of fines swelled
by 6.6 to 6.8 vol% while the mini-element with a low fraction of fines
swelled by 5.8 vol%.

3.3.7. AL-UßSio Dispersion Fuel

We have recently expanded the program to include UjSi2 dispersions to
complement the UßSi line. Twelve Al-U3Si2 mini-elements (3.15 gU/cnr) were
fabricated with a variety of particle-size distributions and installed in
NRU in 1988 June. The assembly was removed for interim post-irradiation
examinations after reaching approximately 60 and 80 at% burnup, then it
was returned to the reactor to continue the irradiation to 93 at% burnup.
Metallographic examinations showed that the U^Si2 fuel behaved similarly
to the U3$i dispersions. An interfacial layer formed around the fuel
particles, and fission-gas bubbles, ranging in diameter up to 10 /im, could
be seen in the fuel particles. The UßSi2 was not heat treated, and
contained 4 wt% free uranium, the highest level expected from local non-
uniformity in full-size castings. This appeared to have no detrimental
effect on fuel performance. However, no swelling dependence on particle-
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size distribution was observed, and the Al-U3Si2 dispersion fuel swelling
was lower than Al-U3Si at similar burnup. The results are shown in Figure
4, and are compared with data from Al-U3Si mini-elements (Exp-FZZ-918).
3.4. Thermal Ramp Tests: Post-Irradiation Heating Tests

Thermal ramping tests were conducted in hot cells to determine the effects
of temperature excursions on the dimensional stability and fission-product
activity release from previously irradiated suicide dispersion fuel.
Whole mini-elements and short segments of mini-elements with the fuel meat
exposed were chosen, having fuel burnups of either 23 or 93 at%. Half the
samples contained Al-61.5 w/o USiAl and half contained Al-62.4 w/o USi*Al.

The test conditions were: Argon gas flow rate - 1.66 mL/s; Heating rate -
0.2 and 0.4°C/s; Temperature - in the range 530 to 720°C; Holding time -
temperature held constant Ct4°C) for an hour.
In the thermal ramp tests, a whole mini-element irradiated to 93 at%
burnup developed small localized blisters, some with pinhole cracks
releasing fission products (85Kr and 137Cs) after 0.25 h at 530°C. This
behaviour prevented gross pillowing or ballooning. A mini-element
irradiated to 93 at% burnup and ramped to 640°C developed radial cracks,
which tore the cladding and released fission products from the core. Even
at this high temperature the element maintained considerable structural
integrity. This behaviour is interpreted to mean that coolant channels
would not become blocked even if the fuel was subjected to some
hypothetical abnormal event with the potential to cause overheating of the
core, e.g. 530°C compared with the normal operating maximum of 200°C.

3.5. Full-Size NRU Fuel Test Results

The excellent performance of mini-elements containing the USiAl and USi*Al
dispersion fuel led naturally to the fabrication and testing of full-size,
12-element NRU fuel assemblies. In experiment FZZ-913, seven assemblies
were irradiated in NRU, 3 containing Al-62.4 wt% USi*Al and 4 containing
Al-61.0 wt% U3Si (identified as FL-001 to FL-007). The LEU assemblies
were installed in NRU during 1984, replacing the currently used HEU alloy
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fuel in NRU, and were irradiated at typical driver-fuel operating
conditions. The electrical conductivity of the coolant ranged between
0.25 and 0.7 pmho/cm during irradiation. The pH was not routinely
measured, but ranged between 5.5 and 7. The coolant inlet temperature
ranged between 30-37°C and the outlet between 60-70°C. Inlet pressure was
approximately 80 psi (579 KPa) and outlet approximately 30 psi (207 KPa).
Each rod occupies an average of 5 core positions during its lifetime (~340
d residence time (3 70% efficiency) as it is moved from the outside of the
core (low-flux site) to the centre (high-flux site) and back to the
outside. Average element linear power ranged from 40-50 kW/m, with the
maximum being approximately 80 kW/m.

Burnup analysis showed that the rods were irradiated to 67 to 84 at%
burnup (peak). Visual examinations showed that the fuel elements were in
good condition; they were identical in appearance to the HEU elements with
the normal aluminum oxide layer coating the surface. Dimensional
measurements indicated that elongation during irradiation was negligible;
the USi*Al and the U^Si dispersion fuel elements were within 0.5% of their
original length.

Post-irradiation metallography revealed that, as expected, the full-
length elements' high burnup behaviour was similar to that of the mini-
elements. The fuel particles had reacted with the matrix aluminum forming
the normal aluminide interfacial layer (UA13 with dissolved Si). The
interfacial layer which formed around the UßSi particles was considerably
thinner than that in the USi*Al dispersion. Small fission-gas bubbles
were contained in the kernels of the fuel particles and ranged in size up
to 10 /̂ m in diameter . Considerably fewer fission-gas bubbles
had been retained in the interfacial layers.

Evidence of the axial burnup gradient was observed in the full-length
elements. In the high-burnup sections (mid-length) more particle
coalescence had occurred than at the lower burnup sections (ends). There
was less evidence of particle coalescence in the UjSi dispersion.
However, there was no evidence of the linking-up of fission-gas bubbles in
any of the fuels examined, indicating that the fuels were well away from
the onset of breakaway swelling. Immersion-density swelling measurements
could not be made on the full-length elements, so estimates based on the
dimensional changes from the underwater and metallographic examinations
have been calculated. Core diameter increases of up to 3% and 4% have
been measured at the ends and at the middle of the fuel elements,
respectively. These give conservative estimates of the core's swelling by
less than 1 vol% per 10 at% burnup at the terminal burnup of 84 at%.
It is clear that the high-burnup performance of USi*Al and U^Si dispersion
fuel containing 3.15 gU/cm --the loading required for the research
reactors at CRNL--is acceptable. Factors contributing to the good
performance were the suitable particle-size distribution and the superior
restraint provided by the thick-walled cladding.

4. STATUS OF NRU CONVERSION

NRU was partially converted to LEU when the first 31 LEU fuel rods
manufactured using industrial-scale equipment were installed during 1988
September to December. This partial (one third) LEU core allowed the
reactor engineers and physicists to evaluate the bulk effects of LEU
conversion on reactor operations. Table 2 shows the burnup profiles of
selected Al-UßSi dispersion fuel rods from the first campaign, as of 1989
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TABLE 2
STATUS OF SELECT LEU FUEL IRRADIATIONS (AS OF 1989 JULY 31)

ROD ID INSERTION REMOVAL INITIAL BURNUP POWER
DATE DATE U-235 (g) <Z U-235) MUd

FL008

FL009

FLO 10

FLO 11

FL012

FLO 15

FL020

FLO 2 3

FL038

as
88

88

88

88

88

88

88

88

09

U9

10

10

10

10
11

12
12

29

30

01

04

06

13

07

12
28

89 07 30 495

494

493

89 07 30 497
89 05 31 494

492

493

492

494

.7

.1

.9

.0

.0

.6

.3

.1

.0

80

79
79
80
61

77

72

71
54

320
314

313

321
244

304

285

282

215

.1

.2

.1

.3

.9

.9

.3

.5

.8

July. As expected, the irradiation is proceeding without incident and the
reactor engineers have seen no difference in fuel-rod behaviour or
handling compared to HEU fuel. In a given neutron flux the reactivity
worth of the LEU rods is indistinguishable from HEU rods at comparable
burnup. Bulk parameters such as coolant/moderator chemistry and overall
reactivity have not changed perceptibly with the partial LEU core.
In 1989 July, the first of the rods reached their exit burnup. Two of
these rods were cut apart in the NRU bays for PIE. Under-water visual
examinations revealed clean, straight elements with only the light oxide
coating on the cladding that is normally also seen on the HEU elements. No
detailed metallographic examinations were planned since the rods behaved
satisfactorily during irradiation, as expected. One of the elements which
was inadvertently bent during handling demonstrated good ductility after
full irradiation. By the end of 1989 all of the prototype LEU fuel rods
will have completed their irradiation in NRU.

Fuel production in the new facility is expected to begin in 1990. It is
expected that the full conversion of NRU will commence when a stable fuel
production rate exceeding the fuel-usage rate is achieved. The projected
date for this milestone is 1990 September.

5. CONCLUSIONS

1. Suitable LEU suicide dispersion fuels have been developed and tested
at CRNL for the conversion of NRU from HEU to LEU. Under NRU fuel
operating conditions, the fuels are stable up to burnups exceeding the
design terminal burnup (80 at%).

2. NRU has been partially converted to LEU; 31 prototype LEU rods
containing AL-61 wt% UjSi fuel (one third of a NRU core) were
installed during 1988 September to December. The irradiation is
continuing without incident, as expected. Post-irradiation
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examinations of the first rods to be discharged confirmed that the
fuel achieved the design burnup in good condition.

3. Construction of a new fuel-fabrication facility is essentially
completed and LEU fuel production is expected to begin in 1990. The
complete conversion of NRU is expected to begin in 1990 September.
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Appendix J-4.6

DEVELOPMENT OF LOW ENRICHMENT
MTR FUEL AT DOUNREAY

D. SINCLAIR
Dounreay Nuclear Power Development Establishment,
United Kingdom Atomic Energy Authority,
Thurso, Caithness,
United Kingdom

Abstract

Work up to October 1983 on the development of a
manufacturing route for the manufacture of low
enriched fuel at Dounreay concentrated on the roll-
bonding method of plate manufacture. Both U-A1 alloy
and t^Og-Al cermet elements at 45% enrichment have
been irradiated and the fabrication of 20% enriched

l cermet elements is in hand.

INTRODUCTION*1 -3>

The United Kingdom Atomic Energy Authority operate a MTR fuel
fabrication plant, with a capacity of about 1,000 fuel elements per year,
at Dounreay on the north coast of Scotland. The prime purpose of this
plant is to manufacture fuel elements for the DIDO and PLUTO reactors at
the Harwell research establishment and fuel element development has been
concentrated on the requirements of these reactors with close co-
operation between the two establishments.

In addition to the Harwell reactors Dounreay supplies fuel elements
to various university reactors in the United Kingdom and a number of
overseas customers, on a commercial basis.

Development work has been concentrated on the production of fuels
with higher uranium loadings as a step towards "reduced enrichment" fuel
production. Initial work successfully developed the traditional melting
and casting route to produce fully satisfactory alloys, up to 35 w/o U/A1
and later work has successfully produced fuel plates using the UßOg/Al
cermet route.

Irradiation of medium enriched (45% U-235) fuels to high burn-up
has been carried out and post-irradiation examination has confirmed the
acceptability of such fuels fabricated using both the conventional U-A1
alloy technology and the U^Og-Al cermet technology.

Plate fabrication trials using natural uranium in UßOg-Al cermet
cores have been completed satisfactorily and fuel elements with cermet
cores containing uranium at low enrichment (20% U-235) are currently
being manufactured for test irradiation.
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FABRICATION METHODS
Two methods are currently (October 1983) in use at Dounreay for the

routine fabrication of MTR fuel, both using U-A1 alloy technology.

i. the traditional roll-bonding method of producing fuel plates which
can either be assembled directly into flat-plate fuel elements or
preformed and electron-beam welded into fuel tubes for assembly into
concentric-tube fuel elements, and
ii. the co-extrusion of alloy inserts contained within aluminium
sleeves to produce completely clad fuel tubes in a single operation.
These tubes are then assembled into concentric-tube fuel elements.

PROGRESS TO DATE (October 1983) <3>
Medium Enriched Fuel (45% U-235)

To date, work has been concentrated on the roll-bonding method to
permit the production of medium enriched fuel plates in both alloy and
cermet forms.

A 45% enriched concentric-tube fuel element incorporating U-A1
alloy cores with a uranium density of 1.1 g U/cm^ has been irradiated
(Table 1) to 52.3% burn-up and the post irradiation examination has been
completed. The examination showed the surfaces of the fuel plates to be
free of blisters and other gross defects. Both longitudinal and
transverse micro-sections, taken from positions along the length of the
fuel tube, showed the cladding and core to be clean and sound with good
uniform dispersion of the intermetallic compounds UAlg and UAl4- Good
metallurgical bonding between the cladding and fuel core had been
maintained, and there was regular good axial alignment of the cladding
and core with the cladding thickness within the original specified
limits. Tapering and dog-boning at the core ends were slight.

A fuel tube, electron-beam welded from l^Og-Al cermet core plates
with a uranium density of 1.1 g U/cm^ has been irradiated (Table 2) to
68% burn-up and post irradiation examination has been completed. Visual
examinations of the irradiated tube showed it to be free from blisters or
other gross defects. The irradiated tube was heated to 250°C and held
for 15 minutes and then in 50°C steps to 500°C with an examination for
blisters following each step. No blistering occurred at any stage of
this test. Both longitudinal and transverse micro-sections, taken along
the length of the plate, showed the thickness of the core and cladding to
be uniform with good axial alignment of the core and cladding. Good
metallurgical bonding between cladding and the core had been maintained.
Cracks observed in the core in some specimens were later demonstrated to
have formed during cutting operations carried out to obtain the
metallographic samples. Variations in size and distribution of UßOg
particles in the core were as anticipated from pre-irradiation samples.
Characteristic end effects - tapering and dog-boning - were typical and
slight.

Two more 45% enriched fuel elements with U^Og-Al cermet cores are
currently undergoing irradiation; one in a 5 MW light water research
reactor and the other in the 25 MW PLUTO research reactor at Harwell.
Post irradiation results on the former will be available in about 18
months and on the latter by the middle of 1984.
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TABLE 1

45% ENRICHED 'DIDO' TYPE FUEL ELEMENT (U-A1 alloy - 1.1 g U/cm3)
IRRADIATION CONDITIONS

Reactor = PLUTO (AERE HARWELL)

Average Burn-up = 52.3% U-235 atoms

Total average thermal dose = 1.15 x 1021 n cm"2
(average over whole element)

Total fast neutron dose (above 1 MeV) = 4.4 x lO2^ n cm"2
(at centre line of fuel)

TABLE 2

45% ENRICHED 'DIDO' TYPE FUEL TUBE (̂ Og-Al cermet - 1.1 g U/cm3)
IRRADIATION CONDITIONS

Reactor = PLUTO (AERE HARWELL)

Average Burn-up = 68% U-235 atoms

Total average thermal dose = 1.4 x 1021 n. cm"2
(average over whole element)

Total fast neutron dose (above 1 MeV) = 5.2 x 1020 n.cm"2
(at centre line of fuel)

Work on the development of UjOg-Al cermet cored co-extruded fuels
has been on a low priority. Some cermet thick wall inserts have been
produced by isostatic pressing but to date these have not been
dimensionally or structurally suitable for co-extrusion. Work will
continue, applying experience gained in the work to date.

Low Enriched Fuel (< 20% U-235)

Development of fuel containing uranium of low enrichment has been
restricted to the production of ̂ Og-Al cermet cored fuel plates which
retain their standard external dimensions. Plate rolling trials have
been carried out using natural uranium and these indicated that compacts
of adeo^aate handling strength with a uranium density of 3.0 g U/cm3 could
be produced without binder at a compaction pressure of 30 tons/in2 (463
MN/m2). This work is now being applied to the fabrication of five, 20%
enriched, concentric fuel elements containing cores with a nominal
uranium density of 2.9 g U/cm3. These elements will be irradiated in the
Juelich reactor FRJ-2. An additional fuel element containing identical
fuel plates is being fabricated for irradiation in the PLUTO reactor at
Harwell, starting later this year.
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Appendix J-4.7
Parti

IRRADIATION OF MEU AND LEU
TEST FUEL ELEMENTS IN DR 3

K.HAACK
Rise National Laboratory,
Roskilde, Denmark

Abstract

Irradiation of three MEU and three LEU fuel elements
in the Danish reactor DR 3.

Thermal and fast neutron flux density scans of the core
have been made and the results, related to the U235-content
of each fuel element, are compared with the values from HEU
fuel elements. The test elements were taken to burn-up percentages
of 50-60%. Reactivity values of the test elements at charge
and at discharge have been measured and the values are compared
with those of HEU fuel elements.

1. INTRODUCTION

As a part of the current programme for evaluation of
the feasibility of research reactor conversion to lower enriched
fuel organized by IAEA, irradiations of medium enriched uranium
(MEU) and low enriched uranium (LEU) test fuel elements have
been carried out in reactor DR 3, Rise, Denmark.

The irradiation of the 3 MEU elements was finished in
February 1983. The 3 LEU elements were irradiated in the same
core positions and in continuation of the MEU element series.
The LEU element irradiation test was finished September 1983.

The test fuel elements were geometrically identical
to the remaining fuel elements in the core, which were 93%
enriched cylindrical tube type (Mk 4) with an initial U
content of 150g (20 elements) and 120g (3 elements). During
the test period 7-12 irradiation rigs and isotope production
rigs were present in the core in some of the 50mm central
irradiation holes of the fuel elements. All other fuel elements
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contained flux scanning rigs. The
flux scanning rigs all the time.

3 test elements contained

The reactor was operated at 10 MW thermal power in 4
weeks cycles with about 5 days shut-down in each cycle. The
bulk heavy water temperature was 50-55°C.

2. SPECIFICATIONS

Table 1 shows the specifications for the MEU and LEU
test elements, - with those of the present standard HEU fuel
elements included for the sake of comparison.

As it is seen, the three types are nearly identical
with respect to the outside geometrical dimensions. So the
hydraulic parameters are nearly the same.

TABLE 1

Manufacturer
Enrichment %
Fuel meat type
Uranium density gem
U-235 content, g
Fuel meat thickness,

mm
Cladding
Cladding thickness, mm
Fuel plate thickness,

mm
Fuel plate length, mm
Fuel plate width, mm
Fuel tube diameters:
Tube no. 1, mm
Tube no. 2, mm
Tube no. 3, mm
Tube no. 4, mm
Cover tube, mm

HV
93
UAl-alloy
0.57
150

0.53
99.5% Al
0.47

1.47^0.02
583-12
60.5 and 92.5

63.85
73.65
83.45
93.25
103

HV
45
UAl-alloy
1.18
150

0.53
99.5% Al
0.47

1.47-0.02
583-12
60.5 and 98.5

63.85
73.65
83.45
93.25
103

NUKEM
19.75
U308-A1
2.7
180

0.65
99.5% Al
min. 0.43

1.51-0.05
min. 590
65.3-75.6-85.8-96.1

63.8
73.6
83.4
93.2
102.6
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Each type consists of four coaxial fuel tubes and an
outer Al cover tube, fitted in 4 combs at top and bottom.
In the centre is space for a 54mm o.d. experiment thimble.

The main differences between the types are the enrichment
and the consequent meat density change. Furthermore, the NUKEM
type differ with respect to

- meat material
- meat thickness

U content.

3. IRRADIATION SCHEDULE

A
3

C

D

E

1 2 3 4 5
1 2 3 4

Al

B2

C2

6

FIG. 1.

The MEU and LEU test elements
were irradiated in the core
positions Al, B2 and C2, see
fig. 1. The MEU series were
in the core from May 1982 to
February 1983, followed by
the LEU series which lasted
until September 1983. The in-
stallation of each element
was displaced one operation
cycle (4 weeks) relative to

the preceding element in the same series, in order to be able
to utilize the experience gained.

The burn-up percentages of the test elements at discharge
were:

Element no.
MEU
LEU

1
52
55

2
58
51

3
57
57
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4. NEUTRON FLUX DENSITY MEASUREMENTS

Thermal and fast flux scannings have been made in all
core positions equipped with flux scan rigs, i.e. in 14-19
fuel elements including the 3 test elements, in each operation
cycle. Co and Ni foils have been used, 8 with 10cm distance
for each axial scanning in a fuel element.

The aim was to unveil possible flux differences between
HEU, MEU and LEU fuel elements. The thermal neutron flux in a core
position is mainly influenced by the U-content in the fuel
element and by the coarse control arm (CCA) angle. Thus, in
order to obtain good comparisons between HEU and MEU fluxes,
it is necessary to select flux scans with HEU and MEU fuel
containing nearly the same U amount and run with nearly
the same CCA-angle. Obvious, these conditions are coinciding
very rare, so that comparison would be based on a very few
examples .

However, a more comprehensive utilization of all the
measurement results in the MEU and LEU test elements can be made
by plotting the fast/thermal flux ratio against the U-content,
a method described by Wright 1) . As the power P in a fuel
element is proportional to the fast flux <£f and also proportional2 -je r
to the product of the U-content MU235 times the thermal
flux <D. :Jtn

P = KI x 9f P = K2 x

<?fhe obtained — — = K M - (1)
J U ̂

Thus the plot of equation (1) should be linear for specific
fuel element types and flux scan rig types.

The method has been used earlier to unveil differences
between various fuel element and rig types.

Fig. 2 and 3 show the flux measurement results from
the MEU and LEU testings, respectively. The lower graphs show
the measurements in the test elements, the upper ones show
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0,0762+0,001885^235
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FIG. 2. Difference in fast/thermal flux ratio between HEU and MEU fuel elements.

those in the remaining HEU elements present in the core during
the test element irradiation cycles.

The thermal flux value used in the flux ratio is the
mean value of the axial thermal neutron flux distribution
in the core section of the fuel element in question. The fast
flux value used in the flux ratio is the maximum fast neutron
flux, which is a good representative of the fast flux because
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FIG. 3. Difference in fast/thermal flux ratio between HEU and LEU fuel elements.
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the axial fast flux distribution is roughly rectangular shaped
and rather insensitive of absorber movements and other changes
in the core.

On figs. 2 and 3 also the regression lines belonging
to the flux ratios are shown. By means of the line equations,
good estimates of the expected flux ratio changes owing to
conversion to MEU and LEU can be obtained.

Calculations on the DR 3 core conversions 2), 3), 4)235show that the U-content has to be increased by 6.7 g in
the MEU core and 17.5 g in the LEU core. The flux ratio belonging
to the mean 235U-content of the HEU elements, 115.1 g (fig.2)
is read on the regression line: 0.2933. The corresponding
flux ratio read on the MEU regression line at a 6.7 g higher
mean 235U-content, 121.8 g, is: 0.3056.

The depreciation of the 4>f/ 4> ,-ratio is thus for MEU:
4.2%.

The corresponding depreciation for LEU can be obtained
in a similar way: 13.8%.

5.REACTIVITY MEASUREMENTS

The reactitivty change at the insertion and at the with-
drawal of each MEU test element has been measured. The values
are given in table 3 and compared to the expected values,
which are based on statistics from several years of HEU fuel
element changes.

The main differences concerning reactivity between HEU
elements and those with lower enrichments are the bigger contents

238of U and Pu in the lower enriched elements.

In table 3 the calculated Pu contents are added to the
residual U-content in order to get the total fissile content
to be used as input to the calculation of the estimated reactivity
changes at discharge of the elements. Consequently the deviations
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TABLE 2. REACTIVITY ACCOUNT FOR LEU TEST FUEL ELEMENT CHANGES

LEU Position
At loading:
measured difference between 14 8g HEU and
180g LEU
Expected difference between 148g HEU and
180g HEU
Loss due to excess U238 in LEU (*̂ 750g)It discharge:easured difference between discharged LEU
nd 148g HEU
alculated U235 content in discharged LEU
alculated Pu239 content in discharged LEUM)xpected difference between similar HEU
nd new 148g HEU
ain by removing excess U238 in LEU (-»745g)

Al

+ 0.07% dk/k

+ 0.17% dk/k
0.10% dk/k

+ 0.82% dk/k
82 g
5 g

4- 0.66% dk/k
0.16% dk/k

B2

+ 0.04% dk/k

+ 0.24% dk/k
0.20% dk/k

+ 1.74% dk/k
78 g
5 g

1.04% dk/k
0.70% dk/k

C2

+ 0.06% dk/k

+ 0.37% dk/k
0.31% dk/k

+ 1.68% dk/k
73 9
5 g

+ 1.31% dk/k
0.37% dk/k

x) with the same fissionable content as the discharged LEU.



TABLE 3. REACTIVITY ACCOUNT FOR MEU TEST FUEL ELEMENT CHANGES

*EU Position
At loading:
Fissile content of discharged HEU
Measured difference between discharged HEU
and 14 7g MEU
Expected difference between discharged HEU
and 14 7g HEU
Loss due to excess U238 in MEU (169g)

At discharge:
Measured difference between discharged MEU
and 147g HEU
Calculated U235 content in discharged MEU
Calculated Pu239 content in discharged MEU

M )Expected difference between similar ' HEU
and new 14 7g HEU
Gain by removing excess U238 in MEU (167g)

Al

123 g

+ 0.22% dk/k

+ 0.24% dk/k
0.02% dk/k

+ 0.73% dk/k
71 g
2 9

+ 0.81% dk/k
- 0.09% dk/k

B2

81 g

+ 0.93% dk/k

+ 1.06% dk/k
0.13% dk/k

+ 1.46% dk/k
62 g
2 g

+ 1.33% dk/k
0.13% dk/k

C2

70 g

•»• 1.33% dk/k

+ 1.46% dk/k
0.13% dk/k

+ 1.71% dk/k
64 g
2 g

+ 1.54% dk/k
0.17% dk/k

x) with the same fissile content as the discharged MEU,

U)
VO
OJ



between measured and expected reactivity changes are mainly
238owing to the absorbing influence of the U-contents.

At the loading of each LEU test element a new standard
HEU element was previously installed in order to measure the
very difference between a new 180g LEU U,0ß element and a
new 150g HEU UAl-alloy element. The estimated reactivity changes
have been calculated in this case using a special set of factors,
valid for "new-to-new fuel element changes".

Except for the unusual high reactivity change measured
238at the discharge from B2, the losses due to excess U at

loading and at discharge agree fairly well. The expected increases
238of the reactivity worths of U from Al at the core edge

over B2 to C2 (close to the core center) are also distinct.

Core ctjcrirrii jwitti
lu«< Wment

FIG. 4.

Rough estimates of the reactivity
238consumption due to U in

full MEU and LEU cores can
be made by plotting the measured
losses of reactivity owing

238to U as a function of
the distance of the fuel
element from the core center,
see fig. 4.

reading the contributions
from the remaining fuel elements

Osfanc» iron on tne regression curves,
the total reactivity loss
is found at. 5.8% dk/k and
2.6% dk/k for the LEU and
MEU core, respectively.

These reactivity losses can be compensated for by adding
., 235,,14g Uabout

MEU-element.
to each LEU-element and about 6g 235U to each

394



6. POST IRRADIATION EXAMINATIONS

The routine procedure for preparing irradiated fuel
elements for shipment to the reprocessing plant is to cut
the fuel tubes outside the fuel meat section. By this operation
the tubes separate and it is feasible to make a visual examination
of the individual fuel tubes in the cutting pond, by means
of bright light and using binoculars. It was intended to examine
the fuel elements more thoroughly in the Hot Cell* s if the
visual inspection unveiled blisters or other irregularities.

The MEU fuel elements were found to be in perfect condition.

Post irradiation examinations on the LEU test elements
have not yet been performed (Sep. 1983). They will be made
when the elements have cooled about 3 months.
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Appendix J-4.7
Part II

IRRADIATION IN DR 3 OF THREE DANISH MANUFACTURED
LEU SILICIDE TEST FUEL ELEMENTS

RIS0 NATIONAL LABORATORY
Roskilde, Denmark

Abstract

The 3 test fuel elements of the U7Si9-Al type enriched to
21519.75% with 180g U was manufactured by ATLAS AED. The

suicide powder was delivered by Babcock & Wilcox, USA.
The elements were irradiated in DR 3 from August 1986 to
April 1987 to burn-ups ranging from 51% to 57%. The elements
performed perfect during the irradiation. The fuel tubes
have been visually inspected -for blisters and other irregulari-
ties after cutting in the pond. No defects were found. Later
on thickness measurements of the fuel tube plates will be
attempted and documentary photographing of the fuel tube
surfaces will be undertaken.

SPECIFICATIONS:

The table below shows the specifications of the test elements
and the present HEU elements, for comparison.

The outside geometrical dimensions are identical.

The fuel meat of the test element is 3.8% shorter and 0.8-2.7%
narrower than that of the present fuel element. The reason
is that it is necessary to have better clearance from the
edges to the meat for the cermet fuel types.

IRRADIATION DATA:

In table 2 is given the relevant irradiation data, the burn-up
of U and the production of Pu.

Table 3 shows the irradiation positions in the core.

397



Table 1. Fuel element specifications

Enrichment, %
Fuel meat
Al
Powder composition
Cladding
U-density g/cra

U-content, g
Fuel plates:
Meat thickness mm (mean)
Cladding thickness mm (mean)
Plate thickness mm
Plate length mm (mean)
Plate width mm (mean)
Fuel tubes:
Meat thickness mm (mean)
Wall thickness mm
Fuel length mm (mean)
Fuel tube length mm
Tube outer diameters mm
1 . tube
2 . tube
3 . tube
4 . tube
Cover tube OD/ID
Channel width, mean, mm
Channel width, min., mm

Present element
93
UAl-alloy
83 .6 w/o
-
99.5% Al
0.55
150

0.55
0.46
1.47 ± 0.02
583 ± 12
60.5 and 92.5

0.56
1.50
600
660.4

63.85
73.65
83.45
93.25
103/100
3.40
3.12

Test element
19.75
U3Si2-Al
33.6 w/o
15-20% fine («
AlMgl
3.35
180

0.55
0.46
1.47 ± 0.02
560 ± 12
60.0 and 90.0

0.56
1.50
577
660.4

63.85
73.65
83.45
93.25
103/100
3 .40
3.12

Table 2. Irradiation data

Test element no.

Irradiation starts
Core position
Initial U-content, g
End U-content, g
End enrichment, %
Burn-up, %
End Pu-content,g
Irradiation stops
No. of reactor cycles

007/18

11. July 1986
Al
180.9
78.1
9.82
57
5.5
29. mar. 1987
9

008/18

IS.aug. 1986
B2
180.8
88.2
10.93
51
5.2
l.mar. 1987
7

009/18

12.sep. 1986
C3
180.9
80.2
10.05
56
5.4
29. mar. 1987
7
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Table 3. Test element core positions

Al
B2
C2

The remaining 23 core positions were
elements with 150g and 120g (0-3 elements)
burn-up of the HEU elements is close to 50%
the irradiation.

loaded with
235

HEU fuel
U. The mean

at the end of

REACTIVITY MEASUREMENTS:

The reactivity values of the test elements were measured
relative to HEU fuel elements, at the time of insertion
and at the time of withdrawal.

Earlier experience from measurements on threereactivity
NUKEM 180g U30g-Al test elements indicated that the reactivi-
ty value of a 180g LEU fuel element in a HEU-core equalsa
that of a 150g HEU fuel
by DR 3/SIM calculations.

element.
in

This has been confirmed

Therefore the estimations of the reactivity changes by insertion
or withdrawal of the LEU test elements were calculated by

° 3 5subtracting 30g from the "~ U-content and multiply this
reduced 235U-content by the appropriate fuel worth factor.

Table 4 shows the results. It is seen that the measured
and calculated values are in good accordance.

IRRADIATION PERFORMANCE:

The outlet temperatures have varied within - 5 C around the D^O
bulk temperature.
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Table 4. Reactivity measurements at insertion
and withdrawal of the test elements

Posi t ion

ftl

82

C2

Al

B2

M
r "*

S.D. No.

324

325

326

û j2

Jj2
"A — "•*

333

Element No.
IN

18/007

18/008

18/009

18/007

15/924

15/925

15/926

OUT

15/895

15/898

15/902

15/922

18/008

18/007

18/003

Grms.U-235
IN

181

181

181

87

146

US

US

OUT

148

148

148

148

88

75

80

R e a c t i v i t y chanqe
Measured

%dk/k

+0.09

+ 0.05

+ 0.05

-1.06

+ 1 .46

+ 1 . 1 1

+ 1 .84

Calculât
%dt /k

+0.03

+ 0.05

+ 0.06

-1 .00

+ 1.44

+ 1 . 10

+ 1.S6

The small concentrations of fission products in the heavy
water from surface contamination of the fuel elements have
stayed at the normal level during the irradiation time of
the test elements. The concentrations of impurities in the
primary cooling water system are measured by y-spectroscopy
of samples from the system each reactor cycle.

This is an evidence that no fission product leak has occured
in the test elements.

The test elements have behaved perfect in all respects.
No unusual occurrencies have been observed.

POST IRRADIATION EXAMINATIONS:

The fuel tubes are separated by the routine cutting of used
fuel elements. This enable a thorough inspection of the
inside and outside surfaces of the fuel tubes. The tubes
are placed vertically on the pond bottom with a bright lamp
at the lower end. This arrangement makes it feasible to
see even very small blisters, because the small angle scattering
of the light is very sensitive to obliquities of the surface.
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No blisters were seen. The surface of the tubes were light
grey, but the alumina layer on element, no. 8 seemed to be
fragile and tended to fall off in flaxes during handling
in the cutting pond, leaving shiny areas of the Al-surface.
The flakes were very thin, probably a few hundreds of a
mm. It was not possible to recover a flake for examination,
the flakes broke down to powder by touching. The element 18/008
had a temperature rise to about 230 C during a 1.5 hour
stop of the air cooling through the internal storage block.
It occurred in march 1987, before the two other test elements
were taken to the storage block. This might be the reason
why 18/008 appears different compared to the other two test
elements.

The fission product content in the cutting pond has been
very low, at the usual level, which is caused by surface
contamination on the fuel elements.

Further examinations are planned but not yet undertaken:

1) Fuel tube wall thickness measurements spotwise in the
area of highest power density.

2) Documentary photographing of the tube inside and outside
surfaces against small angle scattering light, and photo-
graphing of eventual interesting surface areas.

REFERENCES

1. E. Nonb01, Development of a Model for the Danish Research
Reactor DR 3, Riso-RP-05-85, March 1985.

2. K. Haack, Irradiation of MEU and LEU Test Fuel Elements
in DR 3, Proceedings of the International Meeting on
Reduced Enrichment for Research and Test Reactors, 24-27
October 1983, Tokai, Japan, JAERI-M-84-073, May 1984.

401



FIG. 1. Neutron flux
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POWER DENSIÏÏ (KW/CM) LEU FUEL ELEMENT 007/18 (AI)
15.00

10.00
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B——8 P.NO 329, U235=127GR, P=377W
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P.NO 333, U235= 86Gfi, P=298K*
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FIG. 3. Axial power density distributions through the in-core life of test element 007/18.
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FIG. 4. Axial power density distributions through the in-core life of test element 008/18.
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15.00

10.00

5.00

0.00

POWER = 10MW, CCA = 19.0

X——X PJJ0327,U235=180GR,P=64€KW

———l- P.NO 328, U235=162GR, P=566W

Q——D P.N0329,U235=H5CR,P=523W

0——0 P.NO 330, U235=131GR, P=485W

§——B P.N0331,U235=1HCR,P=435W

P.NO 332, U235=102GR, P=4Q1W

'.NO 333,11235= 90GR, P=388K«

-30 -20 -10 0 10 20
DISTANCE FROM CORE CENTRAL PIANE (CM)

FIG. 5. Axial power density distributions through the in-core life of test element 009/18.
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FIG. 7. Change of axial power density distribution through reactor cycle No. 328.
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POWER DENSIÏÏ (KW/CM) LEU FUEL ELEMENT 008/18 (B2)
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FIG. 8. Change of axial power density distribution through reactor cycle No. 328.
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FIG. 9. Change of axial power density distribution through reactor cycle No. 328.
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Appendix J-5
FISSION PRODUCT RELEASE

Appendix J-5.1

FISSION PRODUCT RELEASE FROM ALLOY,
ALUMINIDE, OXIDE, AND SILICIDE FUELS

D. STAHL, J.L. SNELGROVE
RERTR Program,
Argonne National Laboratory,
Argonne, Illinois,
United States of America

1. INTRODUCTION

Information on the release of fission products from plate-type fuels is
relatively scarce. Much of the early data is for uranium metal or U02
fuels;1'2 however, some data are available from the 1960s for uranium-
aluminum alloy fuels and for UA1X and U3O8 dispersion fuels. A renewed
interest in plate- and tube-type fuels during the 1980s, partly as a conse-
quence of the RERTR Program, has resulted in new fission product release
measurements for U-A1 alloy and UAlx, l^Og, and uranium suicide dispersion
fuels. As discussed in the following paragraphs, the out-of-pile data for
all types of aluminum-based plate-type fuel shows a consistent pattern,
namely that major release of fission gases begins when the aluminum
cladding blisters or begins to melt. Once having reached the melting
point, however, the release of the noble gases is essentially complete in
heating the fuel another 100°C. The volatile fission products are released
more slowly as a function of temperature, and their release rates vary with
fuel type.

Available data from reactor accidents indicate that, in cases where
water coolant is present in the core when fuel melts, only the noble gases
are released in any quantity. The iodines and less volatile fission prod-
ucts are effectively retained by the water.

2. PLATE-TYPE FUELS

2.1 Releases During Controlled Out-of-Pile Experiments

Fission product release studies were performed on U-A1 alloy plate
fuels at ORNL during the late 1950s and early 1060s2'3 and at HEDL during
the mid-1980s4'5. In the ORNL studies fuel plate samples were irradiated
to trace (13.5 to 60.5 h of irradiation), 3.2 at.%, 9.0 at.%, and 23.6 at.%
burnups, while the HEDL samples had been irradiated to ~52 wt% burnup. The
fractional releases of the noble gases and iodine at a given temperature
increased markedly between trace and 3.2% burnup and then remained approxi-
mately the same for the higher burnups. The tests at ORNL and at HEDL were
conducted at several temperatures ranging between 700 and 1100°C and in in-
ert gas, air, and steam atmospheres. Noble gas release was virtually 100%
at the 700°C temperature in all atmospheres. Based on the results of a
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study at INEL covering a wider temperature range,6 most of the fission gas
is released from U-Al alloy fuel at about the 640°C eutectic temperature.
At 700°C iodine release fractions were significantly lower for inert and
steam atmospheres than for air, but at 900°C at least 90% of the iodine had
been released in all atmospheres. The ORNL and HEDL data for cesium
release are not in good agreement, with the HEDL measurements indicating
larger releases. There is some indication in the ORNL data that the
release fraction for cesium increases with increasing burnup; therefore,
the much higher burnup of the HEDL samples might account for the higher
releases measured there. The HEDL study also showed larger release frac-
tions for tellurium than did the ORNL study. The release of ruthenium was
small (<1%) over the entire temperature range (700°C-1085°C) tested at
ORNL.

An irradiation program was carried out in the ETR and MTR on 1.27-cm-
diameter high-density pellets of UA13, UA14, and 20 wt% U-Al alloy fuel
(discussed above).6'7 After irradiation to a burnup of 18-35% of the 235U,
the pellets were subjected to slow heating (presumably under evacuated con-
ditions) to permit the collection of fission products and the monitoring of
noble gas release by counting 85Kr. No activity release was found below
600°C. The UA14 released 28% of its fission gas at about 730°C, the UA14
peritectic temperature, with additional significant releases between 1165
and 1395°C. For UA13, most fission gas was released at 1280°C, with an
additional release occurring at about 1350°C, the UA13 peritectic tempera-
ture. In addition, it was noted that the major release of cesium occurred
near 730°C for UA14 and 1350°C for UA13.7 Smaller releases occurred at tem-
peratures slightly above and below these peritectic temperatures. The rate
of release of cesium was slower than that of the noble gases for UA14 and
the U-Al alloy, but was as rapid as the noble gases for the UA13,6 probably
because of the much higher release temperature for UA13. These releases,
however, are indicative of bulk fuel only. As discussed above for the U-Al
alloy fuel and below for the dispersion fuels, however, the matrix plays a
key role in the release of fission products from dispersion fuels.

One study was found in the literature® which compares the fission gas
release from two plates of UA13-A1 fuel (-1.3 - 1.4 g U/cm3) and one plate
of U308-A1 fuel (-1.3 g U/cm3). The burnup was 18-26% of the 235U. The
irradiated plates were heated under vacuum in Vycor tubes at 600°C, 630°C,
then 675°C, each with a 30-minute hold. The temperature at which fission
gases began to evolve was in a narrow temperature range between 575 and
600°C for both types of plates. No fission gases had been detected after
heating the plates at 500°C for 40 minutes. Since the solidus temperature
of type 6061 aluminum cladding is 582°C, it was inferred that fission gas
release began at this temperature. The bulk of the fission gas was
released by 630°C, with the UA13 fuel releasing gas at a faster rate and at
a lower temperature than the U308 fuel. Fission product cesium was
released from the fuels, but was deposited in copper tubing upstream from
the gas collection reservoir. No cesium was found in the gas analysis.

Similar measurements on highly loaded (33 to 44 vol%) UA1X, U308, and
U3Si dispersion fuel plates were made during the RERTR Program.9'1^ These
measurements showed that the first significant release of fission gases
occurred when the plates blistered. In the case of the U3Og and U3Si
fuels, the blister temperatures were well below the cladding solidus tem-
perature. Therefore, the threshold temperature for fission product release
from a dispersion fuel plate is the lower of the blister temperature or the
cladding solidus temperature. A second large release of fission gas oc-
curred during the 650°C test for each fuel type. This release is assumed
to be related to the reaction of the U3O8 or U3Si with the aluminum matrix
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and to the UA14-A1 eutectic. Although some data for iodine and cesium
releases are reported, these data must not be used absolutely since the
equipment was designed for accurate measurement of the noble gases only.
On a qualitative basis, however, it was seen that cesium was released by
the U3Si sample much more readily than by the U308 sample.

At HEDL Woodley has measured the release of fission products from 0.9-g
U/cm3 U3O8 at the temperatures and in the atmospheres discussed above for
the U-A1 alloy.4'^ Again, most of the noble gases were released by a
temperature of 700°C. Iodine release rates were somewhat lower than for
the alloy fuel. Experiments are in progress in Japan to measure the fis-
sion product release fractions for UA1X and U3Si2 dispersion fuels heated
in dry air. Preliminary data^1'1^'13 for 20%-burned fuel show release
rates similar to those measured at HEDL for U308 dispersion fuel, except
for Cs release from the U3Si2 dispersion samples, which is considerably
more rapid at the lower temperatures. With the exception of Cs release
from U3Si2, the release fractions for the UA1X and U3Si2 dispersions are
lower than those measured by Parker et al.2 for U-A1 alloy at comparable
temperatures. Additional measurements using 70%-burnup fuel samples were
scheduled to begin during January 1990.

A summary of some of the above data is presented in Fig. 1. The con-
clusion is that no fission products are released below the melting point of
the cladding (582°C) , unless the plate blisters first, and that essentially
all of the fission gas is released by 675°C. As shown in the figure, fis-
sion products such as iodine are released more slowly than the noble gases.
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2.2 Releases During Reactor Accidents

The release of fission products during reactor accidents was also
examined. Several accidents involved U-A1 fuel which had undergone melting
due to flow blockages caused by extraneous material. Partial melting of
one subassembly occurred in each case and the fission products, except for
the noble gases, were largely contained within the coolant water. Similar
results were obtained as a result of a 30-MJ excursion of the ISIS reac-
tor.14 Releases into the water and air were monitored and were found to be
0.06% and 0.001%, respectively, all significantly less than 1 Ci. Con-
trolled overpower excursion tests at CABRI using a special control drive
assembly produced significant (70%) melting of the control fuel plate with
the release of 100% of the noble gas and <10% release of iodine and tel-
lurium from the molten fuel.15 However, both these elements were retained
in the water and only between 0.0005 and 0.005% was released to the reactor
room.

More extensive damage and somewhat greater releases occurred in the
SPERT-1 destructive test and the SL-1 accident.16'17 The nuclear energies
and peak powers generated were 31 and 130 MJ, and 2.3 x 10 and
1.9x 104 MW, respectively. In the SPERT-1 test, partial melting of all of
the fuel plates occurred, and more than 50% of the plates were fully
melted. Fission product release, mainly due to fission gases, was esti-
mated to be about 0.7% of the total inventory. Iodine release to the atmo-
sphere was estimated to be less than 0.01%. The reactor building was only
moderately contaminated and re-entry occurred about four hours after the
test. As a result of the SL-1 accident, the building was badly contami-
nated, with an extensive low-level deposition of 131I. Total fission prod-
uct release was estimated to be 5-10% of the total inventory, and release
to the environment was estimated to be only about 0.01%. The iodine
release to the environment was estimated to be less than 0.5%.
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Appendix J-5.2

RELEASE OF FISSION PRODUCTS FROM IRRADIATED
ALUMINIDE FUEL AT HIGH TEMPERATURES*
(Abstract)

T. SHIBATA, T. TAMAI, M. HAYASHI
Research Reactor Institute,
Kyoto University,
Osaka, Japan

J.C. POSEY
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

J.L. SNELGROVE
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Irradiated uranium-aluminide fuel plates of 40% 23iU enrichment were heated for the
determination of the amounts of fission products released at temperatures up to and higher than the
melting point of the fuel cladding material. The release of fission products from the fuel plate at tem-
peratures below 500° C was negligible. Three stages of fission product release were observed. The first
rapid release was observed at ~561°C along with blistering of the plates. The next release, which
occurred at 585° C, might have been caused by melting of the Type 6061 aluminum alloy. The last
release of fission product gases occurred at 650° C, which probably corresponds to the eutectic tem-
perature of the uranium-aluminum alloy.

The released material was mostly xenon, and small amounts of iodine and cesium were observed.

The fall text of this paper was published in Nuclear Science and Engineering, 87, 405-417 (1984).
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Appendix J-5.3

RELEASE OF FISSION PRODUCTS FROM MINIATURE
FUEL PLATES AT ELEVATED TEMPERATURE

J.C. POSEY
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

Abstract

Three miniature fuel plates were tested at progressively higher

temperatures. A U3Si plated blistered and released fission gases at

500°C. Two U30B filled plates blistered and released fission gases

at 550°C.

INTRODUCTION

The Reduced Enrichment Research and Test Reactors (RERTR) program

requires the development of fuel plates of reduced 235U enrichment but

high total uranium content. The low 235U enrichment reduces the danger

of bomb use.

This report describes an experimental investigation of plate damage

and failure at elevated temperature. This work was done in September

1982 at Oak Ridge National Laboratory. Miniature fuel plates were tested

at progressively higher temperatures. Warping blister formation and the

escape of fission products were observed and the temperatures at which

they occurred were determined.

PROCEDURE

Three miniature fuel plates from a group irradiated in the Oak
Ridge Research Reactor were tested. This group of plates have been
described by Senn and Martin.1 The plates were rectangular, 115 mm
long and 50 mm wide. They consisted of a layer of an uranium compound
sandwiched between sheets of aluminum alloy (6061). Details of the
three plates used in this work are given in Table 1.
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Table 1. Miniature fuel plates

Nominal
Plate thickness
number ————————

»m 1 nches

A-19 1270 0.050

0-50-1 1270 0.050

0-58-8 1524 0.060

Hssle Uranium
bearing density
compound kg/»3

U3S1 4814

U30B 2759

U30e 3102

•"»-H*-« tas1"
«s

19.88 2081

19.47 1154

19.47 1663

The plates had been removed from the reactor on Hay 24, 1982. The
tests described in this report were carried out during the period of
Aug. 26 to Sept. 10, 1982. Consequently, nearly all of the 133Xe and
1311 had decayed and they could not be used effectively as indicators
of a breach of the containment of the fission products within the plate.
The escape of 8SKr was used as an indicator of containment failure.

Figure 1 is a flow sheet of the equipment used in this work. The
fuel plate was contained in a quartz tube in the furnace. Helium gas
flowed over the plate and then through a sample tray containing activated
charcoal at liquid nitrogen temperature. Any 85Kr escaping from the

Throttle Volve

To Vacuum Pump •«—^»*- -*

lonuotion
Chamber

Sample Traps

FIG. 1. Flowsheet.

Check Volve

Rotometer

Throttle
Valve
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Boll Joints

Gloss Wool

Activoted Charcoal
"̂ - 20 y*

FIG. 2. Sample trap.

plate accumulated in this tray. The flow could be diverted through an
alternate trap of the same type. The gas flow then passed through a
second larger charcoal trap, followed by a throttle valve and a vacuum
pump. The sample trap removed any volatile fission products from the
gas stream. The back up trap was present as a safety precaution to trap
any 131I that might pass the sample trap.

The helium flow and pressure were controlled by two throttle valves,
one located in the helium inlet line outside of the hot cell, the other
located in the hot cell just before the vacuum pump. The flow was held
at 100 * 20 cc/min; the pressure was very slightly below atmospheric.

The sample traps (Fig. 2) were designed to lay flat on the crystal
cover of a GeLi counter. This allowed an efficient geometry for
counting.

An ionization chamber was mounted on the outside of the vacuum
flask that held the sample trap. The trapping of a large amount of
radioactive material could be detected by this instrument. This method
had been very effective in detecting 133Xe released by fresh fuel plates
but was found to be ineffective in detecting 8SKr in the amounts involved.
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The furnace was heated by a nichrome resistance coil. The tempera-
ture was regulated by a proportional controller. The heated zone of
the furnace was 7 in. long and 3 in. in diameter. Line of sight ganma
radiation from the intensely radioactive fuel plate to the sample trap
ionization chamber was blocked by 2 1n. of lead brick. The rest of the
furnace was covered with 1/4 1n. sheet lead. This absorbed much of
the low energy gamma radiation which 1s especially prone to back
scatter.

A quartz tube (Fig. 3) fit Inside the furnace. Two chrome!-alumel
thermocroupies, sheathed in stainless steel entered the back of the
tube through a small quartz tube. The helium gas entered through the
same tube. The other end of the tube terminated in a large ground
quartz ball joint. The tube was connected through this joint to the
sample collection system.

The fuel plate was held 1n a quartz sample holder (Fig. 4). The
fuel plate lay 1n this holder in a slanted position. As the holder
slid into the quartz tube the slanted surface of the plate contacted a
thermocouple causing it to bend up slightly. This assured that the

FIG. 3. Furnace tube.
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thermocouple junction was 1n contact with the plate. The temperature
was recorded by a single point recorder. The recorder could be read to
2°F. A second thermocouple was bent upward so that its junction con-
tacted the inner surface of the quartz tube. This thermocouple was
connected to the proportional controller.

Each plate was tested in the following manner.

1. The plate was examined visually and photographed. Its thickness
was measured in six places by means of a micrometer.

2. The plate was mounted in the sample holder which was placed in
the furnace tube. The tube was then connected to the sample
collection system.

3. The flow of helium was started and the sample trap was cooled to
liquid nitrogen temperature.

4. The furnace was heated to the operating temperature which was main-
tained for 30 min.

5. The furnace was allowed to cool.
6. After the furnace had cooled to approximately 100°C below operating

temperature, the helium flow was diverted through the alternate
trap and the loaded trap was allowed to warm to room temperature.
The adsorbed helium was allowed to escape through the down stream
stopcock which was allowed to remain open.

7. The trap was then removed from the manifold and its openings were
capped. It was then removed from the hot cell and its outer surface
was washed. Its radioactive content was then measured using the
GeLi counter. Counting times of up to 16 h were used to measure
very,low levels of activity.

8. After the plate had cooled to •v250°C it was removed from the
furnace, inspected, and the thickness measured. Photographs were
made when blisters appeared. The thickness measurements were dis-
continued after warping or blistering became severe. Plate A-19
was not cooled or removed from the furnace after the tests at
600aC and 650°C and plate 0-58-8 was not removed after the 650°C
test.
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RESULTS AND DISCUSSION

The principal results of these tests are given 1n Tables 2 and 3.

The U3S1 filled plate, A-19, warped, swelled, blistered, and released

krypton during the 500°C test. A photograph of these blisters 1s shown

In Fig. 5. They were small and located along the edge of the meat area.

The amount of krypton released at 500eC was <0.1X of the total released

from this plate. Largest releases occurred at 565°C and 650°C.

The oxide filled plates showed some warping and swelling at 500°C

and 525°C. At 550°C large blisters formed and large releases of krypton

occurred. These blisters are shown in Figs. 6 and 7. A second test

was made at 550°C using plate 0-58-8. Only a small amount of krypton

left the plate. This indicates that the release was not a continuing

process. The greatest release of krypton took place during the 650°C

test.

The results of the thickness measurements are given in Tables 4,

5, and 6. The positions at which these measurements were made are

identified by the position number. The numbers were assigned starting

at a corner identified by a small chamfer. Numbers 1, 2, and 3 are

Table 2. Effects of temperature on U3S1 filled plate
Plate A-19

Temperature Result«of test, eC Results

300 None

400 None

450 None

475 Darkening at edge of meat area

500 Blisters along edge of meat area, swelling,
and warping. 0.33 mCI of 85Kr in trap

515 More swelling, 21 mC1 of 85Kr trapped

530 33 mCi of 85Kr trapped

565 110 mCI of 85Kr trapped

600 10 mCi of 85Kr trapped

650 240 mCi of 85Kr trapped

700 15 mCi of 8S trapped
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Table 3. Effects of temperature on U308 filledminiature fuel plates
Plates 0-50-1 and 0-58-8

Temperatureof test, °C
300
400
425
450
475
500
525
550

1st 550"
2nd SSO2'

600
650
700

Platenumber

0-58-8
0-58-8
0-50-1
0-58-8
0-50-1
0-58-8
0-50-1
0-50-1
0-58-8
0-58-8
0-58-8
0-58-8
0-58-8

Results

None
None
Heat area light grey, outer area
Heat area light grey, outer area
Heat area light grey, outer area
Rêverai — meat area is now darkerand swelling
Warping and swelling
Large blisters, 59 mCi of 85Kr
Large blisters, 52 mCi of 85Kr
1.2 mCi of 85Kr
0.1 mCi of 85Kr
150 mCi of 85Kr
0.9 mCi of 85Kr

dark grey
dary grey
dark grey
, slight warping

°Two tests were made at 550°C to determine whether or not krypton
release continued at this temperature.

FIG. 5. Plate A-19 after 500°C test.

in line along the plate about 3/4 in. in from the edge. They were
approximately 1 1/8 in., 2 1/4 in., and 3 3/8 in. from the end of the
plate. Numbers 4, 5, and 6 were in a similar row 3/4 in. from the
other edge of the plate.
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FIG. 6. Plate O-58-8 after 550°C test.

FIG. 7. Plate O-58-8 after 550°C test.

The U3Si filled plate A-19 showed swelling in the 500°C test;
blistering and krypton release occurred in the same test. The U30e
filled plate 0-58-8 showed some swelling at 500°C; blistering and
krypton release were not observed until the 550°C test. Plate 0-50-1
showed no swelling at 475°C but did at 525°C. It was not tested at
500°C.

Both 13<4Cs and 137Cs were found in the traps after the tests at
the higher temperatures. THese data are given in Table 7. These
quantities are indicative of the relative amounts of cesium volatilizing
from the plates but are in no sense quantitative measurements to the
total amounts. Most of the cesium would be deposited on surfaces before
reaching the traps because of either condensation or reaction.

Much more cesium was found In the trap after the tests of the
suicide filled plate than was found after the tests of the oxide filled
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Table 4. Swelling of plate A-19, U3S1 filled

Temperature
of test, °C

Initial
300
400
450
475
500
515

Thickness of plate, In.
Position 1

0.0533
0.0530
0.0536
0.0532
0.0534
0.0627
0.0619

Position 2

0.0535
0.0533
0.0533
0.0534
0.0536
0.0563
0.0588

Position 3

0.0542
0.0536
0.0539
0.0535
0.0538
0.0542
0.0551

Position 4
0.0535
0.0535
0.0533
0.0532
0.0533
0.0532
0.0531

Position 5

0.0537
0.0532
0.0532
0.0535
0.0533
0.0598
0.0710

Position 6

0.0555
0.0539
0.0567
0.0551
0.0550
0.0595
0.0758

Table 5. Swelling of plate 0-50-1, U308 filled

Temperatureof test, °C

Initial
425
475
525

Thickness of plate, in.
Position 1

0.0510
0.0509
0.0512
0.0518

Position 2
0.0511
0.0509
0.0514
0.0540

Position 3

0.0513
0.0509
0.0510
0.0584

Position 4
0.0510
0.0509
0.0513
0.0597

Position 5

0.0513
0.0510
0.0515
0.0585

Position 6

0.0514
0.0510
0.0514
0.0515

Table 6. Swelling,of plate 0-58-8, U308 filled

Temperature
of test, °C

Initial
300
400
450
500

Thickness of plate, in.
Position 1
0.0610
0.0614
0.0610
0.0604
0.0606

Position 2

0.0612
0.0613
0.0610
0.0610
0.0642

Position 3

0.0612
0.0612
0.0613
0.0610
0.0643

Position 4

0.0615
0.0613
0.0613
0.0620
0.0689

Position 5

0.0618
0.0613
0.0615
0.0613
0.0673

Position 6
0.0615
0.0617
0.0614
0.0614
0.0616

plate. The cesium apparently was 1n a more volatile form 1n the slllcide

filled plate. The alternate trap was used In the 650°C test of plate

A-19 and in the 700°C testr of plate 0-58-8. This trap was at a greater

distance from the furnace than was the usual sample trap. Consequently,

the line losses of cesium were greater than in cases of the other

samples.
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Table 7. Cesium found In traps after tests

Plate
A-19
A-19
A-19
A-19
0-58-8
0-58-8
0-58-8
0-58-8

Temperature °C
565
600
650
700
550
600
650
700

13"Cs, «CI

71
0.20

415
1300

0.003
0.0004
2.2
0.34

i"Cs, mC1

41
0.13

251
793
0.002
0.0003
1.2
0.21

The presence of surface deposits of cesium in the system was

verified by surface smears made using Q-tips. One smear was taken from

plate 0-58-8 after the 600°C test at the sight of a small crack at the

edge of a blister. Another was taken from the plate holder near the

plate after the same test. A third was taken from plate A-19 after the

565°C test. All Q-tips gave survey meter readings of >10 R. Gamma

scans showed the presence of only 13**Cs and 137Cs.

Film deposits were observed on the sample holder after the 700°C

melt down of plate A-ig. These deposits were analyzed by spark source

mass spectrometry. The results are given in Table 8. The concentrations

are relative with cesium equal to 100. Sample 1 was taken at a point

just down stream with respect to helium flow, from the plate. Sample 2

was taken from a cooler zone farther down stream. The Isotopic com-

position of the cesium was 44X, 133Cs; 4Ï. i3«.Cs; 4X( i35Cs; and 48ît

137Cs. The iodine was 111. 127I and 89Ï. 129I. The isotopic composi-

tion of the cadmium was that of fission product cadmium.

Plate 0-58-8 has been turned over to the analytical division for

analysis. When the results are received the exact degree of bum-up

can be calculated.

SUMMARY

Three miniature fuel plates were tested at progressively higher

temperatures. A U3Si filled plate blistered, warped, and released 85Kr
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Table 8. Composition of deposits

Element

Ag
Al
B
Ça
Cd
Cr
Cs
Cu
Fe
I
K
Hg
Na
Pb
Rb
S1
T1
Zm

Relative
Sample l

2
5
0.3
0.3
0
2

100
0
10
0
1

150
3
0
25
10
25
1

concentration
Sample 2

0
50
1
5

1500
0.5

100
10
30
10
5
3
1
6
40
Z5
2
20

at 500°C. Two U308 filled plates blistered and released 85Kr at 550CC.
At temperatures 1n the range of 565°C to 700°C appreciable 13<4Cs and
137Cs left the plates. The cesium losses from the suicide filled plate
were greater than those from the oxide filled plate.

REFERENCE
1. R. L. Senn and H. H. Martin, Irradiation Testing of Miniature

Fuel Plates for the RERTR Program, ORNL/TM-7761. July 1981.
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Appendix J-5.4

FURTHER DATA OF SILICIDE FUEL
FOR THE LEU CONVERSION OF JMTR*

M. SAITO, Y. FUTAMURA, H. NAKATA,
H. ANDO, F. SAKURAI, N. OOKA,
A. SAKAKURA, M. UGAJIN, E. SHIRAI
Oarai Research Establishment,
Japan Atomic Energy Research Institute,
Oarai-machi, Ibaraki-ken,
Japan

Abstract

Data of suicide fuel for the safety assessment of the JHTR
LEU fuel conversion are being measured. The data include release
of fission products,thermal properties.behaviors under accident
condition and metallurgical characters. Methods of the experi-
ments are discussed. Results of fission products release at
high temperature are described. The release of iodine from the
suicide fuel considerably louer than the U-A1 alloy fuel.

1. INTRODUCTION
The Japan Materials Testing Reactor (JMTR) is a 50-MH, tank-type reactor

and its core conversion from highly enriched uranium fuel to aluminide medium
enriched uranium (MEU) fuel was carried out in 1986. The effort to convert the
core to suicide low enriched uranium (LEU) fuel continues, which is a final
goal.

In the suicide core, the U-235 content is increased to extend the operation
cycle length and burnable absorber is introduced to reduce the reactivity swing
during the cycle. Neutronic calculations are continued for the LEU-fueled cores.
Safety analysis is also to be conducted by more stringent method and criteria
than previous ones. Therefore,more detailed data such as temperature-dependent
property data, R/B ratio (R:release, B: born) of fission products (FPs) etc. are
necessary in order to assess integrity of the uranium suicide fuel in the
safety assessment. These data are also required by the authorities concerned
because there is no data for the uranium suicide fuel.

2. SAFETY REVIEW FOR LEU FUEL USE
The guideline of safety assessment in the application for the license of

the reactor installation is being allover revised based on LHR-base criteria.
In the present safety analysis for the MEU-fueled core, the anticipated oper-
ational transients (AOT) are included in the postulated accidents (PA), and no
safety criteria for PA are set up.

* Paper presented at the International Symposium on Research Reactor Safety, Operations and Modifica-
tions, Chalk River, Ontario, Canada, 23-27 October 1989 (AECL-9926, Vol. 1, Chalk River Nuclear Laborato-
ries, Ontario (1990)).
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Table 1 Representative APT and PA to be revised

* Uncontrolled positive reactivity insertion by reactivity
control system from low power start up condition.

* Uncontrolled positive reactivity insertion by reactivity
control system at rated power.

" Positive reactivity insertion by sudden temperature drop
of the primary coolant.

* Single and multiple reactor coolant pump trips.
* Pressure drop of the primary coolant.
* Loss of A-C power.
* Core channel flow blockage.
" Reactor coolant pump shaft seizure.
* Loss-of-coolant accidents resulting from the posturatred
primary coolant pipe break.

In the revised application, the safety criteria will be set up as follows ;
Safety criteria for APT

The core must be kept so as to be able to revert to the normal operational
condition without damage when AOT occure.
Safety criteria for this ;
* Minimum departure from nucleate boiling ratio ^ 1.5.
* Fuel core maximum temperature ^ Blister threshold temperature (400°C).
* No significant deformation of fuel plate.
* Pressure loaded to the primary coolant system ^ 1.1 xMaximum

operational pressure (1.8 MPa).
Safety criteria for PA
* The reactor core must be covered by water in any cases.
* The reactor core must not be led to significant damage, and can be cooled

enough.
H« Pressure loaded to the primary coolant system ^ 1.2 X Maximum

operational pressure (1.8 MPa).
* No significant risk of radiation doses to the public.
Representative AOT and PA being discussed are listed in Table 1.
Integrity of the fuel must be kept even in case of AOT. Therefore,

temperature-dependent property data up to 400 °C are necessary for the fuel
meat, because the maximum temperature allowed in connection with the blister-
threshold temperature is 400°C in case of AOT. In addition, measurement of
R/B ratio of FPs of uranium suicide fuel at high temperature is underway
for assessing radiological consequences of PA and hypothetical accident.
Extensive experiments for reactivity initiated accident behavior by using
Nuclear Safety Reseach Reactor (NSRR), a pulse reactor at JAERI and basic
studies on compatibility of UxSiY particle and aluminum matrix, FP release
mechanism, etc. are scheduled to obtain the JAERI's original data of the new
suicide fuel.

The LEU conversion program of JMTR is shown in Fig. 1. Full core
demonstration will be started in 1993.

3. MEASUREMENT OF R/B RATIOS OF FP

3.1 Objectives
R/B ratio data of FPs used in accident analysis in safety review for the

JMTR core conversion from HEU to MEU fuel are based on the data measured at
Oak Ridge National Laboratory using U-A1 alloy fuel.
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Fig. 1 JMTR LEU Core Conversion Program

Although R/B ratio of FPs of the uranium suicide fuel is believed to have
better retention performance against FP leakage than the U-A1 alloy, we planned
to measure the data to provide a wide data base. Such stance is also necessary
to convince the competent authority.

Since flow blockage is through to be the most possible and expansible
accident in the JMTR, it is assumed to be the cause of both severe and
hypothetical accident. And, 10* and 100* of the core are assumed to be melted
in the case of former and the latter, respectivery. As a general rule, 100*
of core melt assumtion is required in the hypothetical accident analysis for
the most safety side like the light water power reactor.

In the meanwhile, important FPs for the accident analysis are rare gas and
iodine, and R/B ratio of 100* for rare gas and of 60* for elemental iodine have
been used. The R/B ratio of iodine was the data of U-A1 alloy at 700°C which
is approximately the melting temperature of the fuel plate. Therefore, it is
necessary to measure the data of dispersion fuel, especially UA1.-A1 and
-Al dispersion fuel.
3.2 Methods of experiment

The shape of the specimen is shown in Fig. 2. Three kinds of specimen were
chosen fore the experiment as shown in Table 2. Burnup levels of the mini-plate
fuel were chosen as about 20* and 70*. The burnup of the specimen stated in
this report is 20* as shown in Table 3.

The FP release experiment was carried out in a hot cell at JMTR. A sche-
matic of the equipments used in the experiment is shown in Fig. 3. An infrared
furnace was used for heating the specimen. The specimen was placed on
a sample holder in a quartz tube,as shown in Fig. 3.

Dry air was flowed over the specimen and then through multi-layer filters
and sample traps cooled by dry ice. These experiments were conducted at 600,
700,800,900,1000 and 1100 °C. After holding at each temperature for 60 min,
the furnace was cooled. Then,the multi-layer filters,the sample traps,the
connecting tubes,the sample holder and so on were removed and placed on a Ge
detector for the measurement of the gamma-ray activities of the released FPs.
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Fig. 2 Test specimen for the FP release experiment
which was cut from the irradiated mini-plate

Table 2 Description of fuel meat in the test specimen

specimen
I.D.

A-12
B-11

C-05

composition of dispersion
fuel meat
(UAlj(70X),UAl,(30j))-Al
((UjSi2(90*),USi(10X))-Al
((UjSi(50*),UjSi2(50*))-Al

enrichment
(2»U:X)
44.99
19.80
19.76

uranium density
(g/ cm3)
1.6
4.8
4.8

23SU
(mg)

8.16
8.96
8.89

Table 3 Irradiation conditions of the test specimen

specimen
I.D.

A-12
B-11
C-05

thermal neutron flux
(n/cm'.s)
2.66 x10M

2.62 xlO 1 4

2.75 X10M

irradiation time
(day)
22.1
22.1
22.1

burnup

(»
22.1
21.6
22.6

(fiss./cc)
3.5 X10"
4.4 xlO 2 1

4.7 XlO 2 1

3.3 Results
The relative release of Iodine-131 for suicide and aluminide dispersion

fuel are shown in Figure 4. The results of LJ-A1 alloy fuel are also shown in the
figure. The release rate of iodine at 700 °C for suicide and aluminide fuel
are lower than the U-A1 alloy fuel by approximately a factor of 3, as shown in
the figure. The results for rare gase and solid FPs are obtained. The release of
rare gases are almost 1003t similar to the alloy fuel.
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100 r

a:U-Al alloy fuel (Parker's data)

A:Aluainide dispersion fuel (A-12)

X :Silicide dispersion fuel (B-ll)

O :Silicide- dispersion fuel (C-05)

600 700 800 900 1000 1100
Temperature ( *C)

Fig. 4 Cumulative amount of I 3 I I released from suicide and
aluroinide fuel. Values of U-A1 alloy also are shown.

4. MEASUREMENT OF THERMAL PROPERTIES OF THE SILICIDE
For the safety analysis, the thermal conductivity of suicide fuel are

necessary to conform the integrity of the fuel up to the temperature which
appears in anticipated operational transients.

The thermal conductivity(k) of the suicide fuel is calculated as the
product of thermal diffusivity(a ),heat capacity«?,) and density(p). Thermal
diffusivity is measured by the Laser Flash Meathod. A short-duration pulse of
thermal energy from a laser is added on one side of the slab specimen as
shown in Fig. 5 and allowed to propagate through the specimen. The thermal
response of the opposite face of the specimen is monitored as a function of
time(Fig. 6). Thermal diffusivity is then calculated in relation to the time
and specimen thickness by following formula;

a=A
1/2

where a
L
t ,/2A

thermal diffusivity
thickness of specimen
time to reach the half of temperature rise
constant.
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Laser Beam

Specimen

Therraocouple

Fig. 5 A schematic of the thermal conductivity measuring system.

Time

Fig. 6 Thermal response of the specimen from laser energy.

Heat capacity is also measured by this method using following formula;
E

where E
ATm

AT • m
laser energy absorbed into specimen
temperature rise of specimen
mass of specimen

Thermal diffusivity is converted to thermal conductivity as following ;
k = a • CP • p

The specimens were fabricated as a parameter of silicon contents,i.e,7.
7.6,7.9 w/o of silicon. The shape of the specimen is a disk(100x3 t).

Thermal expansion coefficient of the suicide fuel also is measured
by the differential dilatometry. The measurement of thermal properties is
conducted from room temperature to 400°C.
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5. EXPERIMENT OF FUEL BEHAVIOR UNDER REACTIVITY INITIATED ACCIDENT
CONDITION

The experiment is concerned with determining the behaviors of uranium
suicide fuel when it is subjected to short period power excursion resulting
in high energy densities in the fuel. It is necessary for the safety
assessment to clarify the defference of the behavior under the accident
condition between the suicide and the aluminide , whose behavior have been
made clear experimentally in the Transient Reactor Test Facility(TREAT).

The test specimens (mini-plates of suicide fuel) are encapsuled and
irradiated at the Nuclear Safety Reactor (NSRR) in JAERI. Specifically,
the following items will be studied;

(1) Fuel element failure thresholds and failure mechanisms.
(2) Heat transfer processes and physical characteristics bearing on

failure mechanism.
(3) Chemical reactions which can generate additional energy.
(4) The pressure wave shock phenomena and water hammer resulting from

thermal to mechanical energy conversion.
(5) Type and amount of fuel dispersed and fission products released

resulting from failure.
The fuel plate will be subjected to series of tests designed to determine

the threshold of failure and also to tests at short periods which will cause
complete destruction of the fuel plate. The safety assessment of NSRR experi-
ment is underway. Design and fabrication of irradiation capsule and test
specimen are scheduled in this year.

6. METALLURGICAL EXPERIMENTS ON THE SILICIDE
The experiment are aimed at understanding the metallurgical characters,

irradiation behavior, fission products release with regard to the suicide
materials for a basic research.

He consider that the system of uranium-silicon is incompletely understood
despite of the many studies. The candidate composition of the suicide
currently considered is UsSij, which, however, involve a slight amount of USi
or UaSi. U3Si2 and UsSi react with aluminum matrix at relative high
temperature around 500°C for short time to form U(Al,Si)3,which cause the
thermal growth of the plate. He feel that USi would also react with the
aluminum at the temperature. Therefore, important is that the detailed data on
these reaction is obtained by our hands. The reactions mentioned above are
studied out-of-pile. Under irradiated conditions,however, the reaction rate
is supporsedly changed from the unirradiated conditions due to, for instance,
generation of fission products and acceleration of the diffusion coefficients.
Therefore, it is necessary to establish the data base on the reaction kinetic
under irradiation and unirradiation. For the purposes ,we will perform irradia-
tion experiments in JMTR where the temperature is well controlled.

The following experiments are conducted using suicide fuel material
prepared in JAERI.
(1) Preparing test;
The uranium suicide alloy are produced in the shape of a button by melting

uranium metal and elemental silicon in an arc furnace. Buttons are crushed
to powder in a glovebox using a steel mortal and pestle. And fuel powder
and aluminium powder are mixed in the desired proportions and formed under
pressure into a powder-metallurgical compact.
(2) Phase transition and compatibility test;
Phase transition of the uranium suicide alloys with aluminium are

investigated experimentaly. Chemical stability of the uranium suicide fuel
will be clarified through the experiments.
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® Irradiation test;
Irradiation of the uranium suicide fuel is conducted using a temperature-

controlled capsule in JHTR. FP gas release behavior and chemical stability
under irradiation will be clarified.

REFERENCES
(1) PARKER,G.H., MARTIN,H.J., CREEK.G.E., LORENZ.R.A., Release of Fission

Products on Out-of-pile Melting of Reactor Fuel,ORNL-3483,Oak Ridge
Natl Lab.(1963).

(2) SHIBATA.T., TAMAI.T., HAYASHI.M., POSEY.J.C., SNELGROVE,J.L., Release
of Fission Products from Irradiated Aluminide Fuel at High Temperatures
,Nucl. Sei. Eng. 87 (1984) 405.
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Appendix K
EXAMPLES OF FUEL SPECIFICATIONS

AND INSPECTION PROCEDURES

Abstract

Standardization of specifications and inspection procedures
for LEU plate-type fuels are discussed and detailed examples
of fuel specifications and inspection procedures are provided
for several fuel element geometries and fuel types.
Methodology for determination of cladding thickness is also
described.



Appendix K-l

STANDARDIZATION OF SPECIFICATIONS AND
INSPECTION PROCEDURES FOR LEU PLATE-TYPE
RESEARCH REACTOR FUELS

W. KRULL
GKSS — Forschungszentrum Geesthacht GmbH,
Geesthacht, Federal Republic of Germany

Abstract

The subject of standardization of specifications and
inspection procedures has become important as one means
of limiting fuel cost increases inherent with conversions
to LEU plate-type research reactor fuels. An edited
version of a draft report of an IAEA Consultant's Group
is presented here. It is concluded that specifications
should be carefully reviewed when changing from HEU to
LEU fuel in order to avoid perpetuating overly restric-
tive requirements. Tentative recommendations are given
for a number of specification topics.

1. INTRODUCTION

1.1 Overview
Research reactors are beginning to operate with low-enriched, high-

uranium-density fuels that have been developed as part of the international
programme to convert research reactor cores from high-enriched uranium (HEU)
to low-enriched uranium (LEU). Most of the necessary irradiation tests, as
part of the fuel qualification test, are being performed, and many results and
data from post-irradiation examinations (PIE) are becoming available. As fuel
up to a uranium density of 4,8 g U/cc is or will be soon qualified, more
research reactors will be converting to LEU. The decreasing availability of
HEU fuel for research reactors mandates that reactor operators consider the
conversion of their reactors to LEU.

The IAEA has published several documents /1-4/ related to research
reactor core conversions. Annual international meetings have been held since
1978 and proceedings published /5-10/. The IAEA can provide technical
assistance to reactor operators who wish to consider conversion of their
reactors from the use of HEU fuel to the use of LEU fuels.

With the transition to high-density LEU fuel, fabrication costs of
research reactor fuel elements have a tendency to increase because of two
reasons. First, the needed amount of powder of the uranium compound increases
by more than a factor of five. Second, fabrication requirements are in many
cases nearer the fabrication limits. Therefore, it is important that efforts
be undertaken to eliminate or reduce unnecessary requirements in the specifica-
tions or inspection procedures of research reactor fuel elements utilizing LEU.

445



An additional stimulus for standardizing specifications and inspection
procedures at this time is provided by the fact that most LEU conversions will
occur within a short time span and that nearly all of them will require prepa-
ration of new specifications and inspection procedures. In this sense, the
LEU conversions offer an opportunity for improving the rationality and
efficiency of the fuel fabrication and inspection processes.

This report focuses on the standardization of specifications and inspec-
tion processes of high-uranium-density LEU fuels for research reactors.
However, in many cases the results can be extended directly also to other
research reactor fuels.

1.2 Scope of the Report

This report is intended for the research reactor operator, research
reactor fuel element fabricator, licensing authorities and the consultants or
experts of the licensing authority or the operator, to be used as a manual or
checklist for designing, ordering, fabricating, inspecting and licensing
research reactor fuel elements. The considerations and decisions to be made
must take into account the existing knowledge of the qualification status of
the high-density, low-enriched-uranium fuel, design and safety demands,
fabrication possibilities and economic questions.

It is believed that there are many reasons for the details of the existing
specifications and inspection procedures for research reactor fuel elements:

- tradition
- others using the same specifications or the same fuel element
- proposals by the fabricators

operation experience
- nuclear and thermodynamic design
- safety demands
- authority and/or consultants recommendations
- economic aspects

The goal of this report is to provide a more documented, rational and
economic basis for the specifications and inspection procedures. This will be
especially important for the new LEU fuels, because many of them will be using
high volume fractions of the fuel particles in the fuel meat and will be closeto the fabrication limits. The uranium density must be increased by a factor
of 5,5 or even more if converting from HEU to LEU fuel.

While most of HEU fuels had around, or less than, 20 vol% fuel in the
meat, with a maximum around 33 vol%, many LEU fuels will be close to 45 vol%,
which is considered the present fabrication limit. With 45 vol%, the
corresponding uranium densities are as follows:

UAlx p = 2,1 g U/cc
U30n P = 3,2 g U/cc
U3SI2 p = 5,1 g U/cc
U3Si p = 6,6 g U/cc

With increasing vol% of fuel the fabrication difficulties increase rapidly.
These fabrication difficulties are related to: white spots, homogeneity,
cladding thickness, dog boning, etc. For this reason fabrication costs for
LEU fuel elements are at present by far higher than for HEU fuel elements if
specifications are unchanged. To limit the number of refused or rejected fuel
plates and/or fuel elements, efforts are undertaken to reduce specification
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demands wherever it is possible and acceptable. It is hoped that this will
limit the increase in LEU fuel fabrication costs to a reasonable amount
without undue reduction in safety.

It should be emphasized that this report is intended to be used for
general guidance and is not to be construed as requirements that the reactor
operator, consultant or licensing authority must follow. The report is meant
to assist the operator in developing his own specifications and inspection
procedures for the fuel elements of his research reactor, taking all necessary
considerations into account, including detailed discussion with the selected
vendor.

This report complements the IAEA Guidebooks TECDOC-233 /!/, TECDOC-324 /2/,
TECDOC-304 /3/ and the Guidebook /4/ that is expected to be published in 1986-
1987. Therefore, in this report reference will often be made to Guidebooks as
well as other more specialized references.

Chapter 2 gives a detailed discussion of many special specification
subjects and informs the operator in some cases about general economic impacts
of specification variations. Some inspection procedures of more general
interest are discussed in Chapter 3.

2. SPECIFICATIONS

2.1 General
The fuel types considered for the fabrication of plate-type fuels with

HEU and LEU are UA1 , U-jOg, and UxSi . Individual fuel vendors do not
manufacture all fuel types with both HEU and LEU.

HEU as used here refers to 90% - 93% enrichment. In the case of UxSi ,
HEU may be necessary if new reactor designs use the development potential of
the high-density-uranium fuel. Such studies are underway. Since U-jOg and
UA1X may continue to be used by some reactors, e.g., U.,0g in HFIR, RP-10,
MPR-30 and UA1X for reactors with peak burnups >2 x lO^1 fissions/cc, the pos-
sible cost reduction from having only one production line may not be realized.

Taking further into account that the so-called "unique purpose" reactors
/II/ shall use the lowest qualified enrichment together with the corresponding
highest uranium density for their design, the future situation will be
probably more complicated than the present one. It is possible that enrich-
ments other than 19,75% and 90% - 93% will be in common use. Due to the above
mentioned demand, a larger number of different intermediate enrichments may be
in use for many years. This will reduce the proliferation risk but increase
the fabrication cost.

One of the most important parameters for qualifying a fuel to certain
limits of operation is the swelling behavior as a function of burnup. For
U Si the swelling rate is influenced by the porosity, the volume ratio of
U^Si/U^Sij and vol% of U Si in the fuel meat. Therefore, in some cases these
values may need to be introauced into the specifications. There is absolutely
no requirement to have these corresponding parameters specified if low-enriched
UA1 or U^Og is used as meat material.

General information about different topics on the specifications of
research reactor fuel elements can be found in the literature ranging from a
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standard for quality control /12/, remarks on related topics /13.14/, to very
special topics /15-17/ and examples /Vol. 4 in /4//.

It is not the intention to comment in detail on all parts of the
specification since

many parameters are more or less standardized
- other parameters have only a minor impact on fabrication cost and
- some parameters come from the design of the reactor.

Nevertheless, it is strongly recommended that specifications and
inspection procedures be reviewed and unnecessary but restricting limitations
be removed. This should be done before ordering the fuel elements for the
conversion of the research reactor to LEU fuel.

2.2 Geometry

Most of the geometric conditions are fixed since, e.g., grid plate
dimensions cannot be changed. Some geometric design values can be adjusted in
some cases if this is within the design limitations. For this reason a few
values are given which are used in most of the fuel element designs:

fuel meat thickness
fuel meat width
(influences the peaking factor)
fuel meat length
number of plates
plate thickness

0,51 mm, a few 0,76 mm
60 mm and 62,8 mm

600 mm, a few up to 800 mm
23, some less
1,27 mm, a few thicker

2.3 Fuels

2.3.1 Fuel Composition

No comments are made regarding UA1 and UoOg. As mentioned in
Chapter 2.1, the phase composition of the U Si fuel should be known.
This can be determined with sufficient accuracy only by taking a large
number of metallurgical cuts or powder samples. Therefore, the vendors are
developing correlations which are believed to be satisfactory in most cases.

Metallurgical cuts and microscopic analysis are very expensive. They
should be included in the specifications only if absolutely necessary for
safety reasons. In most cases the correlations will be sufficient.

2.3.2 Particle Size Distribution
The particle size must be <150 ym. Up to 50 wt% of the fuel powder can

have a particle size less than 40 gm (or 45 ym, if non-metric standards are
used). Other existing limitations in particle size and % of fines are
believed not necessary based on results of PIE's (the existing specifications
for UA1 and U.,0g can be taken for UxSi , too). However the maximum particle
size and the distribution of particle sizes will influence other parameters,
such as porosity and minimum cladding thickness. Therefore, a maximum
particle size might be an advantage for some applications. For customers
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interested in a maximum particle size of 125 ym for example, the vendors
should be contacted to determine the relative cost increase per fuel element.

The control sieving must be carried out with a set of sieves of 40 ym or
45 urn, 150 ym and 180 ym. If all particles pass the sieve with 180 ym, it is
allowed to have 1% of the fuel powder on the sieve of 150 ym.
2.3.3 Porosity

The built-in porosity in the fuel meat provides space to accommodate the
initial swelling of the fuel particles. The amount of built-in porosity is
dependent on the vendor, fabrication process and vol% of fuel in the meat.
/8,10/ For the dependence of swelling rates on porosity, see /8,10/. In some
critical applications of U Si , which can swell considerably due to the high
fission density attainable, it may be desirable to specify the amount of
built-in porosity in order to limit, for example, channel gap thickness
changes during operation. Such a specification is not necessary for low-
enriched UA1 and U.,0a or, in most cases, for U Si .X J 0 X j

2.3.4 Al-Powder
There are slight differences in the existing specifications which are

believed to be of minor importance. Care should be taken in limiting the
amount of poisoning impurities such as B, Cd, and Li. Other impurities can
normally be varied over a greater range. The current specification limits
should be used as a guideline for operators and fabricators. In order to
avoid unwanted nuclear and metallurgical behavior, some limits should be
specified. These considerations can be applied to the fuel powder, too.
2.3.5 U-Content of Fuel Plate

There is no problem with accuracy (ca. 2%). Total U-content cannot be
standardized.

2.4 Fuel Plate

2.4.1 Homogeneity

With increasing vol% of fuel and uranium density, the present homogeneity
limits will result in an increase in the number of rejected fuel plates.
Homogeneity limits in the specifications may be a result of hot spot analyses
and therefore part of the overall safety features. However, it may be
worthwhile to discuss these limits with relevant authorities to determine
whether adequate safety margins can be maintained with looser homogeneity
limits so that fabrication cost can be reduced.

With the standard technique homogeneity deviations are determined over a
plate surface area of 1 cm2. Smaller measuring areas will give, for physical
reasons, greater variations. All commonly used measuring techniques are
acceptable.

Design or safety limits on homogeneity are related to the plus tolerances
of the homogeneity. The existing minus tolerances are not as critical. Greater
minus deviations may be acceptable, therefore, but their control allows an
insight into the overall quality of fuel plate fabrication.
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Since homogeneity limits have a great impact on fabrication cost, the
operator should obtain cost factors related to different homogeneity limits from
the vendor in order to perform a proper cost-benefit analysis.

2.4.2 Plate Thickness
The tolerance on the overall plate thickness influences the minimum

cladding thickness and therefore must be limited. Also, if there are tight
demands on channel spacing, these cannot be achieved if the tolerance on the
plate thickness is too large. For these reasons the tolerance of the plate
thickness will be based on the minimum cladding thickness and the tolerance on
channel spacing.

2.4.3 Minimum Cladding Thickness

A minimum cladding thickness is specified in order to protect against the
release of fission products, especially after the cladding surface may have been
subjected to corrosion.

Corrosion is influenced by many factors: cladding thickness, cladding
material, surface treatment, copper or chlorine impurities, temperature, pH and
conductivity of the water, water quality (e.g. Cu, Cl), lifetime of the fuel,
overall operating conditions over years, etc. Some of these factors are or may
be correlated. Typical types of corrosion ocurring on plate-type fuel elements
are pitting corrosion and uniform plate corrosion. Since fission product
release from fuel elements will cause many problems, any type of corrosion must
be minimized to avoid such difficulties.

The minimum cladding thickness can and will be different for different
research reactors depending on various conditions of use (e.g., if the fuel
lifetime is 3 weeks or 3 years). Any change of the minimum cladding thickness
should be based on reported operating experience and documentation of the actual
cladding thickness obtained for a specified minimum. One has to be sure that
the reported operating experience is not the result of other factors but is
related only to the specified values of minimum cladding thickness. The corre-
lation between specified and actual minimum cladding thickness must be known.
The first detailed measurements on this topic have been reported in /15/.

Historically the cladding thickness has been specified as 0,38 ± 0,08 mm in
most cases. Due to higher density fuel with a larger vol% of fuel in the meat
(more fuel particles), an increasing number of fuel particles have been found
violating the 0,30 mm minimum cladding thickness. In order to reduce the rejec-
tion rate and the fabrication cost, fuel plates have been accepted with fuel
particles in the region down to 0,25 mm (0,23 mm in some cases) and even to
0,20 mm for the HFIR. It is obvious that the acceptance of fuel plates with
extremely low minimum cladding thickness will reduce the fabrication cost. The
acceptable minimum is closely related to the overall long term operating condi-
tions, the materials used and the fabrication technique. For this reason no
general statement for the acceptable minimum cladding thickness can be given at
present and may never be possible. Fission product release coming from pitting
corrosion was found in the past even in cases were the minimum cladding
thickness was 0,30 mm.

To enable the reactor operator to make the best decision for his reactor,
the fuel fabricators should be contacted to determine relative prices for dif-
ferent minimum cladding thicknesses.

450



2.4.4 Cladding Material
Fabricators normally use aluminum cladding materials with specified addi-

tions and impurities following their national standards. In use have been:
pure Al (99,5% Al), pure Al (99,85% Al), AI 1100, AlFeNi, and Mg-containing
aluminum-alloys such as Al 6061, AG1NE, AG2NE, AG3NE, AlMgl, AlMg2, AlMg3. With
increasing uranium density and increasing coolant flow velocity, weak Al-
cladding materials cannot be used because bonding and cladding thickness
difficulties may arise during the fabrication process and mechanical stability
difficulties of the fuel plate may arise during operation. One advantage of the
Mg-containing aluminum alloys is their increased corrosion resistance. For this
reason it is recommended that Mg-containing Al-alloys be used if possible.
However, in most cases all cladding materials in use are acceptable. In order
to reduce cost, the fabricators should limit the number of different cladding
materials in their fabrication lines to one or two.

Requirements on the acceptable impurities are the same as discussed for the
fuel in Chapter 2.3.4. In some cases an increase of the boron content from 10
ppm to 30 ppm can be accepted since the 10B will be totally consumed during the
lifetime of the fuel.
2.4.5 Surface Defects

Significant surface defects may be caused by some lack of attention during
the fabrication process or by removing foreign particles from the cladding. No
foreign particles with unknown chemical composition can be accepted in the
cladding. Surface defects must be limited in size and depth to avoid fission
product leakage during the whole lifetime of the fuel element. To date there
has been no report that surface defects and pitting corrosion are correlated.
However, since there are other corrosion phenomena possible (plate type,
potential effects) the depth of surface defects must be limited. The allowed
depth should inversely follow the minimum cladding thickness. It is recommended
that the difference between the two not be less than 125 urn; otherwise, plates
should be rejected. For example:

minimum cladding thickness 250 ym
maximum surface defects 125 ym.

In the dogboning zone, if there is evidence of dogboning in the plates, surface
defects not deeper than 75 ym are acceptable. Outside the meat zone, defects up
to 300 ym may be acceptable depending on the number of these defects and the
prevalence and location of white spots (see Chapter 2.4.7).
2.4.6 Surface Treatment

The surface treatment selected may influence the corrosion behavior of the
fuel plate. Therefore the surface must be absolutely free from Cl. In most
cases only etching and cleaning with demineralized water is used and is
sufficient. With an additional treatment with hot water (100°C) or steam, a
corrosion resistant layer of stable Boehmite is produced, and the corrosion
resistance is increased by more than a factor of 10. This additional treatment
will increase the fuel element cost.
2.4.7 White Spots

With increasing uranium density and increasing vol% of fuel in the meat a
significant number of so-called white spots have been detected on the x-ray
films. These white spots are fuel particles located between the frame and the
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cladding outside the specified meat zone. Limits on the location and clustering
of the fuel particles are necessary for two reasons:

to avoid fission product leaks

- to ensure the appropriate cooling of the plate even in zones
where the plate is not cooled by turbulent flow.

At present it has not been established that there is a correlation between
blisters outside the meat zone and fuel particles at these positions.
If such a correlation is found, this will become important only for high burnup
values. PIE's are going on and results will be reported.

The specification given below is recommended for the acceptance of white
spots. This proposed specification avoids the measurement of the distance
between the white spots and/or the necessity to calculate the overall area of
the white spots. These measurements and/or calculations were found in the past
to be totally impractical and extremely expensive.
a) No particles (evidenced as white spots on the position radiograph) shall be

within 0,4 mm of the edges or ends of the fuel plate.
b) The maximum dimension of a stray particle shall be 0,5 mm. Touching

particles shall be considered as a single particle for the purpose of
determining the largest dimension.

c) The maximum number of stray particles in any 20 mm2 area located between
the maximum core length or width and within 0,4 mm of the plate edge or end
shall not be greater than ten (10).

d) *) A stringer of fuel generated from the corners of the core ends is
acceptable provided it comes no closer than 1,3 mm from the plate ends.

e) No stray particles shall be allowed in the comb or identification areas.
f) Stray particles found within 0,4 mm of the plate edge or end may be removed

by filing. These handworked areas shall not be greater than
0,5 mm in depth.

2.4.8 Surface Contamination

There is no present need to change the commonly specified values
(ca. 5-10 yg U/plate).

2.4.9 Burnable Poisons

Burnable poisons are in use for higher power research reactors. These
burnable poisons can be in side plates or at the top or bottom of fuel plates.
The present knowledge is that some care may be necessary if poison is mixed with
fuel. Experiments are going on to determine the swelling behavior in these
cases, especially for uranium suicide fuel.

2.5 Fuel Element
As stated in Chapter 2.2, no recommendations on most of the geometry

factors can be given since they are specific to the overall design.

Discussions on this point are continuing.
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2.5.1 Channel Gap Spacing
The minimum channel gap is one of the parameters in the calculations for

the hot channel, and for this reason the tolerances are included in the
thermodynamic calculation and the safety report in most cases. But in general,
since many reactors operate with large safety margins, the chosen tolerances
should be rechecked, because fuel element fabrication cost is significantly
influenced by the chosen tolerances and the inspection procedure.

In almost all cases only the minimum tolerance is of importance and
controlled. Therefore, to specify a plus tolerance is unnecessary in most
cases. The fuel fabricators should be contacted to obtain relative costs
related to different requirements for tolerances and inspection procedure. When
specifying channel gaps one has to consider the gap between neighboring fuel
elements with the same care. The cooling conditions between neighboring fuel
elements are not as good as within the fuel elements in many cases.

2.5.2 Burnup Warranty

Any burnup warranty must be discussed between operator and vendor and
depends on too many conditions for a general recommendation.

3. INSPECTION PROCEDURES

The chosen inspection procedure depends on many different factors, such as
- license requirement

consultants demands
- fabricator experience
- inspectors experience
- changed or unchanged fabrication process
- evidence of defects
- reactor design.

The inspection can be performed by the independent quality control department of
the fabricator and/or independent expert and/or customer. The extent of
inspection ranges between 100%, sampling (extended to 100% if a given percentage
of values are found out of the specified ones) and 0%. The extent and
percentage of inspection may limit the throughput of the fabrication and,
therefore, may have a great impact on the fuel element fabrication cost. It is
estimated that inspection cost ranges between 1/3 and 2/3 of the total
fabrication cost, depending on the chosen procedure. It is strongly recommended
that all inspectors be well trained and that the inspectors not reject plates or
elements in all cases if the values are slightly outside the specified ones.
The inspectors should use their experience to decide in such cases whether to
recommend acceptance or rejection.

Since the chosen detailed inspection procedure is influenced by many
different factors, recommendations could be developed only for some selected
points.

3.1 Particle Size

See Chapter 2.3.2.
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3.2 Bonding

The most effective quality check on bonding is the blister test. The
chosen blister temperature depends on the selected cladding material and should
be only slightly different from the hot rolling temperature. The temperature
range is normally between 410°C and 500°C.

In addition to the blister test, the ultrasonic test is in use. With this
method, defects >2 mm $ can be detected. With high uranium density there are
increasing difficulties near the ends and edges of the fuel core. The
measurements need careful interpretation and the method should be separately
discussed between the customer and the fabricator.

3.3 White Spots

See Chapter 2.4.7.

3.4 Radiographie Inspection
Fluoroscopy and/or x-ray film is in use. The selected method depends on

the need for control and documentation. Care should be taken to cut the fuel
plate symmetrically out of the rolled plate.

3.5 Surface Contamination
Smear test (sampling) and 100% control with a-counters are in use.

Normally only background is detected. If there are positive measuring results,
the rolling process should be inspected.

3.6 Channel Gap Spacing
Minimum check with go gauge only, or for extremely high requirements,

registered measurements are in use. See Chapter 2.5.1.

4. CONCLUSION

The specifications currently used for HEU fuel should not be taken as
ultimate demands when going to high-density LEU fuel. At that time, the
specification demands should be carefully reviewed to use this possibility for
reducing the fuel element fabrication cost. This review should include the
most important safety margins, the existing operating experience and the
operating conditions of the plant. The operator should discuss the specifi-
cations finally chosen in detail with the fabricator and licensing authority.
Whether additional parties need to be involved depends on the special
circumstances and the experience of the operator, of his experts and of his
authority. The IAEA may be contacted for assistance.

Excellent for discovering no bonding between Al-frame and cover plate.
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Appendix K-2
FUEL ELEMENTS WITH LEU UA1X-A1 FUEL

FOR THE FORD NUCLEAR REACTOR

Appendix K-2.1

SPECIFICATIONS

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

FORD NUCLEAR REACTOR/UNIVERSITY OF MICHIGAN
Ann Arbor, Michigan

United States of America

Abstract

As part of the U.S. RERTR Program, a full-core demonstration
with LEU fuel began in December 1981 in the Ford Nuclear Reactor
(FNR) at the University of Michigan. The LEU standard and
control fuel elements were manufactured by CERCA and by NUK.EM
using specifications prepared by ANL. The ANL specifications
were derived from those prepared by EG&G-Idaho for HEU fuel
elements manufactured for the FNR by Atomics International.

Due to differences among fabricators in some of the normal
manufacturing processes and materials, some of the specifications
were negotiated by ANL and the University of Michigan with each
manufacturer to arrive at mutually agreeable specifications.

The specifications agreed to with NUKEM are presented here
as an illustration only. A similar set of specifications was
agreed to with CERCA. In this example, materials, material
numbers, document numbers and drawing numbers specific to a
single fabricator have been deleted.

1.0 SCOPE
1.1 Description

This Specification details the materials, components, testing, inspection,
and quality control requirements for the fabrication of standard and
control Fuel Elements for the Ford Nuclear Reactor at the University of
Michigan, Ann Arbor, Michigan.

1.2 Definitions
For the purpose of this Specification, the following terms are identified.
(Capitalization shall denote the use of a defined term.)
1.2.1 Batch

A quantity of UA1X produced in one operation.

1.2.2 Blend
To mix or mingle constituents of a Batch.
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1.2.3 Certification
A document form signed and dated by the responsible authority of
a pertinent function or activity, stating that a material or a
component meets specified requirements.

1.2.4 Contractor
The primary vendor selected by Argonne National Laboratory to
manufacture the product.

1.2.5 Development
A determination of processes, equipment, and parameters required
to produce a product in compliance with this Specification.

1.2.6 Dogbone Area
Thickening of Fuel Core at ends of Fuel Plates. This occurs dur-
ing rolling process.

1.2.7 Dummy Fuel Element
An element consisting of unfueled simulated Fuel Plates.

1.2.8 Failure
The condition arising when representative samples, which are the
basis for process control and product acceptance, fail to meet
the requirements of this Specification.

1.2.9 Fuel Core
The uranium-bearing region of each Fuel Plate.

1.2.10 Fuel Element
The bundle of Fuel Plates and hardware components, as defined in
Section 3.0.

1.2.11 Fuel Plate
The Fuel Core complete with aluminum frame and cladding.

1.2.12 In-Process-Controls
Checks made during Production to assure that the manufacturing
processes, equipment, and personnel are capable of producing a
product meeting specified requirements.

1.2.13 Laboratory
Argonne National Laboratory (ANL).

1.2.14 Lot
A group of sequentially numbered pieces handled as a unit, or
material traceable to common processing step. A Lot shall con-
sist of a minimum of sixteen (16) Fuel Plates.

1.2.15 Manufacture(ing)
All fabrication, assembly, test, inspection, and quality control
processes.

458



1.2.16 Production
The phase of the program, following qualification, during which
the product is in Manufacturéeing).

1.2.17 Production-Quality-Control
The sampling plans, inspections, and tests required during Pro-
duction to assure that the product is in compliance with this
Specification.

1.2.18 Qualification
A demonstration that the manufacturing processes and equipment
can produce a product in compliance with this Specification.

1.2.19 Rejection
Materials, parts, components, or assembly products which will
not be accepted as part of the contract requirements of this
program because of non-compliance with this Specification.

1.2.20 Requalification
A demonstration that a single or group of manufacturing processes,
equipment, and personnel can produce a product in compliance with
this Specification after the original Qualification has been
completed.
Requalification is required for a change in material, process, or
operator.

1.2.21 Specification
All parts and supplements of this document, its references,
drawings, and standards.

1.2.22 Sub-tier Supplier
Any vendor selected by the Contractor to furnish materials,
services, or manufactured parts for the products.

1.2.23 User
Ford Nuclear Reactor, University of Michigan.

2.0 APPLICABLE DOCUMENTS

This Specification was elaborated on the basis of the documents cited herein.
In case of non-conformance, the latest revision of this Specification shall
be valid.

2.1 Specification for Standard Ford Fuel Element Assembly
No. A0004-1000-SA.

2.2 Argonne National Laboratory Procedures
AQR-001 Quality Verification Program Requirements.
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2.3 Drawings (ANL)
A0004-0002-DC University of Michigan Standard and Control Fuel Plate
A0004-0003-DC University of Michigan Standard and Control Fuel Element

Adaptor
A0004-0004-DC University of Michigan Standard Fuel Element Assembly
A0004-0005-DC University of Michigan Control Fuel Element Assembly

2.4 Supplemental Specifications
A0004-0114-SA Calibration Requirements
A0004-1005-SA Specification for Enriched U-Metal for UA1X Reactor Fuel

Elements

2.5 Contractor Documents
Production and control shall be effected acccording to the documents of
work (drawings, inspection scheme, specifications) stated in the appendix
in conformance with the respective latest revision which is given in the
list of documents.

3.0 TECHNICAL REQUIREMENTS

3.1 Product Requirements
The Standard Fuel Element, Part Number A0004-0004-DC, consists of Ns Fuel
Plates, two (2) side plates, two (2) bail supports, one (1) bail, and
one (1) adaptor. The Control Fuel Element, Part Number A0004-0005-DC,
consists of Nc Fuel Plates, two (2) side plates, two (2) guide plates
and one (1) adaptor. The Fuel Elements have Fuel Plates and control rod
guide plates attached to the side plates by mechanical means; end adapters
are attached to the fuel section by screws.

3.2 Fuel Plates

3.2.1 Fuel Loading
Each Fuel Plate shall contain Mp grams + 2% U-235 based upon
final weight of the final compact and chemical and isotopic
analysis of the constituents. Each loading of the Fuel Plates
shall be recorded in grams to two (2) decimal places.

3.2.2 Fuel Homogeneity
Non-homogeneity of the surface density in g/cvr of U-235 shall
not exceed + 30%-100% within the maximum and minimum limit lines
of the meat area (zone 3) relative to the nominal value, + 30%-20%
within the dog-boning area (zone 2), and + 20% in the nominal meat
area (zone 1).
According to the determination in the inspection scheme, a defined
quantity of Fuel Plates shall be continually examined by means of
gamma absorption in a trace with a 25 mm^ collimator (Round
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window 5.6 mm diameter). The result shall be analogously re-
corded together with (+) standards. For calibration Al-step
standards of equal absorption shall be used which represent the
minimum, nominal, and maximum uranium content.

3.2.3 Core Configuration
The outline of the Fuel Core shall be within the largest and
smallest areas as defined by the Fuel Core Drawing (Scheme), item
7.4, dimensions and their respective tolerances. Fuel flakes are
allowed except within 0.38 mm of the edge and the ends of the fuel
plates.

3.2.4 Internal Defects and Bond Integrity
A bond across the clad/frame and clad/Fuel Core interfaces is
required. Internal defects shall be examined and evaluated as
described in Paragraph 4.4.5.

3.2.5 Surface Finish and Defects
The finished Fuel Plates shall be free from pits, dents, scratches,
and other areas of metal removed in excess of 0.13 mm deep, except
in the Dogbone Area, within 38 mm from the end of the Fuel Core.
In this area, such depressions shall be limited to 0.08 mm deep.

3.2.6 Cleanliness
The Contractor shall take all precautions necessary to maintain a
high standard of cleanliness during fabrication to ensure that no
foreign materials or corrosion products are present in the finished
Fuel Plates and Elements. The finished Fuel Elements shall be
completely free of dirt, scum, scale, graphite, grease, organic
compounds, and other foreign matter inside and outside.
All metal chips, turnings, dusts, abrasives, weld spatter, scale,
and other particles shall be removed without destroying the con-
tinuity of the surfaces.
All oil and grease shall be removed by the use of a degreasing
agent approved by the Laboratory, and all surfaces, including all
crevices shall be thoroughly rinsed with distilled water.

3.2.7 Identification
Each finished Fuel Plate shall be identified by a number stamped
into the top 3 mm of the Fuel Plate, not in excess of 0.15 mm in
depth. The identification number shall be on the convex surface
of the Fuel Plate before forming. Positive identification must
be maintained relative to the complete fabrication history, includ-
ing the Plate Lot, Fuel Blend, basic material lots, heat or melt,
manufacturing cycle, and quality control phases.

3.2.8 Storage
All fuel plates that have received final cleaning shall be con-
tained in clean polyethylene bags while (1) awaiting final
assembly, (2) being transferred into storage, or (3) being main-
tained in storage. Any Fuel Plate exposed to contamination shall
be reinspected to the requirements of Paragraph 3.2.6. Fuel
Plates shall not be exposed to any chlorine-containing material
during storage.
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3.3 Fuel Elements

3.3.1 Fuel Loading
Each Standard Fuel Element shall contain Ms grams + 2% U-235.
Each Control Fuel Element shall contain Mc grams + 2% U-235.
(Note: See Appendix of this Specification for values Ms and Mc).

3.3.2 Material
All material used or contained in the product shall comply with
all the requirements of this Specification unless exempted by
written document by the Laboratory.

3.3.3 Cleanliness
The standards of cleanliness required for the Fuel Plates by Para-
graph 3.2.6 are also required for the Fuel Elements.

3.3.4 Assembly
The Fuel Plates shall be attached to the side plates by mechanical
swaging. Fuel Plate identification numbers shall be on the bail
end of the element.

3.3.5 Identification
Each Fuel Element shall have an identifying number such as MIXXX.
The number shall be placed on the outside of the side plates as
shown on the drawings and shall consist of 68 mm block characters
cut 0.5 mm deep. The Fuel Elements shall be numbered serially.
The Laboratory will provide consecutive serial numbers.

3.3.6 Storage
All Fuel Elements that have received final cleaning shall be
sealed in clean polyethylene bags while (1) being transferred
into storage, (2) being maintained in storage, or (3) being pre-
pared for shipment or packaging. Any material exposed to con-
tamination shall be reinspected according to the requirements of
Paragraph 3.2.6. Fuel Elements shall not be exposed to any
chlorine-containing material during storage.

3.4 Materials of Construction
Note: Contractors located outside the United States territory may substi-
tute materials and standards comparable to those listed, after approval
by the Laboratory.

3.4.1 Component Materials
The materials requirement for the components comprising the Fuel
Element are specified in the Appendix, item 7.6 Materials.

3.4.1.1 Fuel Cores
The Fuel Core of the Fuel Plate shall be UA1X inter-
metallic powder dispersed in aluminum alloy powder.
The UA1X powder and the Al powder shall be produced
according to the Contractor's specifications, after
approval by the Laboratory. Two one gram samples of
Blended UA1X Batches used in producing Fuel Cores
shall be obtained by the Contractor for the Laboratory
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and held at the Contractor's plant for the Laboratory's
use. During the course of the subcontract, any and all
samples not called for and in the possession of the
Contractor will be considered part of the Contractor's
scrap.

3.4.1.2 Frames
The frames shall be Aluminum Plate Alloy as specified in
the Appendix, item 7.6, unclad or clad on both sides
with Alloy 1100. If clad, the thickness of Alloy 1100
on each side shall be as noted in Subparagraph 3.4.1.3.
Maximum allowable boron content shall be 30 ppm.

3.4.1.3 Cover Plate
The fuel cladding (cover plate) shall be Aluminum Alloy
as specified in the Appendix, item 7.6, unclad or clad
on one side with Alloy 1100. Maximum allowable boron
content shall be 30 ppm. If clad, each cover plate
shall have an Alloy 1100 clad thickness no less than
3 percent and a nominal maximum of 6 percent of the
total thickness of the composite plate, provided the
three sigma limit does not exceed 7.5 percent.
Compliance with the clad thickness requirements may be
accomplished by a Subcontractor-developed statistical
sampling and analytical method approved by the Laboratory.

4.0 QUALITY CONTROL AND QUALITY ASSURANCE REQUIREMENTS

4.1 Records and Reports

4.1.1 Distribution of Reports (Prior to Fabrication)
The Contractor shall supply three (3) copies of the following data
and records to the Laboratory prior to fabrication of the initial
element for review and approval:
4.1.1.1 Contractor Drawings

All shop drawings of component parts of the Fuel Element
and Fuel Element Assembly. Other current drawings
initiated by Contractor shall be maintained and filed
subject to the Laboratory's review.

4.1.1.2 Integrated Manufacturing and Inspection Test Plan
The Contractor shall prepare a sequential listing of the
various manufacturing and test steps with approximate
schedule dates necessary for the fabrications.

4.1.1.3 Procedure for Fuel Plate U-235 Content
A detailed description as to the manner by which the
Contractor proposes to assign Fuel Plate U-235 content.
Included in the description must be sampling, analytical,
and quality control procedures and a statement as to the
estimated absolute accuracy of the assigned Fuel Plate
and Fuel Element U-235 content.
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4.1.1.4 Manufacturing Procedures
All programs, processes, and procedures, and all changes
and modifications thereto, to be used to Manufacture the
product, as listed in Section 4.2.

4.1.1.5 Plate Fabrication and Qualification Records
All records required by Paragraph 4.3.1.

4.1.1.6 Element Fabrication Qualification Records
All records required by Paragraph 4.3.2.

4.1.1.7 In-Process Controls Procedures
Those procedures established to comply with the require-
ments of Paragraph 4.3.3.

4.1.2 Distribution of Reports (Prior to, or Concurrent with, Shipment)
Prior to, or concurrent with, the shipment of each Fuel Element
the Contractor shall provide the Laboratory with three (3)
copies of the items listed in Paragraph 4.1.2.1 through 4.1.2.10
(radiograph: one (1) copy).
The three (3) copies required include the one (1) copy of those
items required to accompany shipment by Section 5.1.
4.1.2.1 Material Certification

Certification of all material compliance to the require-
ments of this Specification including any chemical and
physical test results pertaining thereto.

4.1.2.2 Certification of Product Compliance
Certification of product compliance to the requirements
of this Specification except, as the case may be, for
previous Laboratory-approved deviations, such deviations
to be detailed in the Certification. The Certification
shall include any test data pertaining thereto not
specifically listed in Subparagraphs 4.1.2.3 through
4.1.2.10.

4.1.2.3 Dimensional Inspection Reports
Inspection reports, including dimensional data, to the
requirements of Paragraph 4.4.9.

4.1.2.4 Fuel Plate Uranium Data
Individual Fuel Plate uranium data as required to be
reported by Paragraph 5.1.3.

4.1.2.5 Fuel Element Uranium Data
Individual Fuel Element uranium data as required to be
reported by Paragraph 5.1.4.

4.1.2.6 Fuel Plate and Element Radiation Counts
Radiation count from each Fuel Plate and Fuel Element
exterior, as required to be reported by Paragraph 5.1.5.
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4.1.2.7 Pull Test Results
Results of pull tests as required to be reported by
Paragraph 5.1.6.

4.1.2.8 Plate Radiographs
Plate radiographs to the requirements of Paragraphs 4.4.3
and 4.4.4.

4.1.2.9 Plate Section Photomicrographs
Plate section photomicrographs to the requirements of
Paragraph 4.4.7.

4.1.2.10 Visual Inspection Reports and Data
Visual inspection reports and data to the requirements
of Paragraph 4.4.6.

4.1.3 Distribution of Reports (as applicable)
Three (3) copies of the following reports are required by this
Specification:

4.1.3.1 Reports
Up to three (3) interim reports detailing program pro-
gress against a previously submitted schedule shall be
supplied by the Contractor to the Laboratory approxi-
mately bimonthly.

4.1.3.2 Failure Notification
During production, complete records shall be kept by
the Contractor. In the event of a failure, the time,
nature, description, corrective action taken, and pro-
posed further corrective action shall be reported to
the Laboratory within five (5) working days after such
failure.

4.1.3.3 Requalification Records
The results and data from any requalification work, as
required by Paragraph 4.3.4.

4.2 Manufacturing Procedures
All programs, processes, and procedures, and all changes and modifica-
tions thereto, to be used to Manufacture the product shall be submitted
to the Laboratory prior to use for review and approval. These shall
include:

4.2.1 Materials Specifications
Contractor's specifications for all materials listed in Section
3.4 and in the Appendix, item 7.6 (Materials).

4.2.2 Identification of Sub-tier Suppliers
This listing to include the addresses of all Sub-tier Suppliers.
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4.2.3 Manufacturing Procedures
All fabrication, assembly, cleaning, surface treatment, handling
and demonstration procedures.

4.2.3.1 The Fuel Plate fabrication procedure must include the
provision that the Fuel Plates will be first hot-rolled,
then cold-rolled. The final reduction of the Fuel
Plate thickness shall be accomplished by cold-rolling.
The final reduction shall be approximately 20 percent
followed by annealing if required. Blister and ultra-
sonic testing of the Fuel Plate in accordance with
Paragraph 4.4.5 may either precede or follow the cold-
rolling step.

4.2.4 QA-QC Procedures
All test, inspection, production, and Quality Control procedures,
including all non-destructive tests, and all standards and sample
sectioning drawings.

4.2.5 In Process Controls Procedure
The In-Process Controls, sampling programs, and procedures.

4.2.6 Production Sampling Procedures
The Production-Quality-Control sampling program and procedures.

4.2.7 Repair Procedures
All repair programs and procedures.

4.2.8 Final Inspection Procedures
All final inspection, washing, packaging, storage, and shipping
procedures.

4.3 Quality Assurance - Fuel Plate and Fuel Element

4.3.1 Plate Fabrication Qualification
Plate fabrication Qualification shall be based upon production by
the Contractor of a minimum of two (2) Lots of Fuel Plates, using
uranium of the specified enrichment in the form of UA1X for the
cores. All acceptable Fuel Plates may be used in Fuel Elements
with the Laboratory's approval. Three (3) copies of records for
the testing, inspection, and Qualification for the following
items shall be submitted to the Laboratory, and the Laboratory's
approval shall be obtained, prior to beginning Fuel Plate
Production.

4.3.1.1 Uranium Distribution
Punchings from a minimum of one (1) randomly selected
Fuel Plate per Lot during Qualification, shall be
taken, and each punching shall be chemically analyzed
for uranium to the requirements of Paragraph 3.2.2.
The number and location of the punchings from the Fuel
Plate shall be fixed in the inspection scheme.
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4.3.1.2 Uranium Content
A minimum of one (1) randomly selected Fuel Core per
Lot during Qualification shall be destructively assayed
for uranium to the requirements of Paragraph 3.2.1.

4.3.1.3 Clad-Core-Clad Dimensions
A minimum of one (1) randomly selected Fuel Plate per
Lot during Qualification shall be used to make sections,
and these sections evaluated to the requirements of the
applicable drawings.
The number and location of the sections shall be fixed
in the inspection scheme.

4.3.1.4 Internal Defects and Bond Integrity
All Fuel Plates produced for Qualification shall be
evaluated to the requirements of Paragraph 3.2.4 by
ultrasonic and blister testing of each Fuel Plate.
Any indication of non-bond, voids, blisters, lamina-
tion, or other discontinuities in excess of 3 mm in any
dimension, shall place the item in Failure. In addi-
tion, a bending test shall be made.

4.3.1.5 Core Configuration
All Fuel Plates produced for Qualification shall be
evaluated to the requirements of Paragraph 3.2.3 by the
procedure of Paragraph 4.4.4.

4.3.1.6 Surface Finish and Defects
All Fuel Plates produced for Qualification shall be
evaluated to the requirements of Paragraph 3.2.5 by the
procedure of Paragraph 4.4.6.

4.3.1.7 Cleanliness and Surface Contamination (Fuel)
All Fuel Plates produced for Qualification shall be
evaluated to the requirements of Paragraph 3.2.6 by the
procedure of Paragraph 4.4.8.

4.3.2 Element Fabrication Qualification
Element fabrication qualification shall be based upon the produc-
tion of the test pieces listed below. Three (3) copies of
records for the testing, inspection, and qualification for the
following items shall be submitted to the Laboratory, and the
Laboratory's approval shall be obtained, prior to beginning Fuel
Element Production.

4.3.2.1 Mechanical Integrity
The Contractor shall assemble three (3) 60 mm long dummy
sections of a Fuel Element. Each section shall be
evaluated to the requirements of the procedure of
Paragraph 4.4.10.
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4.3.2.2 Dimensional
The Contractor shall fabricate a Dummy Fuel Element
which shall be evaluated to the dimensional require-
ments of the drawings listed in Paragraph 2.1.4 of this
Specification. The Dummy Fuel Element shall be shipped
to the User for insertion tests in the reactor core.
The Laboratory shall not authorize Production prior to
completion of insertion tests by the User.

4.3.3 In-Process Controls
The Contractor shall establish a process control program whereby
checks are made on Manufacturing processes, operational procedures,
intermediate product characteristics, and equipment to demonstrate
that process stability during Production is at least equal to
that demonstrated during Qualification. These In-Process Controls
shall include, but not necessarily be limited to, the following:

4.3.3.1 Evaluation of Fuel Plates with regard to the require-
ments of Paragraphs 3.2.2, 3.2.3, 3.2.5 and 3.2.6 by
the procedures of Paragraphs 4.4.3, 4.4.4, 4.4.6 and
4.4.8, respectively.

4.3.3.2 Fabrication of 60 mm test specimens, using unfueled
simulated plate sections, to the requirements of
Paragraph 3.3.4, and pull tests by the procedures of
Paragraph 4.4.10. Swaging of test specimens will be
interspersed in the normal production process without
previous adjustment of the operation. The extent of
inspection shall be fixed in the inspection scheme.

4.3.4 Requalification
Unless otherwise approved by the Laboratory, Requalification shall
be limited to swaging. Process Requalification shall meet the
same requirements as the original Qualification. All Requalifi-
cation work shall meet all the requirements of this Specification
unless specifically exempted by the Laboratory.The Contractor
shall notify the Laboratory of any intended Requalification work,
and shall submit three (3) copies of the results and data there-
from. Production may be resumed when the Contractor has met all
of the requirements of this section and received written approval
from the Laboratory.

4.4 Test and Inspection Requirements
The following tests and inspections shall be performed by the Contractor
to assure that the product quality is in accordance with the requirements
of this Specification:

4.4.1 Materials
A "Certification of Chemical Analysis" or a certified Mill Test
Report shall be supplied to the Laboratory for each lot of
material used in the fabrication of Fuel Elements to establish
compliance with the requirements of Paragraph 3.4.1. This certi-
ficate shall give the actual results of the chemical analysis for
the material. The certification shall state the analytical method
used in making the determinations for each chemical element or
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compound reported and shall give the precision and accuracy of the
method used. All materials shall be treaceable to the Fuel
Elements fabricated from these materials.

4.4.2 Fuel Loading
The requirements of Paragraph 3.2.1 for fuel loading shall be
established in accordance with Paragraph 4.1.1.3 by the Contractor
subject to the approval of the Laboratory.

4.4.3 Homogeneity
The requirements of Paragraph 3.2.2 on the homogeneity of the
plates shall be met.

4.4.4 Fuel Core Configuration
Compliance with the Fuel Core Configuration requirements of
Paragraph 3.2.3 shall be by visual inspection (X-ray filming and
fluoroscopic examination). The extent of inspection shall be
fixed in the inspection scheme. Visual radiograph inspections
shall be performed without magnification on a light table.

4.4.5 Bond Integrity
Compliance with internal defects and bond integrity requirements
of Paragraph 3.2.4 shall be established by ultrasonic examination
of one (1) randomly chosen Fuel Plate per Production Lot and by
performing a blister test on all Fuel Plates. The blister test
shall be performed either before or after cold-rolling, by heat-
ing each plate to a temperature between 424°C and 546°C, holding
at that temperature for a period of one hour. Any Fuel Plate
exhibiting blisters or non-bonds exceeding 3 mm in any dimension
shall be rejected. In addition, a bending test shall be made.

4.4.6 Surface Conditions and Defects
Compliance with surface conditions and defect requirements of
Paragraph 3.2.5 and Paragraph 3.2.6 shall be established by visual
inspection without magnification of the Fuel Plates and Elements.
The extent of inspection shall be fixed in the inspection scheme.

4.4.7 Clad-Core-Clad Dimension
Compliance with the requirements of the applicable drawings with
regard to clad-core-clad dimensions shall be established by Quali-
fication and by examination of randomly selected Fuel Plates,
which may have been rejected for reasons which do not affect clad
and core dimensions. The Fuel Plate shall be sectioned, mounted
for metallographic examination, polished and etched, and evaluated
to the requirements of the applicable drawings. Photomicrographs
shall be made of each section. The extent of inspection shall be
fixed in the inspection scheme. Should failure occur, three (3)
additional Fuel Plates shall be randomly selected from the 100
Fuel Plates last produced and examined in the same manner.
Should failure occur in any of these samples, all 100 Fuel
Plates shall be rejected.

4.4.8 Cleanliness
Fuel Plate and Element cleanliness requirements of Paragraph 3.2.6
and Paragraph 3.3.3 shall be established by visual inspection of
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the Fuel Plates and Elements and by In-Process Controls. The sur-
faces of the Fuel Plates and the completed Fuel Elements shall be
counted for radioactive contamination. The surface contamination
shall be less than 54 micrograms uranium per square meter. The
extent of inspection shall be fixed in the inspection scheme.

4.4.9 Dimensional Inspection
Compliance with all external dimensions of the Fuel Plates, the
gap dimension of all coolant flow channels as measured in center
section, and external dimensions of the Fuel Element shall be by
inspection. All dimensions of this Specification shall apply at
a temperature of 21°C + 2.8°C. In addition, the fuel element
assembly shall be tested for external dimensional adherence and
for endfitting dimensions by use of two (2) functional fit gauges
furnished by the User, to assure compatibility with the User's
reactor core components. The extent of inspection shall be
fixed in the inspection scheme.

4.4.10 Mechanical Integrity
Mechanical integrity shall be established by the Contractor by
performing "pull tests" on the specimens required by Sub-paragraph
4.3.3.2. "Roll-swaged" joints between the Fuel Plates and side
plates shall be able to withstand a load of not less than 27 N/mm
of side plate joint. The extent of inspection shall be fixed in
the inspection scheme.

4.5 Calibration Requirements
All Contractor's measuring and test equipment used for acceptance of
materials or components to the requirements of this Specification shall
meet Laboratory requirement A0001-0114-SA.

4.6 Nonconforming Items
The Contractor shall control nonconforming items per the requirements of
Laboratory Procedure AQR-001.

5.0 PREPARATION FOR DELIVERY

5.1 Records
One (1) copy (except as noted) of the following data and records shall
accompany the shipments:
5.1.1 Certification of product compliance to the requirements of this

Specification including any test data pertaining thereto not
specifically listed in Paragraphs 5.1.2 through 5.1.10.

5.1.2 Dimensional data as required by Paragraph 4.4.9.
5.1.3 Individual Fuel Plate uranium data including:

5.1.3.1 Contractor's core compact data sheets
5.1.3.2 Serial number with batch identification
5.1.3.3 Uranium content
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5.1.3.4 Fuel Plate core weight
5.1.3.5 U-235 enrichment
5.1.3.6 Total U-235 content

5.1.4 Individual Fuel Element uranium data including:

5.1.4.1 Serial number of the Fuel Element
5.1.4.2 Uranium content

5.1.4.3 U-235 content

5.1.4.4 Serial number of each Fuel Plate in the Fuel Element.
5.1.5 Radiation count from Fuel Plate and Fuel Element exterior, as

required by Paragraph 4.4.8. The counting period, counter, back-
ground, efficiency, and type of counter used shall be reported.

5.1.6 Results of pull tests specified in Paragraph 4.4.10.
5.1.7 List of all applicable waivers and deviations for related Fuel

Plates or Fuel Elements.

5.1.8 Radiographs as specified in Paragraphs 4.4.3 and 4.4.4.

5.1.9 Photomicrographs as specified in Paragraph 4.4.7.
5.1.10 Visual inspection reports and data as specified in Paragraph

4.4.6.

5.2 Packaging and Shipping

5.2.1 The Contractor shall provide suitable shipping boxes for the
Fuel Elements, in accordance with all U.S. Regulations.

5.2.2 The Contractor shall load the Fuel Elements into the shipping
boxes in sealed polyethylene bags in a clean dry condition,
free from extraneous materials. The polyethylene shall be at
least 0.15 mm thick.

5.2.3 The Contractor shall take all necessary precautions during pack-
ing to prevent damage to the Fuel Elements during shipment.
Each box shall be provided with a tamper-proof seal. Each box
shall be loaded and shipping documents shall be prepared in
accordance with all applicable regulations.

6.0 NOTES AND SUPPLEMENTAL INFORMATION

6.1 Compliance with Specifications
All materials, workmanship, and procedures shall be subject to inspection,
examination, and test by the Laboratory, and to rejection by the Labora-
tory for non-compliance with the Specifications at any and all times
during Manufacture, and at any and all places where such Manufacture is
carried on. Final detailed inspection and acceptance or rejection (except
for defects due to shipping damage) will be made by the Laboratory at the

471



Contrator's Plant. The Laboratory shall have the right to reject any one
or more of the finished products for defects in workmanship, or defects
in any of the materials comprising the finished product which otherwise
fail to meet the Specification.

6.2 Deviations from Specifications
Notwithstanding other provisions of these Specifications, the Laboratory
may, at its option, when requested in writing, waive certain minor devia-
tions from requirements of the Specifications and drawings where the
failure to meet any specific requirement either alone or in combination
with other such failures will not, in the opinion of the Laboratory,
significantly reduce the efficiency or performance of the assembly.
Acceptance of a Fuel Element by the Laboratory with one or more such
deviations from the Specifications shall not be construed to mean that
the Laboratory approves or will approve similar deviations in Elements
not yet delivered under the Contract.

6.3 Fuel Plate Sampling Procedures for Destructive Tests
The sampling procedure shall be fixed in the inspection scheme.

6.4 Distribution of Documents
The Laboratory shall receive three (3) copies of all documents (drawings,
specifications, inspection scheme, reports, description, records, certi-
ficates, etc.).

6.5 Approval of Documents
The Laboratory shall approve of or comment on all documents (see
Section 6.4) within two (2) weeks. The approved documents shall be at
the manufacturer at least two (2) weeks before starting production or
inspection.

7.0 APPENDIX

7.1 Scope and Specification of Quantities
This appendix specifies the number of Fuel Plates contained in a Standard
Fuel Element (Ns), the number of Fuel Plates contained in a Control Fuel
Element (Nc), the mass of U-235 contained in a Fuel Plate (Mp), the mass
of U-235 contained in a Standard Fuel Element (Ms), and the mass of U-235
contained in a Control Fuel Element (Mc).

7.1.1 Ns: The number of Fuel Plates in a Standard Fuel Element shall be
eighteen (18).

7.1.2 Nc: The number of Fuel Plates in a Control Fuel Element shall be
nine (9).

7.1.3 Mp: The mass of U-235 contained in a Fuel Plate shall be 9.28 g
+ 2%.

7.1.4 Ms: The mass of U-235 contained in a Standard Fuel Element shall
be 167.0 g + 2%.
Mc: The ma
83.5 g + 2%
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7.2 Drawing and Inspection Scheme Numbers for Standard Fuel Element and
Control Fuel Element

See table on page 474.
7.3 U-235 Content, Surface Density, and Enrichment

U-235 Content
Standard Element 18 plates

9.28 g + 2% U-235 per plate
167.0 g + 2% U-235 per element

Control Element 9 plates
9.28 g + 2% U-235 per plate
83.5 g + 2% U-235 per element

U-235 Surface Density
Nominal Value 26.7 mg U-235/cm2
Zone 1 nom. mg U-235/cm2 + 20%
Zone 2 nom. mg U-235/cm2 + 30%

- 20%
Zone 3 nom. mg U-235/cm2 + 30%

- 100%

U-235 Enrichment; 19.75 + 0.2 wt%
- 0.5 wt%

7.4 Fuel Plate 19.75% U-235 (scheme)

See figure and table on page 475.

7.5 UA1V Powder and Al Powder
UA1X Powder: according to Contractor Specification No. X.
Al Powder: according to Contractor Specification No. X.

7.6 Materials for Standard Fuel Element and Control Fuel Element
See table on page 476.

7.7 List of Revisions

To be listed on final pages of this Appendix.

473



7.2 Drawing and Inspection Scheme Numbers for Standard Fuel Element and Control Fuel Element

Standard Fuel Element (18 Plates)

Name

Control Fuel Element (9 Plates)

Drawing No.

X
X
X
X
X
X
X
X
X

Fuel Element
List of Parts
Adaptor End
Side Plate, Right
Side Plate, Left
Outer Fuel Plate
Inner Fuel Plate
Handle
Bail Support

Drawing No.
X
X
X
X
X
X
X
X

Name
Fuel Element
List of Parts
Adaptor End
Side Plate, Right
Side Plate, Left
Outer Fuel Plate
Inner Fuel Plate
Guide Plate

Inspection
Scheme No. Name

Standard Fuel Element

Inspection
Scheme No. Name

Control Fuel Element

The revision index for the drawing and inspection scheme is shown in the List of Documents
in the inspection scheme.



7.4 Fuel Plate 19.75% U-235 (scheme)

18 plates per Standard Element / 9 plates per Control Element

Outer Fuel Plate
Drawing No; X
A

B

C

D

E

F

G

H

K

L

M

N

0

P

Q
R

S

T

U

727

min.

max.
max.

max.

max.

max.
max.

min.

Ref.
1.52

Ref.

max.

69.4

max.

min.

max.

max.

max.

+ 0.2

58

610
19

62

6.5

24
6.5

0.25

0.76

+ 0.05
R 140*

38

+ 0.10

63.50

3.4

4.7

10.3

15.9

Inner Fuel Plate
Drawing No; X

A

B

C

D

E

F

G
H

K

L

M

N

0

P

Q
R

S

T

U

625.

min.

max.
max.

max.

max.

max.
max.

min.

Ref.
1.52

Ref.

max.

69.4

max.

min.

max.

max.

max.

5 + 0.2

8

610
19

62

6.5

24
6.5

0.25

0.76

+ 0.05

R 140*

38

+ 0.10
63.50

3.4

4.7

10.3

15.9

*The radius shall be 140 mm In the Fuel Element Assembly
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7.6 Materials for Standard Fuel Element and Control Fuel Element

Drawing No.
X
X
X
X
X

X
X

Drawing No.
X
X
X
X
X

X

Materials
Name

Adaptor End
Side Plate, Right
Side Plate, Left
Outer Fuel Plate
Inner Fuel Plate
Fuel Core
Frame Sheet
Cover Sheet
Handle
Bail Support
Welding Wire

Materials

Name
Adaptor End
Side Plate, Right
Side Plate, Left
Outer Fuel Plate
Inner Fuel Plate
Fuel Core
Frame Sheet
Cover Sheet
Guide Plate
Welding Wire

- Standard Fuel Element (

Material
X
X
X

X
X
X
X
X
X

- Control Fuel Element (9

Material
X
X
X

X
X
X
X
X

18 plates)
Material No.

X
X
X

X
X
X
X
X

plates)

Material No.
X
X
X

X
X
X
X

Specification
X
X
X

X
X
X
X
X

Specification
X
X
X

X
X
X
X



Appendix K-2.2

INSPECTION SCHEME

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

FORD NUCLEAR REACTOR/UNIVERSITY OF MICHIGAN
Ann Arbor, Michigan

United States of America

Abstract

As part of the U.S. RERTR Program, a full-core demonstration
with LEU fuel began in December 1981 in the Ford Nuclear Reactor
(FNR) at the University of Michigan. The LEU standard and control
fuel elements were manufactured by CERCA and by NUKEM.

The inspection scheme for standard fuel elements that was
agreed to with NUKEM is presented here as an illustration only. A
similar inspection scheme was agreed to with CERCA. In this
example, all document numbers, drawing numbers, and form numbers
have been deleted or replaced with a generic identification.

INSPECTION SCHEME - SUMMARY

Specification XXX

Drawings XXXI Standard Fuel Element
XXX2 Parts List
XXX3 End Adapter
XXX4 Side Plate, right
XXX5 Side Plate, left
XXX6 Outer Fuel Plate
XXX7 Inner Fuel Plate
XXX8 Handle
XXX9 Support Plate
XXX10 Roll Swagging Drawing

Note: The documents of work cited herein do not Indicate the revision status.
This status is given on the sheet "List of Documents."

+ 02Fuel enrichment with U-235 19.75 ' wt.%*" u • j

Number of plates in the fuel 16 inner plates
element 2 outer plates
U-235 content per plate 9.28 g +_ 2%
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U-235 content per fuel
element
Surface density of U-235

167.0 g +_ 2%
Nominal value of 26.7 mg U-235/cm2

Zone 1 nom. mg. U-235/cm2 +_ 20Z

Zone 2 nom. mg U-235/cm2 _ -

Zone 3 nom. mg U-235/cm2 _ ^

Tests: 1. End adapter according to Test Sheet No. 1
2. Side plate according to Test Sheet No. 2
3. Fuel core according to Test Sheet No. 3

3.1. UAlx-powder according to Inspection Certificate
Form A

A. Inner fuel plate according to Test Sheet No. 4
5. Outer fuel plate according to Test Sheet No. 5

5.1 Sections according to Inspection Certificate Form B
5.2 Contamination Inspection according to Inspection

Certificate Form C
5.3 Plate Acceptance Record Form D

6. Fuel box
6.1 The roll swagglng stability side plate/fuel plate shall

be examined by test specimens before starting roll
swagging operations and after having finished ten (10)
fuel boxes in each case (Pull Test Specimen Form E).

6.2 Plate distance and dimension "x" shall be examined before
assembly of the end adapter (Inspection Certificate Form F),

7. Fuel element test according to Inspection Certificate Form F
7.1 Identification Form
7.2 Contamination inspection

Acceptance records and Inspection Certificates according to DIN 50049 (3 each)
for:

Certification that the fuel elements were manufactured and
examined according to specification.
Dimensional inspection of the fuel element (Form F).
Fuel weight and fuel enrichment level (Form G).
Pull tests of roll swagging speciments (Form H).

- U contamination Inspection of the fuel plates and elements
(Form C).
X-ray films of the fuel plates (one copy).
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Testing of cladding and core thickness of fuel plates
(Form B).
Records on x-ray absorption inspection (check for homo-
geneity) of the fuel plates (one copy).
Surface treatment of the fuel plates.
Al powder used in the UA1X-A1 mixture.
UAJ-x powder used in the UA1X-A1 mixture.
U metal used in the UA1X.
Semifinished products according to the parts list.
Acceptance Record Sheet (Form I).

Test Equipment:

End Adapter Gauge (Form J)
Calibration Steps (Form K)
FNR Gauge 1
FNR Gauge A
End Adapter Gauge (Form L)
Measurement Bridge (Form M)
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IDENTIFICATION FORM

Order No: ..........
Contractor Order No:
Description: .......

The elements to be manufactured according to the
description above shall be identified as follows:
Element type: ..................................

Numbered from .................. to .............

Element type : ..................................
Numbered from .................. to .............
Element type : ..................................
Numbered from .................. to .............
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RANDOM SAMPLE PROCEDURE (RSP)

0 -

31 -

61 -

30

60

90

5

10

15

0 1

0 1
0 1

91 - 120 20 0 1

If the number of defective Items found
In a random sample of n Items equals a,
the related lot of N items shall be con-
sidered as good and shall be accepted.
If the number of defective items found
is equal to or greater than r, the
entire lot of N items shall be examined.

N: lot size
n: random sample size
a: acceptance number
r: rejection number
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TEST SHEET NO. 1. END ADAPTER

Drawing No. XXX3 Rev.

I tir
Dim. Nomln

- ——————— d ——————— 1

^/////////////////////////{g/S/7**

1 ————————

Testing Equipment/
al, mm Test Specification

a 60 ± 0.25 micrometer

b 61 * *_ micrometer
0«-)

c 30.5 ± 0.3 depth gauge
d 127

e 146
f 171

t 0.5 depth gauge
± 0 . 2 depth gauge
i 0.3 depth gauge

g 69.84 - 0.1 micrometer
h 73.9 - 0.1 dial indicator

ij/12 34.92 - 0.05 prism dial
indicator

ki/k2 36.95 - 0.05 prism dial
indicator

n 6.5 + 0.1 fitting piece
6.5 mm diameter

x 34.04 ± 0.05 fitting gauge
y 23.4 ± 0.05 (Form J)

Rj R 140 radius gauge
R 140 (concave)

——— \

-- fanrc*^>
Testing Process

Check all dimensions
according to drawing

Measure diameter "a"

Measure diameter "b"

Measure dimension "c"
Measure dimension "d"
Measure dimension "e"
Measure dimension "f
Measure dimension "g"

Measure dimension "h"
Measure dimension "1"

Measure dimension "k"

— •

^ '1P
Test Sample

Size, Z

RSP

100

100

100
100
100
100
100
100
100

100

Check 2 arresting holes 100

Check position of the
two arresting holes
Check radii visually

100
RSP

Tested By
QC* P*

X

X

X

X

X

X

X

X

X

X

X

X

X

X

R 2 R 140 radius gauge
R 140 (convex)
visual Check the surface for

design according to
drawing

100

*Tested by QC (QC), Production (P)
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TEST SHEET NO. 2. STANDARD FUEL ELEMENT SIDE PLATE

Drawing No. XXX4 (Right) Rev.
XXX5 (Left)

g • plate length

Dim. Nominal, mm

a
b

c
d
e

f

g

4.75 ± 0.1
2.6 - 0.1

70 + 0.5
2.4 - 0.5
1.65 + 0.05

2.23 ± 0.2

727 i 0.2
max. 0.1

Testing Equipment/
Test Specification

micrometer
dial Indicator
measuring pln"J"
slide gauge
mlcrometer
measuring gauge
of 1.65 mm
device

slide gauge
measuring plate
sensor gauge

Testing Process
Test Sample Tested By

Sire, X QC* p*

Check all dimensions
according to drawing.
Measure thickness "a"*
Measure dimension "b
(front, middle, back)*
Measure dimension "c"
Measure dimension "d"
Check groove width "e"

Measure dimension "f"+
(front, middle, back)
Measure length "g"
Establish maximum
deflection on
edge.*

RSP
100

RSP
RSP
RSP
RSP

RSP
RSP

100

X

X

X

X

x
x

*Tested by QC (QC), Production (P)
^Record results on Record Form N.
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RECORD FORM N. SIDE PLATES FOR MTR FUEL ELEMENTS

I.m| • • Enter nominol dimcntioniocccxding to drawing I

Order No: ....

Identification:

No. a*

Drawing No: .............. Test Report No:

Test Sheet No: ...........

Compiled by
Length Bow* Surface the Workshop

**

*100Z testing and recording
Enter nominal dimensions (am) according to drawing.** 1 copy to the workshop

Inspector: Date:
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TEST SHEET NO. 3, FUEL CORE FOR FUEL PLATES

Drawing No: XXX6 Rev.
XXX7

Dim.
Testing Equipment/

Nominal, am Test Specification

balance
analysis
Doc. YYY

Testing Process
Test Sample Tested By

Size, X

The U-235 content is de-
termined by weighing each
fuel core and multiplying
this value by the analyzed
value of the U and U-235
content.

QC"

100

see
operatlnal
data sheet

Alternative;

double counting
apparatus
Doc. YYY

micrometer

x-ray film

analysis

Determine the U-235 content
by measuring the 185 keV
characteristic radiation.** 100

Measure thickness at 5 points
see sketch) and record mean
value. 20

Check for homogeneity and
possible inclusions. 100

Record fuel core No., fuel
core weight, U content, and
0-235 content (Form P). 100

During qualification, an
analysis of U and U-235
content of one fuel core
per lot shall be made.

Two (2) samples of 1 gram
each from the UA1X powder
Intended for production of
the fuel cores shall be
obtained and kept.

*Tested by QC (QC) Production (P)
**The possible application of this procedure for the enrichment level

of 19.75Z U-235 is still to be tested.
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RECORD FORM P, FUEL CORE FOR FUEL PLATES

Key word:
batch Ko:

Order No:

UAlx-Cermet

Enrichment of U-235 .....%

u3°8~Cerniet

Core Plate Element
No. No. Weight,g U,g U-235,g Thickness*,mm No. No. Remarks

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Corrections: Distribution:

Inspector:

Date: ....

Median of 5 tests
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TEST SHEET HO. 4. INNER FUEL PLATE

1
1

*~-

Zont
1

—— 0 ——— -

— . —— . —

*- 2ent
j -,&*— '\3& „~. ..

L— gj
5-s*H —

Zone
1

^̂ N '̂-tJ ____

—— t1*^~

. —— o —— «-i

•

lont *^^
| I V

.3*
J_. ——— ciî̂  ~''-^ 'p*~

E: ——— ^fe
. > . F.- «

Tj

«-n.»

S
i

B

—— ,«* ^ ^H n
e.

Din. Nominal,

plate not bent;
no blisters

Testing Equipment/
Test Specification

Test Sample Tested By

Zone l i 20Z

anneal Ih at
424 - 546 "C
DOC. YYY
x-ray screen and
mask
x-ray unit
calibration steps
Form K

Zone 2

Zone

+ 30Z
- 20Z

+ 30Z
-100Z

bond defects US unit
<3 mm diameter DOC. YYY

B
R
D
E
F
G
H
O
Q
0
T
S
c

min.
min.
max.
max.
max.
max.
max.
max.
max.
max.
max.
max.
max.

8
3.4
19
62
6.5
24
6.5
38
63.5
15.9
10.3
4.7
610

x-ray
mask
Form R
DOC. YYY

film and

Testing Process Size, Z QC"

100
100

RSP

visual Inspection for
bond defects (metallurgi-
cal) after annealing
radiograph and center

Inspection of 0 distribu-
tion by means of x-ray
absorption
In this phase of qualifi-
cation, one plate is
sectioned and chemically
analyzed. Sampling see
Form Q (Appendix 1).

Check for perfect bond
(metallurgical) between
fuel and cladding material. RSP
during the qualification
process 100
dimensional inspection
of inner geometry RSP

x
x

*Tested by QC (QC), Production (P)
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TEST SHEET NO. 4, INNER FUEL PLATE (Cont.)

Drawing No. XXX7 Rev.

Dim.
Testing Equipment/

Nominal, mm Test Specification Testing Process

625.5 ± 0.2 measuring device
DOC. YYY

Test Sample Tested By
Size, % C* p*

dimensional Inspection
of outer geometry RSP

P
M

69.4 ± 0.1
1.52 ± 0.05

K
L

min. 0.25
réf. 0.76

microscope Examine cladding and
meat thickness by means
of sections.

no bond
defects

clamping device
DOC. YYY

Together with the sec-
tions, samples shall be
obtained for the photo-
micrographs (see Inspec-
tion Certificate Form B).
Testing scope: during
qualification, 1 plate per
lot; then

bend test at plate sections
1
RSP

plate bent;

<5 Mg U-235
per 929 cm2

counting apparatus

allowable visual
damage light section
Zone 2<0.08 mm microscope
other <0.13 mm DOC. YYY
deep

contamination inspection
One fuel plate per batch
(100Z, if 5 Mm is exceeded),
Surface inspection
If necessary, measure
surface defects.

100

*Tested by OC (QC), Production (P)
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TEST SHEET NO. 5, OUTER FUEL PLATE

Drawing No: XXX6 Rev.

Dim. Nominal, mm

plate not bent:
no blisters

Testing Equipment/
Test Specification

Zone l ± 20Z

anneal Ih at
424 - 546 *C
DOC. YYY
x-ray screen and
mask
x-ray unit
calibration steps
Form K

Zone 2

Zone 3

+ 30Z
- 20Z

+ 30X
-100Z

bond defects
<3 mm diameter

B
R
D
B
F
G
H
0
Q
U
T
S
C

min.
min.
max.
max.
max.
max.
max.
max.
max.
max.
max.
max.
max.

8
3.4
19
62
6.5
24
6.5
38
63.5
15.9
10.3
4.7
610

US unit
DOC. YYY

x-ray
mask
Form R
DOC. YYY

f11m and

Testing Process
Test Sample Tested By

Sire, Z QC* p*

visual Inspection for
bond defects (metallurgi-
cal) after annealing 100
radiograph and center 100

Inspection of U distribu-
tion by means of x-ray
absorption RSP
In this phase of qualifi-
cation, one plate is
sectioned and chemically
analyzed. Sampling see
Form Q (Appendix 1).

Check for perfect bond
(metallurgical) between
fuel and cladding material. RSP
during the qualification
process 100
dimensional Inspection of
inner geometry RSP

For the prototype fuel element,
these dimensions are tested by means
of a slide gauge.

*Tested by QC (QC), Production (P)

489



TEST SHEET NO. 5. OUTER FUEL PLATE (Cont.)

Drawing No. XXX6 Rev.

Dim.
Testing Equipment/

Nominal, mm Test Specification Testing Process

727 i 0.2 measuring device
DOC. YYY

Test Sample Tested By
QC"Size, % oc* p*

dimensional inspection
of outer geometry RSP

P
M

K
L

69.4 ± 0.1
1.52 i 0.05
min. 0.25
réf. 0.76

microscope Examine cladding and
meat thickness by means
of sections.
Together with the sec-
tions, samples shall be
obtained for the photo-
micrographs (see Inspec-
tion Certificate Form B).

no bond clamping device
defects DOC. YYY

Testing scope: during
qualification, 1 plate per
lot; then 1

bend test at plate sections RSP

plate bent:

<5 ug U-235
per 929 cm2

allowable
damage
Zone 2<0.08
other <0.13
mm deep

counting apparatus

visual
light section
microscope
DOC. YYY

contamination inspection
One fuel plate per batch
(100%, if 5 pm is exceeded).
Surface inspection
If necessary, measure
surface defects.

100

Tested by QC (QC), Production (P)
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INSPECTION CERTIFICATE FORM B. FUEL PLATES

Drawing No: XXX6 (Outer) Rev.
XXX7 (Inner)

Sampling :

Inspection:

1. The plate is to be x-rayed before sampling.

2. The cladding thickness is to be examined along 5 sections (I).

Minimum cladding thickness Is 0.25 mm.
Inspection is made by means of microscope.
For NS and GS, a length of at least 19 mm from the edge of the meat Is to be
examined. In the middle section (M), the total plate width is to be examined.

3. The photomicrographs (200x) of the samples marked II will show the structure
of the meat. A general photomicrograph (30x) of cladding and meat thickness
shall be made of the same sections.

Results:

Pos. Plate No.
(mm)

Kl
NS K2

L

Kl
Ml K2

L

Kl
M2 K2

L

Kl
M3 K2

L

Kl
GS K2

L

min. 0.25
réf. 0.76

min. 0.25

réf. 0.76

min. 0.25
réf. 0.76

min. 0.25

réf. 0.76

min. 0.25
réf. 0.76
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INSPECTION CERTIFICATE FORM C. CONTAMINATION TEST

Order No: .................. Key Word: ................. ____Z U-235

Specification: .......................... Requirement: ........................

Large surface counter: 810 cm2. Calibration plate 7.2 Ug Ü-235 working voltage ... kV

Zero ..... pulses/ml n Calibration count ..... pulses/rain

number reverse
Type Plate No. side side
* Element No. Batch pulses/mln pulses/min pulses/mln pulses/mln Result Date

Inspector: ........................

Date: ............................. Work Inspector

* I - Inner Plate 0 = Outer Plate FE - Fuel Element CE - Control Fuel Element
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RECORD FORM D, FUEL PLATES FOR FUEL ELEMENTS

Order No: ............ Frame: ................. Enrichment of U-235 .... Z

K e y w o r d : ............ Material No: ........... Surface: .................

Drawing No: .......... Coversheet: ............ Inner plate Q Outer plate

Format: .............. Material No: ........... FE CE

Surface Surface
Plate defects, Plate defects,

No. * um Accept Reject No. * urn Accept Reject

*R » refabrlcated from this record, plates total accepted total rejected
C • Contamln. tested accepted: ...... pieces
X - x-rayed rejected: ...... pieces ...... pieces ...... pieces
D « dimension
0 » on hand with

reservation ...........................
I - Inner geometry Work Inspector
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CALIBRATION STEPS (FORM K)

Homogeneity of Fuel Plates

four steps

three steps
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PULL TEST SPECIMEN (FORM E)

Roll Swagging Test on Standard Fuel Elements

j:
&

pull direction!
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INSPECTION CERTIFICATE FORM H. PULL TEST ON ROLL SWAGGING SPECIMEN

6000 Load, N
Key word/Order No:

Roll swagging specimen No.

496

Test performed before/
between elements No:

Aff ix diagram here

Length of specimen: 60 ran

Load range of test
apparatus : ........ N

Type of apparatus:

Scale of diagram: 1:1

Nominal value: 27 N/mm

Sp. Tear Load, Tear Load
No. ___N___ per nun, V

Inspector: Work Inspector



INSPECTION CERTIFICATE FORM G. WEIGHTS OF FUEL IN PLATE AND IN ELEMENT

Fuel Element No:

Pos. Plate Core UA1X U-235
No. No. No. Batch No. U-weight, g Enrichment, t Weight, g

2

3

4

5

6

7
8
9

10
11
12

13

14

15
16
17
18

19
20
21
22

23

nominal, g actual, g

U-235-weIght In fuel-element fuel element-weight, kg

U-weight in fuel-element N/A .......................

average enrichment in fuel-element N/A

U-235 weight per plate N/A

Date: ......................... .....................
Work Inspector

y
z
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INSPECTION CERTIFICATE FORM F. STANDARD FUEL ELEMENT

Ford Fuel Element (18 Plate«)

top view

I
- 1

HL rf
k
f
& ^— i-"̂ tl

!fc,r U
PL/r

^A\-• YYY ààAAA "f

— a - plate gap

*Measure dimensions "d" and "e" by Dial Gauge on a Measurement Bridge (Form M).
**1. Measure upper flat of element as faces Inspector. 2. Turn element 180° and

measure again.

Fuel Element No.

Dimension Nominal, torn Acutual Range, mm

!c **
x
i

•H

L
**

[ *«

Cl
j:

b
c

d
e
f
g
g
i
kl

c

m
n

79.8
74.43

1.16
1.37

76.59
60.5

59.75
43.89
37.22
37.22
145.5

872

- 80
- 74.93
- 1.36

min.
- 77.59
- 61.2
- 60.25
- 44.15
- 37.47
- 37.47
- 146.5
- 874

50.65 - 50.95
t
N X

l

•* Interlocking of end adapter (Form L).

Contamination Inspection
of entire surface < 1Z

Inspector:

The element Is to be free
from contamination or damage.

Plate gap "a"
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Check mln. gap with 2.7 mm
dla. stainless steel wire
before assembling end
adapter and handle.
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RECORD FORM I. ACCEPTANCE RECORD

Acceptance item: Drawing No: Rev.

Purchaser: ......................... pre acceptance(""j) final acceptance^)
Order No: ................ Specification: .....................
Acceptance inspector: ...............................

ACCEPTANCE RESULTS:

On hand: ..... pieces No:

On hand with reservation: ..... pieces No:

Accepted: ..... pieces No:

Accepted with reservation: ..... pieces No:

Rejected: ..... pieces No:

Remarks :

Certificates are to be given to the acceptance Inspector.

Acceptance Date for the Purchaser Work Inspector
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MEASUREMENT BRIDGE (FORM M)

H 11

- 4——l

:y
or>
l

Sfnkschraub*nM4

M 2:1 1 l"
» ~L
Pr»
t

"
£?
'/i

«p
<*

^
Sj

i-
4

ff

—to

\xxxxx
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/

1 1- Î T
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END ADAPTER GAUGE (FORM J)

0

»>2

«1

C2

d

el

*2

(99 «0.05

23.« «0.02

34.04 1 0,02

#61.25 *°-05

*6.35 -0,05

—— ——

—— - ——
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END ADAPTER GAUGE (FORM L)

a

h
>2

«1
«2

d

«|

•2

74.95 *0.08

« L «002

34 04 *OX>2

#«1.2 *°-05

*6.35 -005*l V,V 9

.
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LIST OF DOCUMENTS

Contractor No:

Doc. XXX

Rev. Document Purchaser No. Rev.

Inspection scheme

specifications:

Doc. YYY specification

drawings:
XXXI
XXX2
XXX3
XXX4
XXX5
XXX6
XXX7
XXX8
XXX9
XXXI0

standard fuel element
parts list
end adapter
side plate, right
side plate, left
outer fuel plate
inner fuel plate
handle
support plate
roll swagging drawing

LIST OF REVISIONS

Date Page Revision Approved Rev.
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Appendix 1

SAMPLING - FORM 0

In the process of qualification, one plate Is sectioned and chemically analyzed

No.1 10

10 x Y

|mml

X

Y

1 2 3 4 ft 6 7 1

1

9 X)

9 U /em2



Appendix K-3
FUEL ELEMENTS WITH LEU U3O8-A1 FUEL

FOR THE DR-3 REACTOR

Appendix K-3.1

SPECIFICATIONS

RIS0 NATIONAL LABORATORY
Roskilde, Denmark

Abstract

As part of the Danish RERTR Program, three fuel elements
with LEU U30g-Al fuel and three fuel elements with LEU
U^Sij-Al fuel were manufactured by NUKEM for irradiation
testing in the DR-3 reactor at the Risoe National Laboratory
in Denmark. The specifications for the elements with U^Og-
Al fuel are presented here as an illustration only. Speci-
fications for the elements with U^Si^-Al fuel were very
similar. In this example, materials, material numbers,
documents numbers, and drawing numbers specific to a single
fabricator have been deleted.

1.0 GENERAL

1.1 Introduction

This specification describes the production and inspection of the DR-3
fuel element with LEU UßOg-Al fuel.

1.2 Definitions
The fuel element consists of a tubular fuel section, a tubular-unfueled
upper section, and an end adapter.

The fuel section consists of four (4) concentrically arranged fuel tubes
and an unfueled outer tube. The tubes are fixed at each end with four (4)
spacers.
Each fuel tube consists of three (3) fuel plates with aluminum cladding;
the plates are connected to each other along longitudinally welded seams.
The upper section of the fuel element contains an emergency cooling spray
mechanism and a thermocouple protection tube. A perforated zone (approxi-
mately 120 mm in circumference) is located immediately above the fuel
section, for the discharge of water.
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l .3 Description of the Production Process

1.3.1 Production of the U308-A1 Fuel Core

To guarantee that the U-235 content required for the fuel core
is in a homogenous distribution, the 1)303 fuel powder and
aluminum powder shall be weighed and mixed in portions corres-
ponding to the desired fuel core composition. This composition
shall then be cold pressed to form the fuel core.

1.3.2 Production of the Fuel Plates
The fuel plates shall be produced according to the "picture
frame technique." In this technique, the fuel core is her-
metically enclosed on all sides by the cladding material that
is applied by roll bonding. The cladding process is carried
out in several steps at temperatures that ensure a perfect
metallurgical bond between the fuel and the cladding material.
The fuel zone is then calibrated to the required geometry by
final cold rolling.

1.3.3 Production of the Fuel Tubes
After bending, three (3) fuel plates of the same width and with
the same U content shall be welded together, to form each fuel
tube. The fuel tube has uranium-free zones along each of the
three longitudinally welded seams.

1.3.4 Production of the Fuel Elements

The individual fuel tubes shall be assembled by mechanical
means to form the fuel section. Specifically, the tubes will be
pushed into the slots in upper and lower combs, and will be held
in these slots by pins or by squeezing the comb material against
them. The fuel tube assembly will then be inserted in the
unfueled-outer tube and fastened in place by welding the combs
to the outer tube. Finally, the upper section and the end
adapter are to be welded to the fuel section to complete the
fuel element.

2.0 PRODUCT SPECIFICATIONS

2.1 Drawings
The drawings listed in the Appendix are part of this Specification.

2.2 Materials
2.2.1 1)303 Powder

The specifications for the l̂ Oß powder are given in the
Appendix.

2.2.2 Al Powder
The specifications for the Al powder are given in the Appendix.
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2.2.3 Assembly Parts
The materials for the assembly parts are listed in the Appendix.

2.2.4 Other Materials
Other materials are listed in the Appendix.

2.3 Surface Treatment and Handling
Proper handling and storage shall be ensured through suitable measures.
Procedures for surface treatment are listed in the Appendix.

3.0 INDENTIFICATION

3.1 Fuel Core
Each fuel core shall be marked with an identification number.

3.2 Fuel Plate
Each fuel plate shall be marked with an identification number.

3.3 Fuel Tube
After welding, each fuel tube shall be numbered.

3.4 Fuel Element
The fuel element number shall be engraved into the fuel element.
Details are given by the corresponding element designation. The
numbering shall be provided by the Purchaser.

4.0 QUALITY INSPECTIONS
All quality inspections shall be carried out according to the Inspection
Scheme, which is part of this Specification.
4.1 Fuel Core

4.1.1 Analysis of Starting Material
- UßOg powder
- Aluminum powder

4.1.2 Determining U-235 Content
4.1.3 Check of Dimensions
4.1.4 X-Ray Inspection

4.2 Fuel Plate
See Appendix for schematic drawing.

4.2.1 Homogeneity of Uranium Distribution in Fuel Plates
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4.2.2 Bond Between Fuel and Cladding Material

All plates with bonding defects shall be rejected.
4.2.3 Internal and External Geometry Dimensions
4.2.4 Contamination of the Fuel Plate Surface

The surfaces of the plates shall be free of foreign materials
such as dirt, grease, or slag.

4.2.5 Surface Defects

Levels for permissible surface defects are listed in the
Appendix.

4.3 Fuel Tube
4.3.1 Dimensions

The dimensions shall be inspected according to the Inspection
Scheme.

4.3.2 Welded Seams
Visual inspections shall be made on the quality of the welded
seams. Random-sampled X-ray photographs of individual welded
seams are to be made to inspect the position of the core with
respect to the welded seams, as well as the quality of the seams,

4.3.3 Visual Inspection of Surface for Damage
(See Section 4.2.5 of this Specification for permissible depth
of defects.)

4.4 Outer Tube
4.4.1 Dimensions

The inspection shall be carried out according to the Inspection
Scheme.

4.4.2 Welded Seams
Inspections shall be carried out following the procedures des-
cribed in Section 4.3.2 of this Specification.

4.4.3 Visual Inspection of Surface for Damage
(See Section 4.2.5 of this Specification for permissible depth
of defects.)

4.5 Fuel Section

4.5.1 Dimensions
The inspection of the dimensions, especially those of the cooling
gaps, shall be carried out according to the Inspection Scheme.
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A.6 Fuel Element
4.6.1 Geometry

Each fuel element shall be inspected according to the Inspection
Scheme for conformity with the required geometry.

4.6.2 Surface
Each fuel element shall be subjected to a visual check.

5.0 ACCEPTANCE INSPECTION
5.1 Acceptance Inspections by the Producer

The acceptance inspection of the fuel plates, the fuel tubes, the fuel
sections, as well as of the fuel element, shall be carried out by the
Producer's production-independent Quality Control Office. Bases for
the production and inspection are these Specifications and the Inspec-
tion Scheme.
The results of the inspections shall be compiled in acceptance records,
which are given to the Purchaser.
The acceptance records are part of the Inspection Scheme that is pre-
pared by the Producer and submitted in triplicate to the Purchaser for
approval. The Purchaser shall return one copy of the Inspection Scheme,
marked with any changes to be made, to the Producer a suitable length
of time before start of production.
The purchaser is authorized to appoint representatives who can enter the
inspection rooms operated by the Producer's Quality Control Office, and
who can observe the inspections or carry out the inspections themselves.
These representatives shall follow all instructions relating to technical
safety, while on the Producer's property or within areas under the con-
trol of the Producer.
The Producer retains the right to refuse entry to any appointed person(s)
for valid reasons. The Purchaser or its representatives have the right
to take samples from on going production.

5.2 Acceptance Inspections by the Purchaser
When, in accordance with the Delivery Contract, acceptance inspections
are to be carried out by the Purchaser or by its representatives, these
inspections shall be recorded in the Inspection plan. A report will be
prepared on every acceptance inspection and will be signed by the Pur-
chaser or its representative and by the Producer.

6.0 ACCEPTANCE RECORDS

In conjunction with the intermediate and final acceptances and in accordance
with DIN 50049, the following acceptance Inspection Certificates and records
will be given to the Purchaser or its representatives in duplicate:

• Certification of the production and inspection of the fuel
elements according to this Specification.

509



• Dimension check of the fuel elements.
• Certification of the U and U-235 contents as well as the

degrees of enrichment in the fuel plate and center section,
the ratio of total U to Al, and the total weight of the fuel
tubes.

• Results of U contamination inspection of fuel plates.
• X-ray films of fuel plates and fuel tubes (1 copy).
• Inspection of the cladding thickness of fuel plates.
• Diagrams from the homogeneity check (1 copy) of the

fuel plates.
• Plant certification of the surface treatment of the fuel

plates.
• Inspection of the Al powder used for the UßOg-Al mixture.
• Inspection of the UßOg powder used for the UßOg-Al

mixture.
• Inspection of the semi-finished parts according to the

Parts Lists.

7.0 WARRANTY

The warranty is specified in the Delivery Contract.

8.0 PACKING
After the final inspection, fuel elements shall be packed in plastic foil,
the foil will be heat sealed, and the fuel elements will be placed in special
transportation containers.

9.0 APPENDIX
9.1 Drawings/Inspection Scheme

U-235

9.2.1

Content, Surface
U-235 Content

Format 1
Format 2

Format 3
Format 4

Coverage, and Enrichment

U-235 Content
per Fuel Plate, g

11.89 +_ 5%
13.96 +. 5%
16.03 +. 5%
18.12 + 5%

Specifications

U-235 Content
per Fuel Element, g

180 + 3
180 + 3
180 + 3
180 + 3
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9.2.2 Surface Coverage with U-235

Nominal value of 33.5 mg D-235/cm2

Zone l* nominal mg Ü-235 * 12.52
Zone 2* nominal mg Ü-235 + 16.OZ

-100.0%

* See Section 9.3, Fuel Plate (schematic drawing)

9.2.3 U-235 Enrichment of 19.75 + 0.22 by Weight
- 0.5Z

9.2.4 Surface Contamination
The surface contamination must not exceed 10 Wg Ü-235 per fuel
plate.

9.3 Fuel Plate for DR-3 Reactor

— 1*
K

_OJ
*-B — »-

———————————————————— A ————————————————————— •-

UJ k)r f t
Zone 2 i

f

- rob)

-r^J (

'

Zonel

1

)

^^

Zone 2

1
)

—f C*—\

( H ———
1

- :c o

<

Surface defects with a depth of no more than 0.1 mm are acceptable,
aB - C < I 3.41
ku - E < I 1.6|
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Format 1 Format 2 Format 3 Format 4
À
B
C
D
E
F
G
H
K
L

M

N

min.
min.
min.
min.
min.
max.

65.3 ±
min.

1.50 ±
746 ±
Zone 1
Zone 2
Zone 1
Zone 2

590
68
68
2
2
30

0.05
57.3
0.05
0.2
min. 1
min.
•x
max.

min.
min.
min.
min.
min.
max.

75.6 ±
min.

1.50 ±
746 ±

r o.35c
0.25
0.65 ± 0.
1.05d

590
68
68
2
2
30

0.05
67.6
0.05
0.2

1

min.
min.
min.
min.
min.
max.

85.8 ±
min.

1.50 ±
746 ±

590
68
68
2
2
30

0.05
77.8
0.05
0.2

min.
min.
min.
min.
min.
max.

96.1 ±
min.

1.50 ±
746 ±

590
68
68
2
2
30

0.05
88.1
0.05
0.2

cln Zone l , individual grains may penetrate into the cladding layer of
0.25 or 0.30 mm, provided that the min. average of 0.35 mm is guaranteed.

max. of 1.05 mm for N in Zone 2 is provided that the min. of 0.25 mm
for M in Zone 2 is guaranteed.

9.4 Powder and Al Powder Specifications

Maximum Impurities in ppm
Element U

AI
B
Ba
Be
Ca
Cd
Co
Cu
Fe
K
Li
Mg
Mn
Na
P
Si

303 Powder

100
2
10
0.2
50
0.5
3
20
-
20
5
50
5
20
100
50

AI Powder

10
-
-
-
10
30
80

4000

80
150

3000

Maximum Impurities in ppm
Element

Ti
V
F
Zn

Cr-Ni Fe
total

t̂ Oß Powder

2
20
-

150
Individual -
Total

Grain
size

•»*_—_ j *_ __ à

-

<90ym
(max. 25%

by wt.
< 40ym)

' *_ _ ̂  _ . _ _ J _ _ _ j

Al Powder

200
-
-
300
-

300
5000
<150ym

(min. 80%
by wt.

< 40 ym)
\ *_ _ \ .. rt f\ _
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9.5 Materials List
9.6 Surface Treatment

9.6.1 Level Fuel Plates
- Degrease in perchloroethylene vapor
- Mechanical cleaning

9.6.2 Fuel Tubes, Unfueled-Outer Tube, and Combs

- Degrease in perchloroethylene vapor
- Pickle in NaOH (6-10% by wt.) for l min. at 60 °C
- Rinse in running water for l min.
- Neutralize in HN03 (30-50% by wt., density 1.2-1.3 g/cm3)

for l min.
- Rinse in running water for 5 min.
- Rinse in running, desalted water for 5 min.
- Boil in desalted water for 30 min.
- Dry in air

9.6.3 Upper Section and End Adapter
- Degrease in perchloroethylene vapor
- Pickle in HF/HN03 mixture (20 cm3 of HF, 40%, per 1000 cm3

of HN03, 20%) for about 10 min. at 20-25 °C
- Rinse in running water for l min.
- Pickle in 25% HN03 for 2 hours at 20-25 °C
- Rinse in desalted water for 30 min.
- Rinse in running, desalted water for 5 min.
- Brief immersion in hot, desalted water
- Dry in air

9.6.4 Final Cleaning
Before the final visual inspection, every fuel element is rinsed
in alcohol.

10.0 LIST OF REVISIONS
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Appendix K-3.2

INSPECTION SCHEME

RIS0 NATIONAL LABORATORY
Roskilde, Denmark

Abstract
As part of the Danish RERTR Program, three fuel elements
with LEU UoOg-Al fuel and three fuel elements with LEU
U3Si2-Al fuel were manufactured by NUKEM for irradiation
testing in the DR-3 reactor at the Risoe National Laboratory
in Denmark. The inspection scheme for the elements with
U,OQ-AI fuel is presented here as an illustration only. The
inspection scheme for the elements with U.,Si2-Al fuel was
very similar. In this example, all document numbers,
drawing numbers, and form numbers have been deleted or
replaced with a generic identification.

FUEL ELEMENT DRAWING

Transition Five*

EMrg«ncy Coelinj

Ctnttl S*eli«>

A-B

B
Endfitting
Adaplti End

UÜI
.» moi.
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INSPECTION SCHEME - OUTLINE

Specification XXX

Drawings XXXI Fuel Element
XXX2 Parts List
XXX3 Upper Section
XXX4 Parts List
XXX5 Emergency Cooling
XXX6 Flange
XXX7 Transition Piece
XXX8 Tube
XXX9 Emergency-Cooling Tube
XXX10 Center Section
XXX11 Parts List
XXXI2 Fuel-Element Tube
XXXI3 Fuel Plate
XXX14 Outer Tube
XXX15 Outer-Tube Plate
XXX16 Lower Comb
XXXI7 Upper Comb
XXX18 End Adapter
XXX19 Core for Fuel Plates

Note: The working documents listed here do not contain information about
revision status. This can be taken from the "List of Documents."

U-235 enrichment 19.75 + °"? wt.%"™ U » D

U-235 content per element 180 ± 3 g

U-235 content per fuel plate Format 1 «= 11.89 g ± 5%
2 = 13.96 g ± 5%
3 = 16.03 g ± 5%
4 - 18.12 g ± 5%

Surface density of U-235 Nominal value of 33.5 mg U-235/cm2

Tolerance: Zone 1 nominal ± 12.5%
„ o J i + 16.0%Zone 2 nominal _

— 1UU •(j/o

Number of fuel element tubes 4 tubes with 3 plates each for a total of
and fuel plates in fuel 12 plates
element
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Tests: 1. End Adapter to Test Sheet No. 1
2. Comb to Test Sheet No. 2
3. Upper section to Test Sheet No. 3

3.1 Record Form A, Upper Section
4. Core to Test Sheet No. 4

4.1. Record Form B, Core for Fuel Plates
4.2 Inspection Certificate Form C, ̂ Og powder
4.3 Inspection Certificate Form D, AI powder

5. Fuel Plate to Test Sheet No. 5
5.1 Inspection Certificate Form E, Cladding Thickness
5.2 Calibration Steps
5.3 Inspection Certificate Form F, U Contamination
5.4 Record Form G, Chord Length

6. Fuel-Element Tube to Test Sheet No. 6
6.1 Inspection Certificate Form H, Fuel-Element Tube

7. Outer-Tube Plate to Test Sheet No. 7
8. Outer Tube to Test Sheet No. 8

8.1 Inspection Certificate Form I, Outer Tube
8.2 Inspection Certificate Form J, Weld Seams

9. Center Section to Inspection Certificate Form K
9.1 Inspection Certificate Form L, Fuel in the Fuel Element

10. Fuel Element to Inspection Certificate Form M
11. Balance of Acceptance to Record Form N

Acceptance records and Inspection Certificates according to DIN 50049 (2 each)
for:

Certification of the manufacture and examination of the
fuel elements in accordance with the specification.
Inspection of the dimensions of the Center Section (Form K).
The Enrichment and the U and U-235 contents of Fuel Plates
and Fuel Elements (Form L).
Inspection of the dimensions of the Fuel Element (Form M).
X-ray films of Fuel-Element Tubes (1 copy).
Inspection of the Weld Seams (Form J).
Testing of the Fuel-Element Tube (Form H).
Testing of the Outer Tube (Form I).
Testing of the Fuel Plates for contamination with
Uranium (Form F).
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Test Equipment:

Verification of the cladding thickness of the Fuel
Plates (Form E).
X-ray films of Fuel Plates (1 copy).
Diagrams from the homogeneity tests (1 copy).
Surface treatment of the Fuel Plates.
Al powder used for the UßOg-Al mixture (Form D).
UßOß powder (Form C).
Semi-finished products according to the Parts List.
Record Form N, Acceptance Record.

1) Reference Gauge (Form X)
2) Template (Form P)
3) Ring Gauge (Form Q)

4) Holding Device (Form R)

5) Ring Gauge (Form S)
6) Testing Probe (Form T)
7) Eccentricity Testing Device (Form U)

8) Calibration Gauge (Form V)
9) Testing Probe (Form W)
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IDENTIFICATION FORM

Order No: ..........
Contractor Order No:
Description: .......

The elements to be manufactured according to the
description above shall be identified as follows:
Element type : ..................................
Numbered from .................. to .............

Element type: ..................................

Numbered from .................. to .............
Element type: ..................................
Numbered from .................. to .............
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RANDOM SAMPLE PROCEDURE (RSP)

N n

0 - 30 3 0 l

31 - 60 6 0 l

61 - 90 9 0 l
91 - 120 12 0 l

If the number of defective items found
in a random sample of n items equals a,
the related lot of N items shall be con-
sidered as good and shall be accepted.
If the number of defective items found
is equal to or greater than r, the
entire lot of N items shall be examined.

N: lot size
n: random sample size
a: acceptance number
r: rejection number
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TEST SHEET HO. 1, END ADAPTER

a«

Drawing No. XXX18 Rev.

Dim.
Testing Equipment/

Nominal, mm Test Specification Testing Process

a

b

c

d

e

73 ± 0.1

102.4 - 0.3

1.5 ± 0.1

137.6 ± 0.2

47.6 ± 0.1

micrometer

micrometer

micrometer

slide gauge

Ring Gauge
(Form S)

visual

Test Sample Tested By
Size, Z QC* p*

Check all dimensions
according to drawing

Measure diameter "a"

Measure diameter "b"
Measure dimension "c"

Measure dimension "d"

Measure dimension "e"

Check the surface for
design according to
drawing

RSP

100
100
RSP

100

100

100

'Tested by QC (QC), Production (P)
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TEST SHEET NO. 2. UPPER COMB/LOWER COMB

Drawing No. XXX17 (upper)
XXX16 (Lower)

Rev.

Kamm untvn !
lower Comb !

Prutvorrichlung Ko 1050
Holding drvlcc

Dim. Nominal, mm
Testing Equipment/
Test Specification Testing Process

Test Sample Tested By
Size, Z QC* p*

a 30.35 ± 0.025
b 35.275 ± 0.025
c A0.2 ± 0.025
d 45.1 ± 0.025
e 49.6 ± 0.025

(Upper Comb)
e 49.65 ± 0.025

(Lower Comb)
f 1.5 ± 0.1
g 9 ± 0.05
h 10 ± 0.05

holding device
(Form R)

Check all dimensions
according to the drawing

measure dimensions ~a"-~e"

RSP

RSP

slide gauge measure dimensions "f"-"h" RSP

*Tested by QC (QC), Production (P)
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TEST SHEET NO. 3. UPPER SECTION

Drawing No. XXX3 Rev.

0,1 mo«.

M
O.I max. 0/max 0,3 ma«.

0.1 mom

Dia. Nominal, mm
Testing Equipment/
Test Specification Testing Process

Test Sample Tested By
Size, Z QC* p*

Reference Gauge
(Form X)
Template (Form P)

Ring Gauge
(Form Q)
PVC-Probe

Check all dimensions
according to the drawing
Performance test on
flange (pegs out of 3
holes)
Inspection of the weld
seam diameter
Inspection of the passage
(Inside diameter) at the
Thermocouple guide tube
on "Z"

Liftlng the Upper Section with the Calibration Gauge (Form Y), inspect
horizontal distances between turning centers.

0.1/0.4/0.2
0.1 max.

792.3 ± 0.6

Dial Indicator

PVC-Probe
3 mm diameter

PVC-Probe
3 mm diameter

Slide Gauge

Visual

Check for eccentricity

Check the run-out toler-
ances for the "X" and ~Y"
faces.
Upper surface of the
tube Insert shall be 3 mm
under the upper surface
of the top drill holes.
Inspection of the
passage (Inside diameter)
at the emergency cooling
tube
Measure length

Inspection of the weld seams

RSP

RSP

RSP

100

100

100

100

100
100
100

*Tested by QC (QC), Production (P)
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TEST SHEET NO. 4. CORE FOR FUEL PLATES

Drawing No. XXXI3 Rev.

• II
• '1 •-• —— II ——

II «

I" .—— n —— —
i •———————— 1 1 ————— - ~i r

Dim. Nominal, mm
Testing Equipment/
Test Specification

Balance Analysis
DOC. YYY

Testing Process
Test Sample Tested By
Size, I C* p*

Alternative;

Double Counting-
Apparatus
DOC. YYY
Micrometer

X-ray Film

The U-235 content is
determined by weighing
each fuel core and
multiplying this value
by the analyzed value of
the U and U-235 content. 100
Determination of the
0-235 content by measur-
ing the 185-keV charac-
teristic radiation. 100

Measure thickness at 5
points (see sketch) and
record mean value. 20
Check for homogeneity and
possible Inclusions. 100
Record fuel core No., fuel
core weight, D content,
and 0-235 content
(Fora B) 100

*Tested by QC (QC), Production (P)
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RECORD FORM B. CORE FOR FUEL PLATES

Key word:

batch No:

Order No:

UAlx-Cermet

Enrichment of U-235 .....Z

l^Og-Cermet

Core Plate Element
No. No. Weight,g U,g U-235,g Thickness*,mm No. No. Remarks

1
2
3
A
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Corrections: Distribution:

Inspector:

Date: ...,

Median of 5 tests
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INSPECTION CERTIFICATE FORM C, UßOß POWDER

Impurities

Sieve analysis

wt%

Elements
Al
B
Ba
Be
Ca
Cd
Co
Cr*
Cu
Fe*
K
Li
Mg
Mn
Na
Ni*
P
Si
V
F
Z*
Particle

max., ppm Actual, ppm
100
2
10
0.2
59
0.5
3
-
20
-
20
5
50
5
20
-

100
50
2
20
150

size Actual, %
< 90 urn
< 40 ym <_ 25%

Isotope analysis** U-234,
nom.
act.

U-235. % U-236. % U-238. %

The absolute uncertainty of the U-235 weight concentration
is ...............

Density nominal: 8̂.0 g/cm3 actual: .......... g/cm3

Inspector
Work Inspector
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INSPECTION CERTIFICATE FORM P. Al POWDER

Purchaser ..........

Purchase Order No. .
Contractor Order No.

Chemical Impurities

Particle Size

Date

Charge No. .

Date: ......

Analysis No:

Elements

B
Cd
Co
Cu
Fe
K
Li
Mg
Si
Ti
Zn

Others
Individual
Total

Grain Size

80%

Limit, ppm Results, ppm

10
10
30
80

4000
80

5
150

3000
200
300

300
5000

< 125 urn

< 40 urn

Determined by inspection sieving with mesh width
125/40 urn.

Manufacturer:

Work Inspector
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TEST SHEET NO. 5. FUEL PLATE

Drawing No. XXX13 Rev.

Format 1 Format 2
A
B
C
D
E
F
G
H
K
L

M

N

min. 590
min. 68
min. 68
min. 2
min. 2
max. 30

65.3 ± 0.05
min. 57.3

1.50 ± 0.05
746 ± 0.2
Zone 1 min.
Zone 2 min.
Zone 1 1c
Zone 2 max.

min.
min.
min.
min.
min.
max.

75.6 ±
min.

1.50 ±
746 ±

x" 0.35°
0.25
0.65 ± 0.
1.05d

590
68
68
2
2
30

0.05
67.6
0.05
0.2

1

Format 3
min. 590
min. 68
min. 68
min. 2
min. 2
max. 30

85.8 ± 0.05
min. 77.8

1.50 ± 0.05
746 ± 0.2

Format 4
min. 590
min. 68
min. 68
min. 2
min. 2
max. 30

96.1 ± 0.05
min. 88.1

1.50 ± 0.05
746 ± 0.2

aB - C ± 13,41
bD - E £ 11,61
cln Zone 1, individual grains may penetrate into the cladding layer of

0.25 or 0.30 mm, provided that the min. average of 0.35 mm is guaranteed.
max. of 1.05 mm for N in Zone 2 is provided that the min. of 0.25 mm

for M in Zone 2 is guaranteed.

Surface defects with a depth of at most 0.1 mm are acceptable.
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TEST SHEET NO. 5, FUEL PLATE (CONT.)

Dim. Nominal, mm
Testing Equipment/
Test Specification

Drawing No. XXXI3

Testing Process

Rev.

Test Sample Tested By
Size, Z QC-

Fuel plate not bent

No blisters Heating l h
425 "C
DOC. YYY

at

Nominal:
33.5 mg
U-235/cm2

Tolerance:
Zone 1
nominal ±12.5X
Zone 2

+ 16X

X-ray system and
template
DOC. YYY
X-ray system
calibration-steps
DOC. YYY

noml nal -100%
D/E

A
B/C

H
K
G
L
M

min. 2
D - E < |1.6
min. 590
min. 68
B - C < |3.4
see Table
1.51 ± 0.05
see Table
746 ± 0.2
min. le 0.35
(Zone 1)
min. 0.25
(Zone 2)

< 10 ug
Û-235/per
plate
Plate No.
on convex
side

< 0 . 1 mm
deep

X-ray film and
template

Measuring device
DOC. YYY

Microscope
DOC. YYY

Fuel plate bent
Counting
Apparatus
DOC. YYY
Slide Gauge

Visual light-
section
mlcrocscope
DOC. YYY

Visual evaluation for
bond defects (metallur-
gical bond) after the
heating.
X-ray and center

Inspection of the U
distribution by means of
X-ray absorption.
(One line longltudlnaly
per plate.)

Inspection of the
Internal geometry

100
100

RSP

RSP

Inspection of the outer
geometry RSP

Examine cladding thickness
by means of sections
(Inspection Certificate
Form E).

Inspection Certificate
(Form F).

Measure length (Form G).
Check for plate No. position. 100

Surface inspection and, If
necessary, measuring of
surface defects 100

*Tested by QC (QC), Production (P)
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INSPECTION CERTIFICATE FORM E. CLAPPING THICKNESS

Order No.

Saapling ,

Identification Word:

Drawing No. XXX13

In Zone 1, individual grains may penetrate Into the cladding layer of 0.25 or
0.35 mm, provided that the mln. average of 0.35 mm Is guaranteed.

Cladding thickness (nominal), mm

GS M NS

Zone 2 Zone 1 mln. average 0.35 Zone 1
mln. 0.25

Zone 2
mln. 0.25

Cladding thickness (actual), mm
Zone 2 Zone 1 _ Zone 1 _ Zone 1 _ Zone 2

Plate No. mln. mln. x mln. x mln. x mln.

Date: .....
Inspector:

Work Inspector

531



CALIBRATION STEPS

Homogeneity of Fuel Plates

Four-stepO
Three-step

The thickness dimensions (a, b, c, d) are
determined at the beginning of plate pro-
duction and are included in the appendix
to Inspection prodedure DOC. YYY.
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INSPECTION CERTIFICATE FORM F, f CONTA>- I NATION

Places (~) Tubes Fuel E lements

Order "Jo. ................ Iden t i f i ca t ion Word ............... .......I U-;

S p e c i f i c a t i o n No. ................. R e q u i r e m e n t ...........................

Inspec t ion sys t em: large-area counter 810 crcz Ca l ib ra t i on plate 7.2 pg U-235 W o r k i n g vo l taRc ........V.V

Plate No.Q
Cal ib ra t ion

Tube No.Q UAlj/UjOg- plate Number Reverse
UXS1„ Zero rate, Count ra te side side Result :

Type** Elenent No.Q Charge No. pulses/nin- pulses/nln. pulses/mln. pulses/oln. * ug U-235 Date

Inspector
Work Inspector

I - Inner Plate, 0 « Outer Plate
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RECORD FORM G. CHORD LENGTH

part 1 - 55.0 - 55.5 am
2 - 63.5 - 64.0 mm
3 - 72.0 - 72.5 mm
4 - 80.5 - 81.0 mm

Outer Cube • 88.3 - 88.7 mm

Part Plate No. Numb«rside, mm End, mm Part Plate No. Nuaberslde, am End,

Date/Inspector
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TEST SHEET NO. 6. FUEL-ELEMENT TUBE

ul 1~i n~y /. ———————— » .... — .... —————— j

part Diameter (D)
4 92.9-93.5
3 83.1-83.7
2 73.3-73.9
1 63.5-64.1

Drawing No. XXX12 Rev.

**Inspection Certificate Form H

Testing Equipment/
Dim. Nominal, mm Test Specification Testing Process

Test Sample Tested By
Size, X QC* p*

666.0 •«• 0.1
- 0.4

C 1.5 ± 0.04

93.2 ± 0.3
83.4 ± 0.3
73.6 ± 0.3
63.8 ± 0.3
max. 0.3

Defects
< 0.1 mm
deep

Slide Gauge

Wall thickness
Micrometer

Slide Gauge

Measuring Plate
Sensor Gauge

Visual

Visual, light-
section
Microscope
X-ray film

Balance

Measure Length

Measure wall thickness
(3 x top, 3 x bottom)
Measure diameter "D"
(4 x)**

**

Determine max. on edge**

100

100

100

100

Inspection of the weld seam 100

Surface Inspection for
defects and tube
identification 100
Inspection of the weld seam
quality and dimensions.
Meat/weld seam min. 5
Determine the tube weight
(Form H) 100

*Tested by QC (QC), Production (P)
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TEST SHEET NO. 7, OUTER-TUBE PLATE

Drawing No. XXX15 Rev.

Testing Equipment/ Test Sample Tested B?
Dim.

a

b

c

Nominal, mm

1.51 ± 0.03

105.9 ± 0.1

860 ± 0.5

Test Specification

Plate not bent

Micrometer

Slide Gauge

Slide Gauge

Plate bent

Testing Process Size, Z QC* p*

Measure thickness RSP x

Measure width RSP x

Measure length RSP x

convex slide Visual

88.3 - 88.7 Slide Gauge

Check for plate No.
position 100

Measure dimension "S" and
record results
(Record Form G) 100

*Tested by QC (QC), Production (P)
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TEST SHEET MO. 8. OPTER TUBE

Drawing No. XXX14 Rev.

TT 1 /
-*-*! / t=

•• ——— « ———— »

• m ———————————————————————————————— B . . . . . , . _

o

1
**Inspection Certificate Fora H

Testing Equipment/
Dim. Nominal, mm Test Specification Testing Process

Test Sample Tested By

x
y

1.5 ± 0.04 Wall thickness-
Micrometer

102.6 ± 0.2 Slide Gauge

max. 0.3 Measuring Plate
Sensor Gauge

B 799.3 i 0.15 Slide Gauge

56.9 ± 0.3
18 ± 0.1

24 ± 0.2
3 ± 0.1

Slide Gauge

Reference Gauge
(Form Z)

Visual

Check all dimensions
according to the drawing

Measure wall thickness
(3 x top, 3 x bottom)

Measure diameter "D"
(4 x)

**

**

Determinne max. on edge

Measure length

Size, I

RSP

100

100

100

RSP

QC* P*

Measure dimensions "e" and
"d" RSP

Inspection of the dimensions
"x" and "y" RSP

Inspection of the weld seam
Inspection of the tube No. 100

*Tested by QC (QC), Production (P)

538



INSPECTION CERTIFICATE FORM I. OUTER TUBE

Outer Tube Length, »n Wal l Thickness, mm Outer Diameter bow. m> Surface
Tub« No. thTI Sol NOT 660-660.3 1.46 - 1.54 Nominal mn. 0.3 Weld Sea

Renarka

Inspector Work Inspector
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INSPECTION CERTIFICATE FORM J. UELD SEAMS

oFuel Element Tube

Plate No.
Tube
No.

Weld
Seam

X-ray
film

Plate desig-
No. nation

Part

Result

Outer Tube

Acceptance

approved rejected

Inspector Work Inspector
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INSPECTION CERTIFICATE FORM K. CENTER SECTION

Position

01
•c

•a
C
W

Center Section No.

Fuel Element Tube Section No. 1

Fuel Element Tube Section No. 3

Outer Tube No.

Fuel Element Tube Section No. 2

Fuel Element Tube Section No. 4
No Impurities

Dimension

c
d
e
f
g
bow

Weld Seams
9 mm diameter holes up to
start of fuel tube
Visual Inspection
Surfaces parallel to within
0.1 mm
The weld seams are staggered

nominal, mm actual, mm

87.1 - 87.7
102.8 max.

796.7 - 797.9
54.25 min. Form V
0.9 - 1.1
< 0.7

103.A max. Form Q
Testing Probe (Form T) Positions 1 and 2

Plate Tube No. location

Inspector:

Inspector Work Inspector

541



INSPECTION CERTIFICATE FORM L. FUEL IN FUEL ELEMENT

Nominal U-235 Content/Center Section: ......g
Center Section No.

Nominal U-235 Content/Plate: ......g

U-235 U Total Tube
U Enrlchm., Content, to Al, Weight,

Pos. Plate No. Core No. Charge Content Z g Z g

Tube Part No. 1

a _______ _____ ____
b ______ ______ _____
c _________ ______ ____

Total

Tube Part No. 2

a __________ _____ ____

b _______ ______ ____
c _______ _________ ____

Total

Tube Part No. 3

a _______

b _______
c

Total

Tube Part No. k ................

a
b
c

Total

Average Enrichment
Total content In the Center Section

Inspector Work Inspector

542



INSPECTION CERTIFICATE FORM Mt FUEL ELEMENT

**»•

«M

«MM >»MH

3>
*MM<

Upper
Section

\
MMM*

mi»»

*b

Center
Section

Fuel Element No.

Upper Section No. End Adapter No,

Inspection of the weld
seam diameter with Ring
Gauge (Form Q)
Inspection of the surface
and the weld seam
Inspection of the 54.3 mm
diameter with testing
probe (Form W)
Inspection of the emergency
cooling tube with 3-mm dla.
PVC testing probe
Inspection of the thermo-
couple guide tube with 3-mm
dia. PVC testing probe

Dim. nominal, mm
a 1724 - 1727.2
b 72.9 - 73.1

results, mm

Check the eccentricity with test
device (Form U)
Measure
Pos. nominal, mm results, mm

Endfitting

1
2
3
4

max. 1
max. 1
max. 1
max. 1.5

Work Inspector
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RECORD FORM N. ACCEPTANCE RECORD

Acceptance item: Drawing No: Rev.

Purchaser: ......................... pre acceptance (̂) final acceptance^)

Order No: ................ Specification: .....................
Acceptance inspector : ...............................

ACCEPTANCE PESULTS:

On hand: ..... pieces No:

On hand with reservation: ..... pieces No:

Accepted: ..... pieces No:

Accepted with reservation: ..... pieces No:

Rejected: ..... pieces No:

ACCEPTANCE RECORD:

Type/Format/Part No.
Previously accepted

Accepted above
Accumulated acceptance

Remarks:
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Appendix K-4

SPECIFICATIONS FOR FUEL PLATES
WITH LEU U3SirAl FUEL
FOR THE OAK RIDGE RESEARCH REACTOR

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee

United States of America

Abstract

As part of the RERTR Program, a whole-core demonstration In
the Oak Ridge Research Reactor using LEU U,Si--Al dispersion
fuel began In December 1985 and was completed in March 1987.
This specification describes the fabrication, inspection,
and quality assurance provisions of the fuel plates for the
fuel elements and shim rod fuel sections that were used in
the demonstration.

1.0 SCOPE

1.1 This specification covers the fabrication, inspection, and quality
assurance provisions of aluminum-clad fuel plates containing low-enriched
uranium (LEU) for fuel elements and shim rod fuel sections for the Oak Ridge
Research Reactor (ORR), a light-water moderated and cooled, 30-MW(th) nuclear
reactor. Each fuel-element grouping of fuel plates will contain 17 short and
2 long plates, and each shim-rod-fuel-section grouping of fuel plates will
contain 15 short plates. The fuel plates will contain 235jj fuei in the form
of an aluminum-clad u"3Si2-alualnum dispersion. The cladding shall be metallurgi-
cally bonded to the fuel core, and the fuel core shall be hermetically sealed.

2.0 APPLICABLE DOCUMENTS

2.1 Applicable Standards

The following documents form a part of this specification except as
modified by this specification. Where there is a conflict between the docu-
ments cited and the latest revisions thereof, the Contractor shall notify
Argonne National Laboratory (ANL), hereinafter referred to as the Laboratory,
of the conflict and use the latest revision unless otherwise directed by the
Laboratory. NOTE; Contractors located outside the United States territory
may submit standards comparable to the U.S. documents listed below to the
Laboratory for approval as alternates.

2.1.1 ORNL Drawings

M-11495-OR-004-E Fuel Plate Details, ORR Fuel Elements
M-11495-OR-012-E ORR Shim Rod Fuel Section, Fuel Plate

Details
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2.1.2 American Society for Testing and Materials Standards

ASTM-B209-70 Aluminum Alloy Sheet and Plate
ASTM-B214-76 Method of Test for Sieve-Analysis of

Granular Metal Powders

2.1.3 American Welding Society Standards

AWS-A5.10-69 Aluminum and Aluminum-Alloy
Welding Rods and Bare Electrodes

2.1.4 Argonne Nat ional Laboratory Documents

AQR-001 Quali ty Verif icat ion Program Requirements

A0004-1020-SA-00 Specification for Low-Enriched Uranium
Metal for 0ranium-Aluminide and
Uranium-Si Heide Reactor Fuel Elements

3.0 TECHNICAL REQUIREMENTS

3.1 Materials

The Contractor shall provide a certified report of the chemical analysis
of each material listed showing confonnance to its respective requirements. The
Contractor shall also provide a certified report of the chemical and isotopic
analysis of each lot of 03812- In addition to other requirements, all materials
specified in Paragraphs 3.1.4 and 3.1.5 shall be certified by the Contractor to
contain less than 10 pptn boron, 80 ppm cadmium, and 80 ppm lithium. The quan-
tities of these impurities (boron, cadmium, and lithium) in the finished plate
shall not exceed those values.

3.1.1 uranium Metal

The U.S. Department of Energy shall provide the uranium metal
needed for the fabrication. The 235y enrichment of the uranium metal shall
be 19.75 +_ 0.2 wtZ. The uranium metal shall meet the technical requirements of
ANL specification A0004-1020-SA-00 except for carbon impurity content, which shall
be less than 350 ppm by weight.

3.1.2 Uranium-Sllicide Powder

3.1.2.1 Uranium suicide, with U3$i2 as the primary constituent,
shall be produced by melting together uranium metal and high-purity silicon. The
silicon content of the uranium silicide, hereinafter called U3S12, shall be

+ 0 47.5 * . wtZ. It is desirable for the silicon content to be close to 7.5 wtZ,
but in no case should it be less than 7.4 wtZ. Except for impurities, whose limits
are specified in Subparagraph 3.1.2.2, the balance of the U3S12 shall be uranium.

3.1.2.2 An analysis shall be required for each lot of 03812-
The impurities In the U3S12 shall not exceed the limits specified in Table 1.

3.1.2.3 As used in the fuel core, the U3S12 powder shall be
-100 + 325 mesh (44 to 149 pm) and shall not contain more than 25Z of -325 mesh
particles, as determined in a standard screening test (ASTM B214-76).

3.1.2.4 A sample wi th a alnireum weight of 10 g shall be obtained
f rom each lot of 03812 by the Contractor and held at the Contractor 's plant
for the Laboratory's use. At the time of final delivery, all samples not called
for will be considered part of the Contractor's scrap.
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Table 1. Maximum Impurity Levels for 03512 (ppm)

Al
B
C
Cd

600
10

1000
10

Co
Cu
Fe+Nl
H

10
80

1000
200

LI
N
0
Zn

10
500
7000
1000

Other Elements Individual 500

Total 2500

3.1.2.S The Contractor shall obtain an Independent Isotopic
analysis of each lot of 1)3512 and shall provide to the Laboratory a copy of
the results.

3.1.3 Aluminum Powder

3.1.3.1 All aluminum powder shall be atomized spheroidal
particles. One hundred percent of the powder shall pass through a 100 mesh
(1A9 pm) U.S. Standard screen with 802 passing through a 325 mesh (44 pm) U.S.
Standard screen.

3.1.3.2 The chemical composition of the aluminum powder shall
be within the limits listed in Table 2.

Table 2. Composition Limits for Al Powder (wtX)

B
Cd
Co
Cu

0.001 max
0.001 max
0.001 max
0.008 max

Fe
Li
Kg
Si

0.400 max
0.001 max
0.015 max
0.300 max

Ti
Zn
Al

0.030 max
-0.030 max
99.500 min

3.1.4 Aluminum Plate and Sheet

The aluminum for the core frames and cladding shall conform to
ASTM specification B209-70, alloy 6061-0. The core frames shall be one piece;
frames made of multiple pieces welded together are not acceptable.

3.1.5 Aluminum Welding Rods

Aluminum welding rods shall conform to AWS-A5.10-69, Type ER-4043.

3.2 Mechanical Requirements

3.2.1 Fuel Core Fabrication

The fuel core shall consist of 19.75Z-enrlched 03512 powder
dispersed in aluminum powder. The fuel core shall be fabricated according to
standard powder-metallurgical, roll-bonding techniques, modified If necessary,
such that excessive oxidation of the fuel core prior to the f i rs t hot rolling
pass does not occur. The Contractor shall provide to the Laboratory a wri t ten
procedure for the initial hot rolling step which describes the method used to
prevent excessive oxidation or shall provide wri t ten certification that the
procedure used is the same as that used previously to produce similar Ö3S12-A1
test elements for the ORR.
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3.2.2 fuel Core Location

3.2.2.1 As verif ied by fluorscopic and/or r-radiographic
examination, the location of the fuel core shall satisfy either of the following
criteria:

3.2.2.1.1 The location of the fuel core shall couply
wi th the requ i rements specified on the drawings referenced in Section 2.0.

3.2.2.1.2 The outline of the fuel core shall lie within
the maximum fuel core dimensions specified on the drawings referenced in Section 2.0,
shall be of an area greater than the area of the minimum fuel core dimensions speci-
fied on the drawings referenced in Section 2.0, and shall be centered with respect
to the edges of the fuel plate. The responsibility for proving that the fuel core
area meets this requirement shall lie with the Contractor.

3.2.2.2 The Contractor shall endeavor, through use of adequate
compacting pressure and care in assembling the rolling billet, to minimize the
occurrence of fuel flakes outside the maximum fuel core dimensions specified on
the drawings referenced in Section 2.0. Fuel particles will be allowed in the
nominally fuel-f ree rone except under the following conditions, however:

3.2.2.2.1 Particles (evidenced as white spots on the
position radiograph), of any size, closer than 0.5 mm to the ends or edges of the
f u e l plate or under the comb or plate-identification-number area.

3.2.2.2.2 Particles (white spots) with largest dinen-
sion greater than 0.5 mm which are outside the maximum fuel core dimensions speci-
f ied on the drawings referenced in Section 2.0. Touching particles (white spots)
shall be considered to be a single particle for the purpose of determining the
largest dimension.

3.2.3 Cladding and Core Thickness Determination

Prior to ful l production, at least 24 fuel plates shall be manu-
factured. Two outer fuel plates and two inner fuel plates shall be randomly selected
and sectioned as shown in Fig. 1 to verify that cladding and core thicknesses
as specified on the drawings referenced in Section 2.0 are met. Further verifica-
tion of cladding and core thickness shall be demonst ra ted by randomly selecting
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FIG. 1. Typical layout of ORR fuel plates.
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one fue l plate f rom each 100 fuel plates processed. (A plate which has been
rejected for reasons not affect ing the cladding and core dimensions may be
used for this determination.) If production procedures relative to fuel plate
fabr ica t ion are changed, cladding and core thickness must be requallf led.

3.2.4 Cladding Temper

Each fuel plate shall be rolled by a combination of f i rs t , hot
rolling, and second, cold rolling. The final reduction of the plate thickness
shall be accomplished by cold rolling and shall not be less than 4? nor greater
than 25? of the final hot-rolled thickness.

3.2.5 Meta l lu rg ica l Bond

The existence of a metallurgical bond shall be verified by
blister test, ul t rasonic test, and bending test on a strip sheared from the
plate end trimming. The bending test may be replaced by demonstration of at
least 40Z gra in growth across the cladding/frame interface for all plates
sectioned to ve r i fy fuel core and cladding thickness.

3.3 Physical Properties

3.3.1 Fuel loading

The loading of each fuel plate shall be as specified below.
The amount of 235jj in che fue l core is to be determined by a unifona, statis-
tically sound saapllng procedure, proposed by the Contractor and approved by
the Laboratory. The weight of each core shall be measured and recorded to
within 0.01 g along w i t h the calculated value of the 235g content. Fuel
content may be confirmed by the Laboratory by the use of reactivity measurements.

3.3.1.1 Fuel plates for fuel elements — Each fuel plate shall
contain 17.9 +_ 0.35 g of 235U.

3.3.1.2 Fuel plates for shim rod fuel sections — Each fuel
plate shall contain 17.9 +_ 0.35 g of 235U unless a smaller loading is specified
in the procurement contract.

3.3.2 Homogeneity

The tolerance on the surface densi ty in g/cnr of ''5jj within
the maximum fuel core outline shall be +27 -100Z of the nominal value of that
spot as measured for any 5/64-inch (2.0-ram) -diam spot. The tolerance on an
average 235jj s u r f ace density within the minimum core outline shall be +_12Z
of the nominal value. In the area between the maximum and minimum core out-
lines, the variation of the average shall be within +12Z -1002 of the specified
value. These averages shall be measured for a surface area 5/64-inch (2.0-mm)
wide and ~l/2-inch (12.7-mm) long, or over an equivalent circular surface area
of d iamete r 7/32-inch (5.6 m m ) . The scans shall be tangent one to the other.

3.4 Dimensional Requirements

3.4.1 Each fuel p la te shall be in conformance with the dimensions
spec i f i ed on the drawings re fe renced in Section 2.0. Preassembly fue l plate
width and curvature shall be chosen so that they will be compatible w i th the
value speci f ied for the fue l element or shim rod fue l section in its assembled
condit ion.

3.5 Sur face Condit ions

3.5.1 Sur face Finish

The surface of the finished fue l plates shall be smooth and f ree
of gouges (scratches, pits, or marks) In excess of 0.005 in. (0.127 mm) in depth.
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Dents In the fuel plate shall not exceed 0.012 in. (0.3 mm) in depth or 0.25 in.
(6.4 mm) in diameter. In the dogbonlng zone, if there is evidence of dogbonlng lo
the plates, surface defects not deeper than 0.003 in. (0.076 mm) are acceptable.
No degradation of the fuel plates beyond these limits shall be permitted.

3.5.2 Surface Contamination

The Contractor shall verify that the surface contamination of the
fuel plates Is less than five mlcrograms of uranium per square foot (5 lig per
929 cm2).

3.5.3 General Cleanliness

Precautions must be taken to maintain a high standard of clean-
liness during fabrication and assembly to Insure that no foreign materials or
corrosion products are present in the finished elements. All surfaces oust be
free from moisture, dirt, oil, organic compounds, scale, graphite, or other
foreign matter. Use of graphite for marking purposes is prohibited. The use
of abrasives for cleaning the fuel plates or for any other purposes is prohi-
bited, as is any procedure which removes more than 0.0004 in. (0.01 mm) of
aluminum f rom the surface of the finished fuel plates. If any chlorine-bearing
material is used for cleaning, it must be completely removed following the
cleaning procedure before any elevated temperature treatment or welding.
Moreover, the finished element must be free of any chlorine-bearing material.

3.6 Plate Identification

After rolling, a serial number shall be placed on each fuel plate for
ident i f icat ion as to 113812 powder lot number and compact number using procedures
approved by the Laboratory. The Identification number shall be over the unfueled
region of the plate, as shown on the drawings referenced in Section 2.0.

4.0 QUALITY CONTROL AND QUALITY ASSURANCE REQUIREMENTS

4.1 Responsibility

Unless otherwise specified, the Contractor shall be responsible for the
performance of all tests and Inspections required prior to submission to the
Laboratory of any fuel plate for acceptance. However, the performance of such
tests and Inspections is in addition to, and does not limit, the right of the
Laboratory to conduct such other tests and Inspections as the Laboratory deems
necessary to assure that all fuel plates are in conformance with all requirements
of this specification. The Contractor may use either his own or any commercial
laboratory acceptable to the Laboratory. Records of all tests and examinations
shall be kept by the Contractor, complete and available to the Laboratory as
specified In the contract or purchase order.

4.2 Quality Ver i f i ca t ion Plan

The Contractor shall develop and submit for approval wi th his bid a
qual i ty ver i f ica t ion plan fu l f i l l ing the requirements of AKL Document AQR-001.

4.3 Prequalification Inspection

Before the contract Is awarded, the Laboratory may send a representative
to the Bidder's plant to Judge the capability of the Bidder to carry out the pro-
visions of the contract and the adequacy of the steps to be taken in executing the
quality verification program.

4.4 M ami fac t urIng P r oced u re s

A wr i t t en general description of the manufacturing procedures, shop
drawings, detailed cleaning procedures, and Inspection report forms shall be
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Table 3. Quality Conformante Inspection

Test
Dimension
Fuel Core Location
Cladding and Core
Thickness Determination
Cladding Temper
Metallurgical Bond
Surface Finish
Surface Contamination
Cleanliness
Fuel Loading
Homogeneity

Requirements
3.4
3.2.2
3.2.3

3.2.4
3.2.5
3.5.1
3.5.2
3.5.3
3.3.1
3.3.2

Acceptance
Criteria
4.7.4
4.7.2.1
4.7.2.2

4.7.2.3
4.7.2.4
4.7.5
4.7.5
4.7.5
4.7.3.1
4.7.3.2

Test
Method
4.8,1
4.8.2
4.8.4

4.8.5
4.8.6
4.8.7
4.8.8
4.8.9
4.8.10
4.8.3

supplied to the Laboratory by the Contractor for approval prior to initiation of
any fabrication, and any subsequent changes in the above shall be supplied to
the Laboratory for approval prior to their use.

4.5 Quality Conformance Inspections

The tests listed In Table 3 are to be performed by the Contractor and
documented in accordance with the requirements of the specification. The Labora-
tory may observe the performance of these tests and/or audit the documentation of
same at any point during the procedure.

4.6 Extent of Inspection
The tests listed in Table 3 are to be performed for each fuel plate

except for the following:
Cladding and core thickness determination - At least one randomly-

selected plate from each group of 100 plates processed IB to be tested.

4.7 Acceptance Criteria
Acceptance and/or rejection criteria for the technical requirements

(Section 3.0) are «a follows:
4.7.1 Materials

All materials are to be In accordance with the requirements
of this specification and the specified standards without exception.

4.7.2 Mechanical
4.7.2.1 Fuel core location — The fuel core location shall

be in accordance with the requirements of Paragraph 3.2.2.
4.7.2.2 Cladding and core thickness determination — If any

plate fails to meet specifications, two more plates randomly selected from the
same group of 100 plates are to be sectioned for thickness measurements. If
either of the latter two plates falls to meet specifications, all plates
manufactured or In the process of manufacture since the last acceptable sec-
tioning shall be rejected.

4.7.2.3 Cladding temper — Cold reduction shall be In accordance
with the requirements of Paragraph 3.2.4.

4.7.2.4 Metallurgical bond — Plates exhibiting visible
raised or blistered areas shall be rejected. Plates exhibiting nonbond in-
dications greater than 2 mm in diameter on the ultrasonic scan record shall

559



be rejected. Plates showing delaminntion of the cladding and frame during
the bending test shall be rejected.

A.7.3 Physical Properties
A.7.3.1 Fuel loading — The loading shall, without exception,

be within the specified tolerances.
A.7.3.2 Fuel core quality — Homogeneity and fuel location

will be acceptable if they fall within the limits specified in Paragraphs
3.2.2 and 3.3.2.

A.7.A Dimensional Requirements
All dimensions must be within the tolerances shown on the

drawings unless a deviation from these dimensions is granted by the Laboratory.

A.7.5 Surface Conditions
All requirements of the specification are to be met; no non-

conformance will be allowed.
A.7.6 Plate Identification

Markings are to be made exactly as approved by the Laboratory.
A.8 Test Methods

All test methods and procedures must be submitted by the Contractor
and approved by the Laboratory prior to actual fabrication. Any subsequent
changes in the procedures must also be supplied for approval by the Laboratory
prior to their use. The granting of any approval or approvals by the Labora-
tory shall not be construed to relieve the Contractor In any way or to any
extent from the full responsibility for delivering fuel plates conforming
to all requirements of this specification.

A.8.1 Dimensional
The Contractor shall furnish a written procedure for dimen-

sional examination of the fuel plates. This procedure must be approved by the
Laboratory.

A.8.2 Fuel Core Location
The Contractor shall furnish a written procedure for fluoro-

scopic and/or x-ray examination of the fuel plates. This procedure must be
approved by the Laboratory.

A.8.3 Fuel Core Quality
The Contractor shall furnish written procedures for radio-

graphy and scanning of the plates. These procedures must be approved by the
Laboratory.

A.8.A Cladding and Core Thickness Determination
Each plate to be examined shall be completely sectioned

according to Fig. 1 of this specification.
A.8.5 Cladding Temper

The Contractor shall furnish a written procedure for the
Laboratory's approval.

A.8.6 Metallurgical Bond
The Contractor shall furnish a written procedure for the

Laboratory's approval.
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4.8.7 Surface Finish
The Contractor shall furnish a written procedure for the

Laboratory's approval.

A.8.8 Surface Contamination

The Contractor shall furnish a written procedure for the
Laboratory's approval.

A.8.9 Cleanliness

The Contractor shall furnish a written procedure for the
Laboratory's approval.

4.8.10 Fuel Loading

The Contractor shall furnish a written procedure for the
Laboratory's approval.

4.9 Documents

4.9.1 Two certified copies of inspection and test records covering
the items listed below shall be supplied the Laboratory. A duplicate copy of
the records of each fuel assembly shall be included in the shipping container
with the fuel plates.

4.9.1.1 The serial number of each plate within each unit,
the calculated fuel loading of uranium and 2̂ u jn each fuel plate, and the
total calculated loading of 1)3812 and 235u. The fuel loadings are to be
as specified in Paragraph 3.3.1 of this specification.

4.9.1.2 Data on the examination of the surfaces of the fuel
plates as specified in Section 3.5 of this specification.

4.9.1.3 Data regarding the location of fuel cores as prescribed
in Paragraph 3.2.2 of this specification.

4.9.1.4 Results of the cladding and core thickness determina-
tion as specified in Paragraph 3.2.3 of this specification.

4.9.1.5 Results of the inspection of bonding in each fuel
plate examined as specified in Paragraph 3.2.5 of this specification.

4.9.1.6 A certified report of the chemical and Isotoplc
analysis of each U$Si2 lot as specified in Paragraph 3.1.2 of this
specification,

4.9.1.7 A certified report of the chemical analysis of all
other materials used In the fabrication of the fuel plates as specified in
Section 3.1 of this specification.

4.9.1.8 A certificate of compliance for each fuel plate unit
stating that the element meets all requirements of the contract.

4.9.2 Manufacturing Procedures

The Contractor shall submit to the Laboratory three copies of
the manufacturing procedures required by Paragraph 3.2.1 and Section 4.4.
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4.9.3 Test Procedures

The Contractor shall submit to the Laboratory three copies of
the test procedures required by Section 4.8.

4.9.A Quality Verification plan
The Contractor shall submit to the Laboratory with the bid

three copies of the quality verification plan required by Section 4.2.
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Appendix K-5

NOTIONAL SPECIFICATION FOR MTR FUEL PLATES/TUBES
AT URANIUM DENSITIES UP TO 1.6 g/cm3

B. HICKEY
Dounreay Nuclear Power Development Establishment,
United Kingdom Atomic Energy Authority,
Thurso, Caithness,
United Kingdom

Abstract

Various representative conditions from the MTR range of
specifications are presented. At densities up to 1.2 g U/cc
the manufacturing route can be by the traditional casting
and rolling process. At densities greater than 1.2 g U/cc
the manufacturing route utilises the UoOg/Al cermet process.

Included are various representative conditions culled from the MTR range
of specifications which might be of interest to a prospective customer.
Note that at densities up to 1.2 g U/cc the manufacturing route can be by
the traditional casting and rolling process. At densities greater than
1.2 g U/cc the manufacturing route utilises the UßOs/Al cermet process.

1. U235 content +_ 2% of nominal value specified.
2. U Homogeneity Central region, +_ 10% (5 mm dia); dogbone,

+ 20% to - 100% (5 mm dia).
3. Cladding-

material Can be to 1050 (MTRS2) or 6082 (Al 1% Mg).

thickness The cladding thickness shall be checked by
destructive examination to ensure (95% level)
that the drawing requirements are satisfied.

bond The core/clad bond shall be checked by heating
each fuel plate/tube to 500°C + 10°C for
20 minutes. After cooling the plate shall be
examined for blisters which, if found, will
cause rejection.

4. Surface Each finished fuel plate/tube shall be examined
contamination for alpha contamination. Any contamination

greater than 3.2 x 10~5 grammes/m2 of Uranium
(3 x 10~6g/ft2) will cause rejection.

5. Surface finish Any plate/tube which has a pit, scratch or
other blemish greater than 0.076 mm deep over
the fuelled area shall be rejected.
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6. Tubes manufactured The manufacturer shall ensure by sampling
from fuel plates (21 samples/tube, 1 tube in 50) that the
by welding average weld strength in any fuel tube will

be not less than 16.2 kg/cm (350 lbs/in) and
that no sample will be less than 27 kg/cm
(150 Ib/in).

7. Fuel boxes The manufacturer shall ensure by sampling that
assembled by the equipment used to swage the joint is
roll swaging normally capable of producing a joint strength

of 45 kg/cm (250 lbs/in) and that no joint has
a pull out strength of less than 27 kg/cm
(150 lbs/in).
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Appendix K-6

FABRICATION OF MEDIUM ENRICHED URANIUM FUEL
PLATE FOR KUCA CRITICAL EXPERIMENT
Design, fabrication, inspection and transportation

K. KANDA, Y. NAKAGOME, T. SAGANE, T. SHIBATA
Research Reactor Institute,
Kyoto University,
Osaka, Japan

COMPAGNIE POUR L'ETUDE ET LA REALISATION
DE COMBUSTIBLES ATOMIQUES (CERCA)
Créteil, France

Abstract

The design, fabrication, inspection and transportation of
fuel elements with MEU UA1 -Al fuel for the C-core of the
KUCA critical facility at the Kyoto University Research
Reactor Institute are summarized. The C-core is a raockup of
the annular coupled-core design for the 30 MW Kyoto
University High Flux Reactor. The fuel elements were
fabricated in France by CERCA.

INTRODUCTION

Due to mutual concerns in the USA and Japan about the proliferation
potential of highly-enriched uranium (HEU), a joint study program was
initiated between Argonne National Laboratory (ANL) and Kyoto University
Research Reactor Institute (KURRI) in 1978, In accordance with the
reduced enrichment for research and test reactor (RERTR) program, the
alternatives were studied for reducing the enrichment of the fuel to be

(2)used in the Kyoto University High Flux Reactor (KUHFR). ' The KUHFR
has a distinct feature in its core configuration : it is a coupled-core.
Each annular shaped core is light-water-moderated and placed within a
heavy water reflector with a certain distance between them. The phase A
reports of the joint ANL-KURRI program independently prepared by two

/ o / \
laboratories in February 1979, ' concluded that the use of
medium-enrichment uranium (MEU, 45%) in the KUHFR is feasible, pending
results of the critical experiments in the Kyoto University Critical
Assembly (KUCA) and of the burnup test in the Oak Ridge Research
Reactor (ORR). '

An application of safety review (Reactor Installation License) for
MEU fuel to be used in the KUCA was submitted to the Japanese Government
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in March 1980, and a license was issued in August 1980. Subsequently,
the application for "Authorization before Construction' was submitted
and was authorized in September 1980. Fabrication of MEU fuel elements
for the KUCA experiments by CERCA in France was started in September
1980, and was completed in March 1981. The critical experiments in the
KUCA with MEU fuel were started on a single-core in May 1981 as a first
step. Those on a coupled-core will follow.

The first critical state of the core using MEU fuel was achieved at
3:12 p.m. in May 12, 1981. After that, several experiments were
performed as follows : the reactivity effects of the side-plates
containing boron burnable-poison, the void reactivities, the temperature
coefficients, neutron flux distributions and so on.

FABRICATION OF MEU FUEL ELEMENTS

MEU fuel elements for the KUCA critical experiments were fabricated
by Compagnie pour l'Etude et la Réalisation de Combustible Atomiques
(CERCA) in France. One fuel element consists of two side-plates and
either fifteen or seventeen curved fuel plates. The fuel plate,
side-plates, and fuel elements are illustrated in Figs. 2 and 3. The
total number of fuel plates fabricated is 294, of 32 different widths.
The fuel plates were fabricated by the picture frame technique. The
dimension and uranium content of each fuel plate are listed in Table 1.

MEU fuel was supplied from the United States Department of Energy
(USDOE) to CERCA for Kyoto University. The nominal enrichment is 45.0 +
0.4 w/o. The chemical form of the meat (fuel core) is UA1 -Al

3 X
dispersion, and the density is about -4.0 g/cm . The Uranium density of

3 235 3the fuel core is 1.69 g/cm and U density is 0.7575 g/cm .
The boron loaded side-plates were also fabricated by the picture

frame technique. The purity of natural boron contained in the
side-plates is more than 98 %.

1. Fabrication Procedures
The fabrication process of the MEU fuel plates is shown in Fig. 1,

and the fabrication procedure is as follows ;
(1) fabrication of U-A1 alloy by melting uranium metal and aluminum,

uranium content of UA1 : 69 + 3 w/o
(2) crushing and grinding UA1 into powder, and sieving,

UA1 grain size : <\40 urn (40 w/o maximum) and
40 -125 urn (the rest)
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Cores
melt and cast UA1
crush and grinding into powder
sieving, homogenizing

weighing and blending UA1
and AI powders
inspect for U-25S content
and dimensions

Frame
Al sheet cutting into strips
rolling of strip
punch frame

inspect for dimensions

form sandwich (core + frame + cover)

hot rolling
mark identification number

cold rolling

annealing, roller leveling,
dimension checking

cut to size

curvature of plates

INSPECTION
f ultrasonic test
I radiograph examination
I fuel homogeneity
* dimension in flat state
* surface defects
* surface contamination
» cladding thickness (micro-graphs)

packaging

shipment

INSPECTION
# cleanliness
# surface defects
# dimension after curving

FIG. 1. Fabrication process of MED fuel plates.

(3) weighing and blending the UA1 and aluminum powders for each fuel
X

compact,
(4) compacting the blended powder,

uranium concentration in the fuel compacts : 42 w/o maximum
(5) assembling the fuel compact into the aluminum frame and cover

plates,
(6) cladding by hot and cold rolling, and marking,
(7) annealing at 425 °C for 1 hour to test for blistering,
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FIG. 2. Illustration of the fuel plates and side-plates.

(8) cold rolling to specified thickness,
(9) cutting the plates to specified sizes,

(10) chemically etching the plate surface,
(11) curving the plates,
(12) final cleaning and inspection,
(13) packaging for shipment.

The fabrication procedure of the boron loaded side-plates is as
follows ;

(1) weighing and blending the natural boron and aluminum powders,
weight of natural boron : 640 mg + 5 % for outer elements and

570 mg + 5 % for inner elements
boron grain size : 80 urn maximum

(2) assembling the blended powder and silver markers into the
aluminum frame and cover plates,

(3) cladding by rolling,
(4) annealing at 425 °C for 1 hour,
(5) roller leveling to specified thickness,
(6) cutting the plates and machining with grooves and engraving to

specified sizes,
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Control Rod Region
Central Island

Hook

Side Plate

Inner Fuel Element

f- Outer Fuel Element

Plate Stopper f̂~1| illl 11 || fl ,Supporting Grid

Positionar

FIG. 3. View of assembled fuel elements.

(7) chemically etching the plate surface,
(8) packaging for shipment.

2. Inspection

The actual inspection of the fabrication of MEU fuel elements was
performed by Compagnie Générale des Matières Nucléaires (COGEMA) in
France, which was chosen by Kyoto University to be the acting inspector.
The inspectors of Kyoto University visited CERCA three times - at the
beginning of fabrication, mid and final stages -, then Kyoto University
authorized the inspection results reported by COGEMA. The Science and
Technology Agency of the Japanese Government further inspected the MEU
fuel elements in Japan.
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The following items were considered in the inspection of the fuel
plates ; uranium enrichment from the supplier's report, uranium and

235aluminum purities by chemical analysis, U content in each fuel plate
by the gamma-ray counting examination, fuel homogeneity by the X-ray
absorption technique, cladding bond integrity by ultrasonic testing,
cladding and dog bone thickness by destructive testing, dimension,
surface defects, and surface contamination by the alpha counting method.

The inspection items for the side-plates were as follows ; boron
and aluminum purities by chemical analysis, boron content in each
side-plate by weighing natural boron, boron core location by radiograph
examination, cladding bond integrity by ultrasonic testing, cladding and
core thickness by destructive testing, dimension, surface condition, and
surface contamination by the alpha counting method.

The summary of the inspections for fuel plates and structural parts
is shown in Table 2.

The inspection report and records such as X-ray absorption
diagrams, radiographs, ultrasonic test diagrams and micro-photographs
taken in the destructive testing, were delivered to Kyoto University.

3. Transport of MEU Fuel Elements

MEU fuel elements were transported from CERCA in France to KURRI in
Japan as a Type A Fissile Class II Package. Four FS-13 containers were
used. These package were certified to satisfy the IAEA requirements of
the package design by Ministère des Transports (French Government),
Department of Transportation (Government of the United States) and
Science and Technology Agency (Japanese Government).

The transport between France and Japan was performed by a cargo
plane via Alaska.
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NJ TABLE 2. SUMMARY OF THE INSPECTIONS FOR MEU FUEL PLATES AND STRUCTURAL PARTS

(a) MEU fuel plates inspection

Inspection item

Material
- Uranium

Enrichment

Impurities
- Aluminum

Inspection Method

Confirmation of USDOE
certificate
Confirmation of mill sheet
Confirmation of mill sheet

Judgement

45.0 ± 0.4 w/o

KUCA-spec.-Appendix B
KUCA-apec.-Appendices C,E

Sample Quantity

One per lot

One per lot
One per melting lot

Report and/or Certificate
to be submitted to KU

USDOE certificate

Vendor's mill sheet
Vendor's mill sheet

U-235 content
in the core

U-235 gamma counting KUCA-spec.-Appendix D Each fuel core U-235 content
Core weight
Record of the gamma
counting

Radiograph
examination

Cladding bond
integrity

Homogeneity

Inspection of the fuel
core location on the
radiograph by matching
a gauge
Inspection of the exist-
ence of foreign substances

Drawing No.1375-001
and KUCA-spec.-Appendix F

White spots on the radio-
graphs must be smaller
than 0.5 mm dia.

Each fuel core Record of the fuel
core location
(Good or No good, or
measured values)
Record of the white spocs
radiographs

Ultrasonic testing Any defect must be smaller
than 1.5 mm dia.

Each fuel plate Test diagrams

X-ray absorption Maximum permissible variation
of the uranium concentration
in any 10 mm surface is +20%
(+ 30% on the dog-bone area)
relatively to the average
loading.

Each fuel plate Record of X-ray absorption



TABLE 2. (cont.)

(a) MEU fuel plates inspection (cont.)

Inspection item Inspection Method Judgement Sample Quantity Report and/or Certificate
to be submitted to KU

Dimension
- Length
- Width
- Thickness
- Curvature

By callipersquare
By micrometer (3 points)
By micrometer (5 points)
By gauge (3 points)

650 ±0.44 mm
Drawing No.1375-001
1.45 ± 0.05 mm
Drawing No.1375-002

Each fuel plate Measured value

Destruction
testing

Appearance
- ID No. and

U-cut
- Surface

defects

-Surface
cleanliness

Taking five sections on
each fuel plate, which
are observed under a
light microscope

Local minimum cladding
thickness : 0.35 mm
Average cladding
thickness : 0.45 ± 0.08 mm

3 fuel plates Measured value
Micro-photographs
(magnification : 25)

Visual inspection

Visual inspection and
light section microscope
measurements

Visual inspection

ID No. and U-cut must be
confirmed.
Maximum depth must be 0.12 mm
on the core area, and 0.3 mm
outside the core limits.

Must be clean

Each fuel plate Results of the inspection

Results of the inspection
(Good or No good,
or measured value)
Results of the inspection
(Good or No good)

Surface
contamination Alpha counting Less than l ^gU-235/dm 10 % Measured value

Appendices and drawings are not attached in this document.



TABLE 2. (cont.)

(b) Structural parts inspection

Inspection item Inspection Method Judgement Sample Quantity Report and/or Certificate
to be submitted to KU

Material
- Boron purity
- Aluminum
- Stainless

Steel

Confirmation of mill sheet
Confirmation of mill sheet
Confirmation of mill sheet

More than 98 %
KUCA-spec,- Appendix C
Z6CN 18-09

One per lot
One per melting lot
One per lot

Vendor's mill sheet
Vendor's mill sheet
Vendor's mill sheet

Boron content in
the side plate

Weighing KUCA-spec.- Appendix D Each side plate B-10 content
Total born content

Radiograph
examination

Inspection of the boron
core location on the radio-
graph by matching a gauge

Drawing No.1375-013
and -014

Each side plate Record of the boron core
location (Good or No good,
or measured values)
Radiographs

Cladding bond
integrity
(Side plate)

Ultrasonic testing Maximum area of individual
bonding defects : 100 mm
Maximum length of defect
between core and frame :
50 mm total per plate

Each side plate Ultrasonic test diagrams

Dimension By callipersquare or
micrometer

Drawing No.1375-011,-012
-013,-014,-015,-016 and
-017

Each part Measured value

Destruction
testing

Taking three sections on
a side plate, which is
observed under a light
microscope

Cladding thickness and
core thickness :
Drawing No.1375-013 and
-014

One side plate Measured value
Micrographs
(Magnification : 12)



TABLE 2. (cont.)

(b) Structural parts inspection (cont.)

Inspection item

Surface
condition

- ID No.
- Surface

defects

- Surface
cleanliness

Surface
contamination

Inspection Method

Visual inspection
Visual inspection and
light section microscope
measurements
Visual inspection

Alpha counting

*Judgement

ID No. must be confirmed
Maximum depth must be
0.25 mm.

Must be clean

Less than 1 ^gU-235/dm

Sample Quantity

Each side plate
Each side plate

Each part

10 %

Report and/or Certificate
to be submitted to KU

Results of the inspection
Results of the inspection
(Good or No good, or
measured value)
Results of the inspection
(Good or No good)

Measured value

* Appendices and drawings are not attached in this document.
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Appendix K-7

SPECIFICATIONS FOR FUEL ELEMENTS WITH MEU
UA1X-AI FUEL FOR THE JMTRC REACTOR

R. OYAMADA, Y. YOKEMURA, K. TAKEDA
Oarai Research Establishment,
Japan Atomic Energy Research Institute,
Oarai-machi, Ibaraki-ken,
Japan

Abstract

The JMTRC is a pool-type critical facil i ty operated as a
neutronics mockup for the 50 MW JMTR. Prior to conversion
of the JMTR to MEU UA1 -Al fue l , extensive experiments were
performed in the JMTRC to validate neutronics codes and
obtain nuclear characteristics for the JMTR MEU core.

Specifications for the JMTRC elements with MEU UAlx~Al fuel
are summarized along with the sampling rates for inspection
of the materials , parts, and finished elements.

1. Introduction

The JMTRC; a 100 W swimming pool type critical facility,
moderated and cooled by light water, and utilizing 90 %
enriched uranium-aluminum alloy fuel meat in the ETR-type
element, has been operated as a neutronics mock-up for the
JMTR (50 M W ) .

Prior to the JMTR core conversion to the MEU fuel ,
extensive experiments using the JMTRC are scheduled to
validate neutronics calculation code system used for
analyzing the JMTR MEU core, and to obtain nuclear charac-
teristics for the JMTR MEU core.

The application of safety review ("Reactor Installation
Modification License") for the MEU fuel to be used in the
JMTRC was submitted to the Japanese Government in July 1981
and the license was issued in March 1982. Subsequently,
the application for "Authorization before Design and Con-
struction Method" was authorized in September 1982.

Fabrication of the MEU fuel elements by NUKEM in the
FRG was started in September 1982, and the finished elements
are scheduled to be delivered to the JMTRC site in August
1983.
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2. Fabrication of MEU Fuel Elements

Fabrication of 31 MEU fuel elements for the JMTRC ex-
periment are in progress in NUKEM.

Content of U-235 per fuel element, uranium density and
number of elements to be made are as follows:

Kind of
element

Standard fuel
element A
Standard fuel
element B
Standard fuel
element C
Special fuel
element B
Special fuel
element C
Control rod
fuel section

235U Content
(g/element)

310.Q±5.6

280.0±5.0

250.0+4.5

280.0±5.0

250 .0±4.5

205.0±3.7

Uranium Density
(g/cm3)

1.6
1.4

1.3

1.4

1.3

1.6

Total

Number

8

10

4

2

2

5

31

In order to simulate equilibrium core of the JMTR, three
kinds of standard fuel elements (A, B, C) and two kind of
special fuel elements (B, C) are being fabricated.

Special fuel elements are able to attach and remove
the central 5 plates of 19 plates, and they are different
from standard fuel element in the structure of the handle
at fuel element top.

The standard fuel elements and the control rod fuel
sections are illustrated in Figs. 1 and 2, respectively.
The structure of the special fuel elements is almost the
same as that of the standard fuel elements. The fuel plates
were fabricated by the picture frame technique and attached
to the side plates by the rollswaging technique.

Summary of the specifications for the JMTRC MEU fuels
are as follows;

(T) Uranium Enrichment 45%±lwt% with accuracy of rO.1%
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(2) Maximum Impurities (ppm)
UAlx Powder

Al Powder

B =
C =
Cd =
Co =
Cu =
Fe -
Li =
N =
0 =
B =
Cd =
Co =
Cu =
Fe =
Li =
Mg' =
Si =

10
2000

10
10
80

1500
10

500
7000
10
10
10
80

4000
10
150
3000

Si = 2000
Zn = 1000

Others :
Individual
Total

Ti = 200
Zn = 300

Others :
Individual
Total

500
2500

500
2500

Grain Size
UAlx Powder

Al Powder

Bonding Defect by Ultra-
sonic Test

<150 urn and
up to 50 wt% below 40 urn
<150 ym and
up to 80 wt% below 40 ym

<1.0 mm in diameter over
fissile area
<2.5 mm in diameter over
outside fissile area

Inclusion on Radiograph
(>0.1 mm in diameter)

Inclusions with a diameter
smaller than 0.5 mm are
permissible except:
- 0.4 mm from front of fuel
plate

- 0.4 mm from plate number
- in roll swaged area
For these area, inclusions-are
not permissible.
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Uranium Distribution

Surface Contamination

Surface Defect

Void Content in Core

±10 % of average
(+20/-100 % of average for
dog bone area)

<10 yg of uranium per
900 cm2

£80 ym deep over fissile area
<200 ym deep over outside
fissile area

4 to 11 vol. %

3. Inspection

The sampling rates in inspection for the materials,
the parts and the finished elements are shown in the follow-
ing table.

Sampling rate in inspection

U-metal

UAlx powder

Al powder

Structural
material

Fuel core

Inspection Item

Isotopic analysis
Chemical analysis

Total U
concentra tion
Chemical analysis
Particle size

Chemical analysis
Particle size

Chemical analysis
Mechanical
properties

U-235 content
X-ray diffraction

Fabricator
Sampling

Rate
1 / batch
1 / batch

1 / batch
1 / batch
1 / batch

1 / batch
1 / batch

each
material
each
material

100 t
1 / batch

Inspector
Sampling

Rate
Document

oo
o
oo
oo
oo
oo

Approval
by JAERI*

need

Remarks

U-235 enrichment
Composition and
impurities

Composition and
impurities

Composition and
impurities

Composition and
boron equivalent

* For a detailed description of inspection and examination method
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Sampling rate in inspection (Continued)

Fuel plate

Fuel element

Inspection Item

Loading of U and
U-235
Blister test
Ultrasonic test
Fluoroscopy
Radiography
U distributiontest
Dimensionalinspection
Surfacecontamination
Plate inspection
Cladding and fuelcore thicknessinspection
Void content rate

Dimensional
inspection
Water gapmeasurement

Fabricator
Sampling

Rate

100%
loot
100%
100%
100%
100%
100%
100%
* *

I/batch

* *

100%

Inspector
Sampling

Rate

10%

10%
10%
10%
10%

100%
see 3.3.8

100%
10%

Document

oooooo
oo
0
oo

0
0

Approval
by JAERI«

need

need

need

need
need
need
need

need

Remarks

by document

Film check

100% sampling forremoval fuel plates

Visual inspection

* For a detailed description of inspection and examination method.
** According to fabricator's standard.

Sampling rate in inspection (Continued)

Inspect-on Item

Pull test
Surfacecontamination
Prepackinginspection
Loading of U and
U-235
Weight of fuelelement
Attaching andremoving
Inspection offuel plate
Attaching and
removing
Inspection ofdummy fuel plates

Fabricator
Sampling

Rate

* *

100%

lOOi
100»

100%

Inspector
Sampling

Rate

100%
100%

100%

100%

Document

Oo
0o
o
0

o

by JAERI*

need

Remarks

Visual inspection
by document

For special fuel
elements

same as above

* For a detailed description of inspection and examination method.
** According to fabricator's standard.
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Appendix K-8

SUMMARY OF SPECIFICATIONS FOR CANADIAN
ENRICHED U-A1 PIN-TYPE FUEL

R.D. GRAHAM
Reactor Technology Branch,
Chalk River Nuclear Laboratories,
Atomic Energy of Canada Limited,
Chalk River, Ontario,
Canada

Abstract

A summary is presented of the general specifications which
apply to the fabrication of the fuel currently used in the
NRX and NRU reactors at the Chalk River Nuclear
Laboratories, Canada. The actual specifications would
contain much greater detail.
The fuel is a uranium-aluminium alloy pin-type design fab-
ricated by extrusion of the U-A1 fuel cores, followed by
extrusion cladding with aluminum and weld-sealing the ends
of the cladding to aluminum end plugs attached to the fuel
cores.

Following is a summary of the general specifications which apply
to the fabrication of the fuel currently used in the NRX and NRU reactors at
the Chalk River Nuclear Laboratories (CRNL), Canada. The actual
specifications would contain much greater detail.

The fuel is a uranium-aluminum alloy pin-type design fabricated by
extrusion of the U-A1 fuel cores, followed by extrusion cladding with
aluminum and weld-sealing the ends of the cladding to aluminum end plugs
attached to the fuel cores. Since the uranium concentration and some
dimensions vary with different applications of the fuel, these items would
be specified in the drawings and purchase orders in each case.

Aluminum - for U-A1 alloy, fuel cladding, and fuel pin end plugs:
a selected form of AA 1050 alloy (minimum 99.5% Al )
which specifies maximum permissible percentage of
boron, cadmium, copper, and various other elements and
both maximum and minimum permissible iron and
silicon.

- a certificate of chemical analysis plus a
representative sample (for testing) from each heat,
batch, or order to be supplied for approval prior to
use.

- bar or billets to be free of seams, slivers, cracks,
grooves, inclusions or other defects which adversely
affect subsequent fabrication or irradiation
performance.
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Uranium

U-A1 Alloy

Fuel Core

Clad Fuel Pins

Flow Tubes

U-235 content: nominal weight percent ± 0.5% in
total weight of uranium
certificates of chemical analysis of uranium and of
isotopic concentration of U-235 in total uranium to be
supplied for approval prior to use.

uranium content in alloy to be nominal specified
weight percent ± 1.0% of total alloy weight.

length: 2743.2 mm^± 1.6 mm
diameter: nominal ± 0.04 mm
U-235 to be uniformly distributed along core. A

- uranium concentration at any point to be nominal
weight percent enriched uranium ± 1.0% of total
alloy weight.

- upper limit of U-235 distribution to be confirmed
by gamma scanning each core.

- the gamma scanning device to be calibrated using
a known standard fuel core (provided) with
enriched uranium content 1.0% by weight greater
than nominal.

cores are to be free of blisters, porosity,
inclusions, and surface defects deeper than 0.25 mm.
an eddy current device calibrated using a
defected standard provided.
fuel cores are to be cleaned and vacuum dried no more
than 48 hours prior to extrusion cladding.

aluminum billets for cladding are to be cleaned,
chemically conditioned (NaOH, then H^) rinsed and
vacuum dried no more than 12 hours prior to
extrusion.
clad thickness: 0.76 mm ± 10%.
cladding is to be free of laps, seams, cracks,
blisters, inclusions, and any surface defect deeperthan 0.10 mm.

- each clad fuel pin to be inspected visually and
using an eddy current device calibrated using a
defected standard provided.

finished fuel pins are to be free of sharp bends, and
bowing not to exceed 13 mm over length.

material either AA 1050 aluminum (minimum 99.5%), or a
selected 3.5% magnesium aluminum alloy (with specified
maximum impurity levels) depending on application.

- certificate of chemical analysis plus a
representative sample (for testing) from each
heat, batch or order to be supplied for approval
prior to use.

dimensions as specified (vary with different
applications)
inner and outer surfaces to be clean, smooth, and free
from seams, slivers, laminations, grooves, cracks

Nominal values of U-235 content, U content of alloy, and fuel diameter
may differ for NRX and NRU, and for different applications within each
reactor.

586



transverse welds, inclusions and other defects deeper
than 0.13 mm.- all tubes to be inspected using an eddy current

device calibrated using a defected standard
provided.

Handling, Storage, - to comply with all applicable government and
and Shipping regulatory agency requirements concerning criticality,

health hazards, security, and accountability.
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Appendix K-9

DETERMINATION OF CLADDING THICKNESS
IN FUEL PLATES FOR MATERIAL TEST
AND RESEARCH REACTORS (MTR)

T. GÖRGENYI, U. HUTH
NUKEM GmbH,
Hanau, Federal Republic of Germany

Abstract

Methodology for determination of cladding thickness is
described. One method involves selective measurements along
a sample picking out only locations of minimum cladding
thickness. In the statistical method, cladding thickness
measurements are carried out in exactly 1 mm intervals on
both sides of the 60 mm sample length and the results are
plotted on a "probability net." Investigations have shown
that the results from the statistical method confirm those
of the first method.

1. Introduction

The fissile material in MTR-reactors is 20-93 % enriched uranium in
the dispersed form of (UA1 ), LUOQ or LLSi- in aluminium.X J O j Z .

These metal-ceramic cores of rectangular shape are sandwiched

between aluminium cladding and rolled out by the so called picture

frame technique to the thin (approx. 1,3 mm) fuel plates and are

finally assembled to the fuel element /!/.

A simplified flow sheet for the production of MTR fuel element,

(UAlx/Al-type) is shown in F

plate is illustrated in Fig. 2.

(UA1 /Al-type) is shown in Fig. 1, and the cross-section of one fuel

2. Determination of the "Cladding Thickness"

The cladding thickness of the fuel plate is of great importance for

the function of the fuel plate in the fuel element, therefore, it is

strictly specified. A fuel plate for this specification test is selected
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according to an inspection scheme and three to five specimens are

cut out from the plate for the metallographic examinations. Figure 3

demonstrates such a sampling scheme.

The sections to be inspected are first embedded, ground, polished and

finally slightly etched. Using a microscope (100 x magnification), the

thickness of the cladding can be measured.

There are two ways to carry out the measurement. In the first way a

certain number of selective measurements along the slice are carried

out picking only locations of minimum cladding thickness. Figure 4

demonstrates such a measurement.

NS

Fig. 3 Sampling scheme for metallographic examination.

Fig. 4 Selectively measured minimum cladding thickness

The second method was worked out on the statistical basis /2/. In this

case the cladding thickness measurements are carried out in exactly

1 mm step intervals on both sides. The slice has the length of

approximately 60 mm yielding 60 measuring points (n = 60) for each

side. Figure 5 illustrates such a measuring scheme.
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Fig. 5 Cladding thickness measurement on statistical basis.

In order to define some criteria, first of all the type of the

distribution function must be known. For this purpose initial mea-

surements of cladding thicknesses (1 mm basis) were carried out. By

means of plotting the results on a "probability net" we received the

following informations:

A normal distribution can be assumed (the curve is almost
linear). For characterization, therefore, the characteristic

parameters of normal distribution, mean value (x) and standard

deviation (s), can be used.
Measurements on both sides give a relatively good agreement.

Figure 6 demonstrates the results:

ina -
plait St. 33-f/J

--/•-

»« ay/ cat qa qtt 4+4
...;. ~.--—— ».•ir.molig/TiIw.-l ~ ^

Fig. 6 Plotting the results on a "probability net"
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Further investigations have shown, that the results gained from

further 60-60 measurements confirm those of the first measurement.

The evaluation of such measurements, carried out on one fuel plate

with five speciments, is illustrated in Fig. 7

Mean
95199 Probability

Fig. 7 Statistical evaluation of the results for one fuel plate

The results demonstrate the following:

The mean cladding thickness values vary between 0,38 and 0,40

mm.

The lower tolerance limits for a confidence level of 95 % and

a portion of 99 % are between 0,31 and 0,34 mm (calculated

from fig. 8).

There is neither a significant difference between NS/GS and

M 1-M 3 positions, nor between the upper and lower cladding.

stateiische Sicherheit S - 3t%
Anteil der Gesamttiert- (1-y)

- 30% -, 35% , 33%
sMaftsche Sicherheit S-SS%

Arial derGesairfherf (1—y)
; 35%, 33%

S S 7 8 SV 20 X 40 SO SO S> 100
n-

200 300 4OOSOOGOO 8001000

Fig. 8 One side tolerance limits («...-Faktors) for the confidence level

of 95 % and 99 % and the portions 90 %, 95 % and 99 %.
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3. Final Remarks

It is the essential result of these investigations that even with a

limited number of measurements a representative statement on the

cladding thickness of a fuel plate is possible.
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