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FOREWORD

Technically the study of corrosion of zirconium alloys in nuclear power reactors is a very active
field and both experimental work and understanding of the mechanisms involved are going through
rapid changes. As a result, the lifetime of any publication in this area is short. Because of this it has been
decided to revise IAEA-TECDOC-684 — Corrosion of Zirconium Alloys in Nuclear Power Plants —
published in 1993. This updated, revised and enlarged version includes major changes to incorporate
some of the comments received about the first version.

Since this review deals exclusively with the corrosion of zirconium and zirconium based alloys
in water, and another separate publication is planned to deal with the fuel-side corrosion of zirconium
based fuel cladding alloys, i.e. stress corrosion cracking, it was decided to change the original title to
Waterside Corrosion of Zirconium Alloys in Nuclear Power Plants.

The rapid changes in the field have again necessitated a cut-off date for incorporating new data.
This edition incorporates data up to the end of 1995; including results presented at the 11 International
Symposium on Zirconium in the Nuclear Industry held in Garmisch-Partenkirchen, Germany, in
September 1995.

The TAEA wishes to express its thanks to all the authors, both of this updated review and of
IAEA-TECDOC-684 on which it was based. The 1AEA staff member responsible for this publication
was 1.G. Ritchie of the Division of Nuclear Power and the Fuel Cycle.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscripts as submitted by the authors. The views expressed do not necessarily reflect
those of the IAEA, the governments of the nominating Member States or the nominating
organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities
and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be construed
as an endorsement or recommendation on the part of the IAEA.



CONTENTS

LLINTRODUCTION ..ot et et e e e e e e e e e et e 9
2. METALLURGY OF ZIRCONIUM ALLOYS .. ... s 11
2l PrOCESSIME . oot e e e e e 11

2.2, MICTOSITUCKUTE . . . oottt it e et e e et et e e e et e e e 12

2.2 1. PUre Zirconium . .. ... .ot e 12

2.2.2. Alloys and alloyingelements ............ ... ... ... 12

2.3. Heat treatments and resultant microstructure ............... ..., 19

2.4. Deformation and texture . ... ... ... e 23
3.0XIDATION THEORY ..ot e e e e e 27
3.1. Microcryistalline nature of theoxide . . .. ........ .. ... .. .. . o L 28

3.2. Electrical resistivityof zirconia . . . ...... ... .. o i i 29

3.3. Effects of electric fields on the oxidation kinetics ........................... 29

3.4. Effect of impurities and alloyingelements ............. ... ... .. ... ... .... 34

4, CORROSIUM IN THE ABSENCE OF IRRADIATION ......... ... .. .. ciiinin.... 37
4.1.Introduction . ... ... 37

4.2. Uniform oxide formation . ......... ... ... it i e 37
4.2.1.0xidation Kinetics . .........c.iiiitiintn it 40

4.2.2. Pre-transition oxidation mechanism ................... ... ... ... .. 57

4.2.3. Mechanism of oxide breakdown on the Zircaloys .. .................. 67

4.2.4. Mechanism of oxide breakdown in Zr-Nballoys .................... 78

4.2.5. Post-transition growth . ... ... .. .. ... .. ... . 78

4.3. Non-uniform (nodular) oxide formation .................. .. ... ............ 84

4.3.1. Nodularoxide formation ............ ... ... ... .. . . .. 85

4.3.2. Mechanism of nodule formation ................... ... ... .. ..... 88

4.3.3. Simulating nodular corrosion in high temperature water .............. 90

5. HYDROGEN ABSORPTION . .. ... e e 91
5.1. Hydrogen absorption mechanism ............. ... .. ... ... ... ... . ..., 91

5.1.1. Hydrogen uptake during corrosion ............. ... ... .. .c.c..... 92

5.1.2. Absorptionof hydrogengas ............ ... ... ... .. . ... ... 104

5.1.3. Hydrogen absorption via metalliccontacts ......................... 111

5.1.4. Hydrogen uptake during cathodic polarisation ...................... 114

5.2. Effects of hydrogen content on oxidation ................. ... . ... ... .... 116

6. FACTORS AFFECTING THE CORROSION OF ZIRCONIUM ALLOYS IN REACTORS .. 124

6.1. Alloy compositions for nuclear applications .................. .. ... ... ... 124
.11 Alloy types . . ... e 124
6.1.2. Alloy development programmes .................c.coviiniii .. 126



6.2. Metallurgical variables ........... ... .. ... .. ...
6.2.1. Precipitate SiZe .. ... ..ottt e
6.2.2. Influence of quenching conditions ...............................
6.2.3. Influence of final annealing .. ...................................
6.2.4. Influence of cold work and deformation sequence ...................
6.2.5. Initiation of nodular corrosion in BWR materials . ...................
6.2.6. Effect of metallurgical conditions on the corrosion of Zr-Nb alloys .....
6.3.Surface conditions ... ... ... i e e
6.4. Coolant Chemistry ....... .. ... iirui i i e
6.4 1. PWRchemistry ...... ... .. . . . ..
6.42. BWR chemistry . ... ... .. .. i e
6.43. WWER Chemistry ......... ... ...,
6.4.4. PHWR (CANDU) chemistry ........... ... ...,
6.5. Effect of temperature . .. ...ttt e
6.5.1. High temperature oxidation of Zircaloyalloys ......................
6.5.2. High temperature oxidation of Zr-1%Nballoys. . ....................
6.6. Effectofheat flux ........ ... .. .. . i

7. MODELLING OF IN-REACTOR CORROSION OF ZIRCONIUM
ALLOY FUEL CLADDING .. ... e e e e e e

T INtroduction ... ... e e
7.2. Calculation of oxide-metal interface temperatures ...........................
7.2.1.Single phasecoolants . . . ........ ... ... .. L
7.22. Twophasecoolants ........ ... ... ... ... ... i,
7.2.3. Oxide thermal conductivity ............ ... ... ... ... ..........
7.3. Semi-empirical models for Zircaloy corrosioninPWRs .................... ..
7.3.1. Generic formulation for semi-empiricalmodels .....................
7.3.2. Individual modelis of simple genericform .. ............... ... ....
7.3.3. Individual models incorporating additional effects . . .. ...............
7.4. Mechanisticmodels . ........... ..
741, Cox'smodel ... ... .
7.4.2. Russian models for Zr-1%Nbcladding ............................
7.5. Summary of PWR corrosionmodelling ...................................

8. IRRADIATION EFFECTSON CORROSION . ... ... e

8.1. Irradiationdamage . .......... ... . ..
8.1.1. Fast neutron damage inthemetals ...............................
8.1.2. Displacement damage in other structures . .........................
8.1.3. Effect of irradiation on microstructures ...........................
8.2. Radiation chemistry . ............o i e
8.2.1. Radiolysis inthebulk water ............. ... ... ... ... ... .......

8.2.2. Radiolysis near metal surfaces or in the pores surrounded by
metaloxides .. ... ..
8.2.3. “Thick oxide filmeffects” ......... ... ... .. .. ... ... .. ... ....
8.2.4. Localised corrosion and dissimilarmetals ...................... ...
8.3. Crud deposition and heat transfereffects ..................................
83.1.PWRcruddeposition . .......... ..o i



83.2. WWERcruddeposition ............. ...t 236

8.3.3. BWRcruddeposition ~ ......... ... ... i 236

8.4. Metallurgical and chemical variables ..................................... 238

8.4.1. Behaviour of alloying additions ................................. 238

8.4.2. Electrochemicaleffects ............... ... ... ... ... .. ... . .... 239

8.5. Corrosion of Zr-1%Nbcladding .......... ... .. .. . 242

9. PRESENT STATUS OF THE MECHANISTIC UNDERSTANDING ................... 249
9.1. Current understanding of the out-reactor oxidation mechanism ................. 249

9.1.1. Mobile species . ..........coviiiii i e 249

9.1.2. Evolution of oxide morphology .. ......... .. ... ... . o it 250

9.1.3. The development and nature of oxide porosity ...................... 256

9.1.4. Oxide barrier layers ...........c.uiiiiniiii i 261

9.1.5. Effect of some variables on the oxide structure . .................... 264

9.2. Empirical correlations of effects of irradiation .............................. 265

9.2.1. Development of irradiation corrosion mechanisms . .................. 266

9.2.2. Open questions on micromechanisms for in-reactor corrosion .......... 277

9.2.3. Present status of mechanistic studies . . ............................ 278

9.2.4. Recommendations for futurework ................... ... ... .. ... 278

APPENDIX .. e 279
REFERENCES . ... i e e e e e 281
BIBLIOGRAPHY ... e e e e 311
LISTOF CONTRIBUTORS . ... e e e e e 313

| NEXT PAGE(S) |

| left BLANK




1. INTRODUCTION

The ongnal version of this TECDOC [1] was wntten at a time when major programmes on
fuel cladding improvement were under way tn most countries with active nuclear power programmes,
but few of the results of these programmes had been published The references on which this first
version was based were cut off essentially prior to the Portland [AEA Conference [2], whose
Proceedings were not then available, and the Kobe Zirconuum Conference [3] respectively in
September 1989 and November 1990, although a few references to these meetings were subsequently
added The contents of this version, therefore, rapidly became dated The original version had been
targeted at the relatively limited audience of those professionals actively working on some aspect of
the research and development of corrosion resistant zirconium alloys, but 1n practice a large fraction
of the demand came from those involved 1n the nuclear fuel cycle at the utility level This has been
taken into account in the new version

Zircontum alloys continue to be the major structural matenals employed within the fuelled
region of all water cooled nuclear power reactors Thus, they are invarnably used as fuel cladding, fuel
channels (boxes. wrappers), pressure tubes and calandria tubes and often as fuel spacer gnds Other
structural metals appear 1n this region of the reactor core mainly as minor components such as grid
springs and pgarter springs (spacers between pressure and calandna tubes in CANDUs) The
performance of zirconium alloys 1n service has been generally satisfactory, although the pressures to
achieve higher fuel burnups and higher reactor thermal efficiencies have pushed the historically used
alloys to the hmits of their capabilities Evidence that these limits were being reached was the
primary driving force for the major new alloy development programmes already mentioned A further
driving force has been the acknowledgement that debnis fretting had become the primary cause of fuel
failures, and that primary failures from this cause could lead to unexpectedly severe secondary
fatlures, especially for zircontum barrer cladding developed to protect against pellet-cladding
interaction (stress-corrosion cracking) failures as a pnmary defect mechanism

In PWRs, therefore, there 1s a general desire to reduce oxidation rates in order to achieve
higher fuel burnup and rating However, because of the temperature feedback loop (section 7 2 3 ) at
the end of life, the corrosion rate (and the associated hydrogen uptake rate) accelerates rapidly Other
factors may also increase the corrosion rate under these conditions, including the precipitation of
hydndes (section 5 2 ), dissolution of precipitates and the concentration of hithium hydroxide There
1s a need to understand the potential effects of concentrating lithium hydroxide under these conditions
because they are linked to the ability to reduce circuit activation, and hence personnel radiation
exposures, that could result from the use of increased LiOH concentrations In BWRs, the infrequent
secondary degradation failures that led to serious operational consequences as a result of rapid
increases in off-gas radiation levels, are also the target of a major research and development effort 3-
quenched cladding amongst other changes has eliminated serious episodes of nodular corrosion
induced (Crud Induced Localised Corrosion-CILC) failures, but a reduction in end-of-hife uniform
ox1de thickness 1s still a desirable objective

As 1n any system where the consequences of minor changes in matenals or operating
conditions can have major impacts on the economics of the system if they lead to forced outages, it 1s
vitally important that the consequences of any changes be thoroughly explored and understood
Decisions on whether to make operational changes (e g increased Li1) can often be beset with
conflicting requirements which have to be balanced before a decision can be made It 1s hoped that
this review will provide sufficient background and information on the factors controlling zirconium
alloy corrosion and hydrogen uptake in-reactor to permit such decisions to be made on a sound basis

The revised format of the review now includes
L Introductory chapters on basic zirconium metallurgy and oxidation theory,

. A revised chapter discussing the present extent of our knowledge of the corrosion mechanism
based on laboratory experiments,



) A separate and revised chapter discussing hydrogen uptake,

. A completely reorganised chapter summansing the phenomenological observations of
zirconum alloy corrosion 1n reactors,

o A new chapter on modelling in-reactor corrosion,

. A revised chapter devoted exclusively to the manner in which irradiation might influence the
COITOSION Process,

J Finally, a summary of our present understanding of the corrosion mechanisms operating in
reactor

Although much new information has become available 1n the last five years, there are stll
blocks of data that have not been linked together 1n an understandable manner Thus, much of the
early corrosion data was obtained from non-heat transfer specimens in in-reactor loops, whereas
virtually all of the recent in-reactor data comes from high heat flux fuel cladding Only minor
amounts of recent data come from non-heat transfer surfaces such as oxide thicknesses on plena,
spacer gnds, pressure tubes, water rods or guide tubes As a result, 1t remains difficult to extrapolate
conclusions drawn from the early loop tests to the behaviour of current fuel cladding or pressure
tubes

Great strides have been made recently in delineating the impact of vanations 1n fabrication
route and of careful control of impunity and alloying additions on the in-reactor behaviour of fuel-
cladding As a result most fuel vendors have moved to some version of "optimised" Zircaloy
cladding, as precursor to the introduction of new cladding alloys lying outside the range of the
Zircaloy specifications The introduction of such new alloys has been greatly facilitated by the
demonstration of both the production and satisfactory performance of duplex cladding tubes These
are 1n the form of duplex tubes ~90% of the wall thickness of which is standard Zircaloy-4, with the
outer ~10% of the tube made of the new alloy This requires similar technology to that which puts
unalloyed (or low alloyed) zirconmum barners on the inside of fuel cladding tubes for BWR
applications The advantage of this duplex tube technology 1s that alloys that could not be considered
for fuel cladding use in a monotube form, because of inadequate, or inadequately known, mechanical
properties, can be introduced 1n the form of duplex tubes with minimal regulatory limitations

Another area where major changes have been apparent since the original review was written
1s 1n the availability of much evidence on the behaviour of Zr-1%Nb cladding in KOH/ammonia or
hydrazine water chemistnies typical of Russian designed reactors. This information has been
incorporated wherever possible to provide a comparnison with the observations on Zircaloy-4 in LIOH
water chemustry The low oxide thicknesses still present on Zr-1%Nb cladding after high burnup 1n
KOH/ammonia water chemistry (where thermal hydraulic conditions have been comparable to those
in a huigh temperature PWR, 1e T_2345°C with sub-channel boiling) call for some comparative
testing of Zircaloy-4 under these conditions so that any contribution of Li1OH to current in-reactor
experience can be properly evaluated

This revision of the review should increase its value to a wider range of readership than was
aimed for 1n the onginal

10




2. METALLURGY OF ZIRCONIUM ALLOYS

In the process of selecting new structural alloys for water reactors, zirconium and its alloys
were chosen because of the conjunction of the following properties: low thermal neutron capture
cross section, high resistance to corrosion in high temperature water and relatively high mechanical
strength. The main properties of Zr and the Zr alloys are given in Table 2.1. It should be noted that
one of the main reasons for selecting Zr as a nuclear material is its low thermal neutron capture cross
section which is about 30 times less than that of stainless steel giving a better neutron efficiency in
water reactors.

The main characteristics of Zr metallurgy come from its high reactivity with oxygen, from the
different type of chemical interactions with the alloying elements (complete solubility or intermetallic
compound formation) and from its strongly anisotropic hexagonal crystal structure, the latter leading
to the development of a textured material after thermo-mechanical processing.

Table 2.1. Physical Properties of the Zr Alloys

. 1120 0001

Unit Average Eiirecti(])n Eiirectic])n
Specific mass kg'm” 6,500
Thermal expansion K" 6.7x10°° 5.2x10° 10.4x10°°
Young's Modulus GPa 99 125
Lattice parameter nm a=0.323 ¢=0.515
Thermal conductivity W-m K" 22
Specific heat capacity JkgK™ 276
Thermal neutron capture | barn (10* m®) {0.185
Cross section, o

2. 1. PROCESSING

The element zirconium is commonly found in nature associated with its lower row counterpart
in Mendeleev's table, hafnium. Most of the common Zr ores contain between 1.5 and 2.5% Hf. Due
to its high thermal neutron capture cross section (o = 105 + 5 barns for the natural mixture of
isotopes), Hf needs to be removed from Zr for nuclear applications [4].

The most frequently used ore is zircon (ZrSiO,) with a world-wide production of about one
million metric tons per year. Most of the zircon is used in its original form or in the form of zirconia
(ZrO,) as foundry die sands, abrasive materials or high temperature ceramics. Only 5% is processed
into Zr metal and alloys.

The processing of Zr alloy industrial components is rather difficult because of the high
reactivity of this metal with oxygen. The first step is to convert the zircon into ZrCl,, through a carbo-
chlorination process performed in a fluidized bed fumace at 1,200°C. The reaction scheme is the
following:

ZrO, (+Si0,+HfO ) + 2C + 2Cl, => ZrCl, (+SiCl, +HfCl ) + 2CO
After this step, Zr and Hf are separated using one of the two following processes:

(i)  After a series of chemical reactions to obtain Zr as a solution of hafnyl-zirconyl-thiocyanate
(Zr, Hf)O(SCN),, a liquid-liquid extraction is performed with methyl-isobutyl-ketone (MIBK,
gives the name to the process). Because of the high quantities of chemical wastes induced by
this process, the tendency is to use a direct separation method:

(ii) A vapour phase distillation, at 350°C, within a mixture of KCI-AICI, where the liquid phase is
enriched in Zr [5].
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Zr metal 1s obtained by the reduction of ZrCl, in gaseous form by lhquid magnesium, at about
850°C 1n an oxygen-free environment, giving the sponge cake This is the base product for alloy
ingot preparation

For industnal alloys, a lot of sponge pieces 1s compacted with the alloying elements - O (in the
form of ZrO,), Sn, Fe, Cr, N1 and Nb - at the desired composition It 1s melted in a consumable
electrode vacuum furnace, usually three times These vacuum meltings reduce the gas content and
increase the homogeneity of the ingot Typical ingot diameters range between 50 and 80 cm, for a
mass of 3 to 8 metric tons

Industrial use of Zr alloys requires either tube- or plate-shaped matenial The first step in
mechanical processing 1s forging or hot rolling 1n the B phase, at a temperature close to 1,050°C, or
lower mn the a+P range Hot extrusion followed by one cold reduction step 1s used to obtamn tube
shells or TREX (tube reduced extrusions), while hot rolling 1s used for flat products Further
reduction 1n size is obtained by cold rolling either on standard or pilger-rolling mills Low
temperature (500-700°C) recrystallization 1s performed between the various size reduction steps

2 2 MICROSTRUCTURE
2 2 1 Pure zirconium

Pure zirconium crystallizes at ambient temperatures in the hexagonal close packed system, with
a ¢/a ratio of 1 593 Lattice parameters are a = 0323 nm and ¢ = 0515 nm [6] The thermal
expansion coefficients have been measured on single crystals. The difference in thermal expansion
coefficients between the a and ¢ directions (see Table 2 1.) imphes that the c¢/a ratio tends towards the
ideal ratio at higher temperatures

At 865°C, Zr undergoes an allotropic transformation from the low temperature hexagonal close
packed (hcp) o phase to body centred cubic (bcc) B phase On cooling, the transformation 1s either
martensitic or bainitic, depending on the cooling rate An epitaxy of the new a platelets on the old

grains such as (0001)a // {110}P and <112 0>a // <111>0, gives a microstructure in which a set of
crystallographic orientations 1s found in the same former 8 grain, leading to a basket weave or
parallel plate microstructure The melting of pure Zr occurs at 1.860°C, and thus. Zr can be
considered as a shghtly refractory metal

Among the different physical properties listed in Table 2 1, particular attention should be
given to 1ts strongly anisotropic behaviour For instance, regarding the thermo-elastic properties. the
differences in thermal expansion and Young's modulus along the main directions of the hexagonal
lattice induce the development of internal stresses after any heat treatment due to grain-to-grain
thermal expansion incompatibilities, after annealing at 500°C and cooling to room temperature, the
<¢> planes are 1n tension at a stress level up to 100 MPa [7].

2 2 2 Alloys and alloying elements

The relative solubility of the various alloying elements 1n the o and 3 phases is one of the
bases for the choice of additions as well as heat treatments Due to the impact of minor additions
upon neutron physics performance, the high absorption species have chemical specifications in the
range of a few ppm

The zirconium alloys 1n use today for nuclear applications are limited in number Besides pure
Zirconium, grade R 60001, only four alloys are currently listed in the ASTM standard B 353 (Table
22) The first three are used for cladding and structural matenals, such as guide tubes in PWRs,
water channel boxes in BWRs and structural materials in CANDU reactors, while the last one, grade
R 60904, 1s used 1n pressure tubes for CANDU or RBMK reactors

12



Table 2.2. ASTM Specifications for Zr and Zr Alloys in Nuclear Industry

ASTM REF. R 60001 R 60802 R 60804 R 60901 | R 60904
Common Name Pure Zr Zircaloy 2 | Zircaloy 4 Zr-Nb Zr - Nb
Alloying Elements Mass %
Sn 1.2-1.7 1.2-1.7 - -
Fe 0.07-0.20 | 0.18-0.24 - -
Cr 0.05-0.15 | 0.07-0.13 - -
Ni 0.03-0.08 - - -
Nb - - 24-2.8 2.5-2.8
0) TBS’ TBS’ 0.09-0.13 | TBS’
Impurities
(Max. ppm)
Al 75 75 75 75 75
B 0.5 0.5 0.5 0.5 0.5
Cd 0.5 0.5 0.5 0.5 0.5
C 270 270 270 270 150
Cr 200 - - 200 100
Co 20 20 20 20 20
Cu 50 50 50 50 50
Hf 100 100 100 100 50
H 25 25 25 25 25
Fe 1500 - - 1,500 650
Mg 20 20 20 20 20
Mn 50 50 50 50 50
Mo 50 50 50 50 50
Ni 70 - 70 70 35
N 80 80 80 80 65
Pb 50
Si 120 120 120 120 120
Sn 50 - - 50 100
Ta - - - - 100
Ti 50 50 50 50 50
U 3.5 3.5 3.5 3.5 3.5
\ 50
W 100 100 100 100 100

" To be specified on ordering, usually 1000-1400 ppm for the Zircaloys

For cladding tubes, only Zircaloy-2 and -4 are listed in ASTM B 811. Other alloys have been
developed during the early history of nuclear power, but except for the Zr-1%Nb alloy used for
cladding in Russian PWRs (WWERs) and BWRs (RBMKs), none are in current use any more, except
for specialized applications such as the Zr-Nb-Cu alloy used in garter springs for CANDU pressure
tubes. The needs for better performance of nuclear fuel assemblies and structural parts, mainly with
regard to corrosion resistance, has led metallurgists and fuel designers to intensive R&D efforts in
order to improve the properties of the Zr alloys by advanced compositions and thermo-mechanical
processing, and to optimize the microstructure. Some of them are listed in Tables 6.1. and 6.2.

Since the specifications for Zr alloys have a rather large composition range. and since minor
changes in chemical composition or microstructure have large impacts on properties, each fuel
producer is developing a specific set of alloy compositions and heat treatments for advanced fuel
design. The main directions for such alloy development can be found in the recent publications
presented at the most recent ASTM symposia on Zr in nuclear industry or at the ANS and ENS
conferences on nuclear fuel behaviour (see Bibliography). Some of those developments are presented
in this document.
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The following alloying elements are considered as the most important

Oxygen 1s to be considered as an alloying element, rather than an impunity It 1s added to the
compacts before melting as small additions of ZrO, powder Oxygen is an a-stabilizer, expanding the
o region of the phase diagram by formation of an interstitial solid solution The usual oxygen content
1s in the range of 800-1,600 ppm and its purpose 1s to increase the yield strength by solution
strengthening a 1,000 ppm oxygen addition increases the yield strength by 150 MPa at room
temperature The effect 1s less pronounced above 250°C

The Zr-O phase diagram is given in Figure 2 1 a) At high concentrations, oxygen stabilizes the
a phase up to liquid temperatures Durning high temperature oxidation, simulating a reactor accident, a
layer of oxygen-stabilized a-zirconium 1s found between the B-quenched structure and the zirconia
At normal operating temperatures, where the oxidation discussed in this document occurs, the oxygen
diffusion layer ahead of the oxide front 1s very limited in thickness (below one micron at 400°C)

Tin, 1s also an « stabilizer It forms, 1n the o and § phases. a substitutional solid solution The
Zr-Sn phase diagram 1s given in Figure 2 1 b) Sn, at a concentration of 1 2-1 7%, was oniginally
added to increase the corroston resistance, especially by mitigating the deleterious effects of nitrogen
in detertorating the corrosion resistance Due to a better control of processing parameters, and
consequently of mitrogen content, 1t 1s now possible, 1f desired, to reduce the tin contents in the
current alloys for PWRs Tin, however, has also an impact on the mechanical properties and therefore
its concentration should not be excessively reduced, without specific consideration of this effect

Iron, Chromium and Nickel are considered as "B-eutectoids", because, in their phase
diagrams, these elements give a eutectoid decomposition of the B phase (Figure 2 2a to 2 2¢) They
were added to the early binary Sn alloys after an "accidental pollution” of a melt, by a stainless steel
coupon, showed an enhancement 1n corrosion resistance, leading to the Zircaloy-2 to 4 family

At their usual concentrations, these elements are fully soluble in the  phase This temperature
of dissolution 1s i1n the range of 835-845°C, 1e, in the upper a+p range In the o phase their
solubility 1s very low in the region of 120 ppm for Fe and 200 ppm for Cr at the maximum solubility
temperature [8] For the Zr-Cr and Zr-N1 binary alloys, the stable forms of the second phase are Zr N1
or ZrCr In the Zircaloys, the Fe substitutes for the corresponding transition metal and the
intermetallic compounds found in Zircaloy are Zr,(N1, Fe) and Zr(Cr, Fe) In Zircaloy-4, the Fe/Cr
ratio of those precipitates is the same as the nominal composition of the alloy In Zircaloy-2 alloys,
the partitioning of Fe between the two types of intermetallic phases leads to a more complex
relationship between nominal composition and precipitate composition, giving a broad range of Fe/Cr
ratios in Zr(Cr, Fe) , and Fe/N11n Zr,(Fe, N1) [9]

The Zr(Cr, Fe), precipitates are etther hcp or fcc, - both structures are Laves phases - depending
on composition and heat treatment, and usually show the characteristic stacking faults as seen n
Figure 2 3 The equilibrium crystallographic structure i1s dependent upon the Fe/Cr ratio, cubic fcc
(structure type C15) below 0 1 and above 0 9. and hexagonal hcp (C14) in between In common
alloys, both types of structure are found, even in the same sample, with random probabilities of
occurrences of each The Zr, (N1, Fe) precipitates are a Zintl phase with the body centred tetragonal
(C16) structure

The size of these precipitates 1s of importance for the properties of the alloys, especially the
corrosion rate better uniform corrosion resistance i1s obtained for Zircaloys used in PWRs if they
contain large precipitates, while better resistance to localized forms of corrosion 1s seen in BWRs in
materials that have finely distnbuted small precipitates Section 6 2 describes in detail the
thermomechanical treatments required to control the precipitate size distribution and their impact on
corrosion
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Niobium (columbium) is a B stabilizer. From pure B-Zr to pure Nb there exists complete
substitutional solid solution at high temperature (Figure 2.4). A monotectoid transformation occurs at
about 620°C and around 8.5 at% Nb. By water quenching from the f§ or upper o+f regions, the 3
Nb-rich grains transform by martensitic decomposition into an o' supersaturated hcp phase;
subsequent heat treatment below the monotectoid temperature leads to the precipitation of B' Nb
precipitates at twin boundaries of o' needles [10]. In addition a metastable & phase can be obtained
from the 3 phase by slow cooling or ageing of a quenched structure. In the Zr-1%Nb or Zr-2.5%Nb
alloys, the very small amount of Fe impurity present is usually not found in the a-phase, most of it
being in the remaining [B-phases, in metastable solid solution.

Other minor constituents are often found in the form of precipitates. Among them are the
carbide fcc-ZrC and silicides or phosphides of various stoichiometries (Zr,Si, ZrSi,, ZrP, ZrP).
Silicon tends to segregate in the Zr,(Ni, Fe) precipitates. It has recently been found that C and Si have
a clear impact on the corrosion behaviour of the alloys in reactor operation. Therefore, most of the
fuel vendors now add specific requirements on these elements for the new alloys.
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2. 3. HEAT TREATMENTS AND RESULTANT MICROSTRUCTURE

After ingot melting, the thermo-mechanical processing commonly used for industrial alloys is
the following:

- Hot forging in the 3 range (1,000 to 1,050°C);

- Water quenching from the homogeneous B phase (above 1,000°C);

- Intermediate temperature (upper a) forging and rolling, or extrusion for tubes;

- A series of cold temperature rollings followed by intermediate anneals in vacuum furnaces.

Homogenization in the B phase leads to the complete dissolution of all the second phase
particles, but gives rise to significant grain growth. After 30 minutes at 1,050°C, grain size may reach
several millimetres. During the water quench, the B grains transform into a needles by bainitic
transformation due to the slow cooling rate of the large ingots involved. The B-eutectoid elements are
repelled by the transformation front and precipitate at the boundaries of those needles (Figure 2.5).
This B quench is a reference state for further processing. The cold working steps and intermediate
recrystallizations allow further control of the precipitate size distribution.

After each cold working step of plate or tube material, an annealing treatment is mandatory to
restore ductility. It is usually performed in the range of 530-600°C to obtain the fully recrystallized
material (RX). The resultant microstructure is an equiaxed geometry of the Zr grains with the
precipitates located at the o-grain boundaries (they are obtained there not by intergranular
precipitation, but because they pin the grain boundaries during grain growth) and within the grains
(Figure 2.6). These different heat treatments contribute to the control of the cumulative annealing
parameter to be described in section 6. 2. For better mechanical properties of the final product, the
temperature of the last annealing treatment can be reduced to avoid complete recrystallization. This is
the stress-relieved (SR) state, characterized by elongated grains and a high density of dislocations,
and thus a greater mechanical strength.

In the case of Zr-2.5%Nb alloys, B quenching in water of small pieces leads to the precipitation
of o' martensite supersaturated in Nb. Tempering at an intermediate temperature results in B-Nb
precipitation at the lath boundaries and at twin boundaries within the lath [10], followed by
transformation of o’ into . When quenching is performed from an a+f region, a uniform distribution
of o and B grains is obtained, and the Nb-rich B phase does not transform. In this latter case,
however, the texture is less uniform along the length of the tube than in B quenching. After rolling or
extrusion, the Nb-rich B grains tend to align and the resultant microstructure is shown in Figure 2.7.
By ageing, at temperatures in the region of 500°C, the metastable Nb-rich B phase can be
decomposed into an hcp o phase. This gives a sharp increase in mechanical strength due to the fine
microstructure obtained by the f—w transformation [!1]. In the usual form of the Zr-2.5%Nb used in
the CANDU pressure tubes, the cold worked condition after a+f3 extrusion and air cooling, the
microstructure consists of Zr grains with layers of Nb rich B-Zr phase (close to the eutectoid
composition). Due to the affinity of Fe for the  phase, most of this element is found in the minor
grains. These B grains are metastable and decompose upon aging into a mixture of «-Zr and -Nb.
For the amount of Nb remaining, the o-Zr phase itself is metastable and an irradiation-induced
precipitation from the slightly supersaturated Nb solid solution can occur, which is believed to
improve corrosion resistance [12].

The general procedure for tube fabrication is similar for different Zr-based alloys. For the
production of Zr tubing in Russia it is mandatory to provide a structure close to the equilibrium one
(pbase composition, recrystallization). The structure of Zr-2.5%Nb pressure tubes used in boiling
water reactors (RBMKs) is not fully recrystallized: the recrystallized fraction increases with
temperature. The final anneal is usually carried out at 550-560°C (Figure 2.8a).
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FIG. 2.5. Typical microstructure of f-quenched Zr alloy with precipitates present at former [ grain
boundaries.

FIG. 2.6. TEM observation of recrystallized Zircaloy-4 cladding tube with Zr (Fe, Cr), precipitates.
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FIG. 2.7. Typical microstructure of Zr-2.5%Nb pressure tubes.
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During the anneal, the B-Zr interlayer precipitates, which are disposed along the a-Zr grain
boundaries, decompose to form B-Nb particles containing 85-90% Nb. Prior to final cold reduction it
1s possible to use quenching from the temperature of (a+f) or B phases (Figure 2.9): this results in
dissolution of B-Zr interlayers and promotes, during subsequent thermo-mechanical treatment. the
precipitation of uniformly distnibuted finely dispersed B-Nb particles This improves, to some extent,
corrosion resistance under trradiation.

In Zr-1%Nb alloys used for cladding materal, the a-Zr structure 1s close to fully recrystallized
after the final anneal at 580°C The structure of the tubes reveals finely dispersed B-Nb precipitates
along boundaries of a-Zr gramns and in the matnix (Figure 2 10a). This structure, and the phase
distribution not containing B-Zr, provide the high corrosion resistance of tubes

The multi-component Zr-1.0%Nb-1.3%Sn-0.4%Fe alloy proposed as cladding and pressure
tube material has a higher corrosion resistance than the Zircaloys in specific environments This is
caused by the availability of intermetallic particles containing Zr, Nb, Fe in the form of Zi(Nb, Fe) or
(Zr, Nb), Fe types. For use as a pressure tube matenal, the alloy in the partially recrystallized state
was studied and recommended, while as cladding matenal the alloy must be fully recrystallized
(Figures 2 8b and 2 10b).

#

FIG. 2 8. Microstructure of pressure tubes. a) partially recrystallized Zr-2.5%Nb, b) partially
recrystallized Zr-1Nb-1.35n-0 4Fe (E635) alloy
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FIG. 2.9. Microstructure of f-quenched Zr-2.5%Nb alloy and o’ martensite.

2. 4. DEFORMATION AND TEXTURE

Plastic deformation of Zr alloys is obtained either by dislocation slip, mostly on prism planes
or by twinning during cold rolling [13]. In addition, at high deformations and as the temperature is
increased. (¢ + a) type slip is activated on pyramidal planes [14]. At room temperature the twinning

is activated on several systems: for tensile stress in the ¢ direction {101 2}<1 011> twins are the most

frequent, while the {1122}<i i23>system is observed when compression is applied in the ¢
direction,

At the large strains obtained during mechanical processing, steady state interactions occur
between the twin and slip systems. The result is a tendency to align the basal planes parallel to the
direction of the main deformation for rolling and pilgering and perpendicular to that direction for
extruding [13]. The final texture may change with the specific conditions of the processing
mechanisms chosen. For cold rolled materials (sheets or tubes), the textures are such that the majority
of the grains have their c-axis tilted 30-40 degrees away from the normal of the sheet towards the
transverse direction, as can be seen in the (0002) pole figure shown in Figure 2.11. During tube
pilgering, the spread of the texture can be reduced by control of the ratio of the wall thickness to
diameter reduction (Q factor): a reduction in wall thickness higher than the reduction in diameter
gives a more radial texture, i.e., a texture with the ¢ poles closer to the radial direction as illustrated in

Figure 2.12 [9]. After cold processing and stress relief treatment, the <101 0> direction is parallel to
the rolling direction, and during recrystallization, a 30-degree rotation occurs around the ¢ direction

and the rolling direction is then aligned with the <11 2 0> direction.
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FIG. 2 10. Microstructure of fuel cladding tubes: a) recrystallized Zr-1%Nb alloy, with uniform
distribution of B-Nb precipitates in the matrix and ar grain boundaries, b) recrysiallized Zr-1Nb-
1 3Sn-0.4Fe (E635) alloy with Zr(Nb, Fe),
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FIG. 2.11. (0002) Pole figure of cold rolled Zircaloy-4 sheel.
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3. OXIDATION THEORY

It 1s intended here to present a simplified introduction to the various theories of the oxidation
of metals, and to consider to what extent the zirconium alloy oxidation system satisfies the boundary
conditions required by these theories. There have been many books and reviews of this topic, and
more detailed descriptions of the various derivations can be found, inter alia, 1n the works of Cabrera
and Mott [15], Hauffe [16] and Fromhold [17].

If we start with an oxygen free single crystal surface of a metal and allow the initial stages of
gas phase oxidation - collision of oxygen molecules with the surface, adsorption, dissociation of the
adsorbed molecules, and place exchange of oxygen and metal atoms to form a layer of oxide - to go
to completion, then we start with a thin parallel sided layer of oxide that may also be without grain
boundaries. The mechanism of thickening of this layer may then be considered. As a result of the
thermodynamics of the oxidation system being considered and the environment and temperature to
which the matenal is exposed, defect concentrations will be established at the two interfaces of the
oxide layer. If we neglect, for simplicity, the presence of an electric field across the oxide, and of any
space charge either locally or in layers near the interfaces, then 1t will be the differences 1n the defect
concentrations across the oxide film that will provide the driving force for the diffusion of the various
possible species across the oxide film. These mobile species will be some combination of cation
interstitials or vacancies, anion interstitials or vacancies and electrons or holes. In any particular
system the most probable migrating species can be established from studies of the defect structure of
the phases observed in the oxide film. If this is known, then the concentration gradients of the varnous
defect species across the oxide film can be estimated from the oxygen partial pressures (p Q:, pQ:) at

the oxide/environment surface and the oxide/metal interface respectively.

The rate of diffusion of each defect species can then be estimated from the concentration of
each species (C,,C,,.. C) and 1ts diffusion coefficient in the oxide. Although in theory the diffusion
coefficient of a species can be calculated from the difference between its equilibnum and saddle-point
free energies (activation energy) during each jump 1n the diffusion process and the lattice dynamics,
in practice diffusion coefficients cannot be calculated from first principles and must be measured
expenimentally. If this diffusion coefficient (D) 1s known, then the flux of a particular defect (J) at
any position (x) in the oxide (where the x direction lies in the thickness direction and y and z lie 1n
the plane of the oxide/metal interface) is given by Fick’s 1% Law:

,=-DdC/dx 31
Given the boundary conditions of no field in the oxide and no local space charge, this would be the
only migration process transporting matter through the oxide. It 1s also assumed that the partial
ox1idation reactions occur only at one or other of the oxide surfaces and not within the oxide. The flux
of each species must, therefore, be constant throughout the oxide. It is also usually assumed that the
diffusion coefficient (D) is constant throughout the oxide, but we will see later that there can be
situations where this 1s not the case. If the difference in the concentration of each species between the

oxide/metal nterface (C') and the oxide surface (C’) 1s given as AC, then, when the oxide has a
thickness /, the flux 1s given by:

J=-DAC/I (3.2)

In many oxidation systems both anions and cations are mobile during oxidation, and the

fluxes of both must be summed to obtain the total ox:dation flux. However, during zirconium alloy
oxidation only the oxygen anions are mobile, so we should expect

fidi/dt) =K'J = K/I (3.3)

Where K' 1s a constant (the partial specific volume) that relates the amount of oxide formed
by a given flux of the mobile species, and K (the parabolic rate constant) = K'DAC.
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The integrated form of this 1s
-0 =2Kt (34)

the parabolic growth law first observed experimentally by Tammann [18]

This 1s the zero field approximation which 1s valid, strictly speaking, only for the migration
of uncharged species down the concentration gradient This difficulty 1s overcome in the Wagner-
Hauffe theory [16] by requiring local electroneutrality at all times This process, called "ambipolar
diffusion", 1s seen as a coupling between tonic and electronic defect migration on a local scale n
order to avoid the creation of space charge, and 1s one of the boundary conditions that must be met
for the application of the Wagner-Hauffe theory A further pre-requisite for the Wagner-Hauffe theory
1s that cation and anion diffusion are equally likely

Thus, we have a number of boundary conditions that must be met if the Wagner-Hautfe
theory 1s to be applied

. Both metal and oxide should be homogeneous in the yz plane (1 e , 1deally both should be
monocrystalline)

. Only diffusional transport should be rate-determining

. fonic and electronic transport must be coupled to maintain local electroneutrahty

. Cation and anion diffusion should be equally likely

These conditions are obviously most likely to be met at high temperatures and for electrically
conducting oxides They will also be most applicable to the growth of thick oxide films where anv
space charge layers that are present at the oxide interfaces will have the least influence on the overall
diffusion processes Fromhold [17] gives a lower limit for the possible attainment of such conditions
as ~0 1pm, and the upper limit for the possible modification of diffusion by space charge effects as
~10pum

If we consider the applicability of these boundary conditions to zirconium alloy oxidation we
find that

e Even on a zircontum single crystal face the zirconia crystallite size 1s very small (5-20 nm) when
a thin oxide 1s formed at reactor temperatures

e Until very high temperatures are reached, coherent oxide films on zirconium alloys seldom
exceed 2-3 um, and so break down before they exceed a thickness at which space charge effects
would be expected to cease to influence diffusion

e Zircoma 1s an electrical insulator with the electronic current flowing at locally conducting defect
sites It 1s not clear that local electroneutrality can be maintained 1n such a matenal

¢ Only anion diffusion has been detected, so far, during zirconium oxidation

Most of these aspects of zirconium alloy oxidation will be discussed 1n more detail later but
it may be appropriate to consider, at present, how these departures from the required boundar
conditions might affect the expected oxidation kinetics

3 1 MICROCRYSTALLINE NATURE OF THE OXIDE

If the small oxide crystallite size was the only point at which zirconium oxidation failed to
meet the boundary conditions required for the application of the Wagner-Hauffe theory, then this
might be simply accommodated by using a composite diffusion coefficient in the parabolic rate
equation This would allow for the observation that crystallite boundary diffusion 1n zircoma films 1s
much faster than bulk diffusion [19,20], and for the significant fraction of grain boundary area
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represented by the very small crystallite size This was the route taken in many early studies of
zirconium oxidation 1n oxygen Even when the oxidation kinetics, in relatively short oxidation
experiments, could not be well fitted to parabolic plots, an effective diffusion coefficient for the oxide
was often calculated Examples of such results are given in Figure 3 1 and 3.2 [21]

For such an approach to be meaningful the mean crystallite size (and hence the volume
fraction of crystalhte boundary material) must remain constant throughout the experiment This
seemed to be the case only for short expenments or low temperature oxidation However, when much
longer experiments were done the rate law changed from parabolic (at short times) to cubic (at long
times) An example of such a curve 1s shown 1n Figure 3 3 [22] It was soon determined [23] that the
most probable cause of this change in kinetics was the development of large columnar oxide grains 1n
thick films from an initial state where the oxide crystallite size 1n the thin oxide 1s 1sotropic and much
smaller than the oxide thickness at transition (see section 9. 1 2) This results 1n a decrease in
crystallite boundary area as one progresses towards the oxide-metal interface, which translates into a
dectease 1n the effective diffusion coefficient as one progresses through the film Since the flux ot
oxygen has to remain constant through the oxide, this results 1n a non-linear vacancy concentration
gradient and a lower average growth rate than predicted by the parabolic rate law There 1s also, of
course, a decreasing average diffusion coefficient in such oxides as a function of time (or oxide
thickness) so that the change in the exponent of the oxidation kinetics with increasing time actually
measures the kinetics of oxide crystallite growth as the oxide thickens

There are two main hypotheses for this crystallite growth, and for the development of a
texture 1n the oxide [24,25], since the columnar crystallites always grow normal to the oxide/metal
interface The first argues that the compressive stresses 1n the oxide drive the preferential growth of
specific crystallite orientations since the orientations of the columnar crystallites that are observed are
those that most effectively minimise the stress in the oxide [26]. while the second predicts that the
stiess build-up has a direct effect on the effective vacancy volume and so affects the diffusion
coefficient directly [27] Crystallite growth then becomes a consequence of this The latter hypothesis
appears to be the less probable in view of the predominantly crystallite boundary diffusion process
that 1s occurring during the growth of zirconia films A more detailed discussion of this can be found
msection4 2 1 1

3 2 ELECTRICAL RESISTIVITY OF ZIRCONIA

Zirconia 1s a very good electrical insulator when pure, and 1t might be argued that the much
lower effective resistivity of oxide films on zirconium alloys resulted from doping of the oxide bv
impurities and alloying elements This would lead to a relatively homogeneous increase wn oxide
conductivity which might still allow the "ambipolar diffusion” criterion to be met However,
experimentation has shown that 1n most oxide films on zirconium alloys, the electrical conductivity 1s
localised at the sites of second phase particles (formed as a result of the insolubility in zirconium of
many impurities and alloying elements) Thus, the migration routes for 1onic and electronic transport
mav become quite widely separated Since overall electnical neutrality must be maintained, only a
"coupled current” approach, such as that proposed by Fromhold [17], seems to satisfactorily fit the
situation This allows for the net negative and positive charge currents to be zero 1n the oxide, and tor
the electric fields to be perturbed 1n the oxide, without requining a rnigid electroneutrality criterion at
everv point 1n the oxide The other consequence of a relatively wide separation of 1onic and electronic
conduction routes will be the probable presence of large internal electric fields and mhomogeneous
space charge distributions The effect of such phenomena on the kinetics will be considered next

3 3 EFFECTS OF ELECTRIC FIELDS ON THE OXIDATION KINETICS

We have seen that control of oxidation solely by diffusion, with local electroneutrality
maintained, gives rise to the parabolic rate law If a constant electric field, E. 1s imposed across the
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oxide duning growth then, If the oxide 1s considered to be a homogeneous electrolvte, each
electricallv charged species 1n the oxide will have a characteristic 1onic mobility (pu,u p) The flux
of anv charged mobile species having a concentration in the oxide, C, will be given by

J' = pEC (35)

1t these concentrations are sufficiently low that they do not perturb the average electnical field
If the contribution to the particle flux from both diffusion and electrolvsis can be considered

to be independent and additive, then the total flux of a given charged species, 1if reactions take place
onlv at the interfaces will be
] =1+ (36)
and if there 1s only one mobile species
J=-D(dC/dx) + pEC 37
Fromhold [17] has provided a solution to this

J = uE [DCexp(nE/D))/[1—exp(LE//D)] (3 8)

and an approximate integration to give the oxidation kinetics

1 +Bt=e*—al (3 9)
where o = |uE/D|
B =|aK'pEC, |

and C 1s the maximum concentration of the mobile species at whichever interface of the oxide this
occurs

In practice few, if any, oxidation experiments have ever been carried out in which a constant
tield has been maintained across the oxide It 1s difficult to make uniformly good contact with the
outer surface of an oxide film during gaseous oxidation without interfering with the reactions at the
environment/oxide surface These contact problems can be overcome 1n oxidising fused salts or high
temperature aqueous electrolytes, but since the oxide thickness at any point n time 1s difficult to
monttor during such experiments the tendency has been to maintain a constant voltage during the
experiment [28 29] The alternative of maintaining a constant current {30 31] 1s fraught with danger
in a svstem where electrical conduction 1s localised and very high local current densities may be
reached 1t all the applied current flows at only a few sites

For the situation where a constant voltage 1s applied and the electric field decreases as the
oxide thickens Fromhold [17] has also provided an approximate expression for this situation with an
apphed voltage V

] =1 = 2K'pVt[(C'-C )exp(—uV/D]/[1-exp(—1V/D)] (310)

this reduces to the zero-field form (3 4) as V—0 or as the oxide thickens to the point where the field
tends to zero and only the diffusional component of film growth (J” ) remains

In nstances where experiments of this nature have been carried out on zirconium during
oxidation [28.29 31], 1t 1s surprising to find that in many expertments cathodic polarisation of the
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metal substrate has resulted in small increases in the initial oxidation rate (Figure 3.4), while 1n
another experiment, where Zircaloy specimens were cathodically polanised in steam at constant
current [30], 1t appeared that an increased incidence of nodular corrosion occurred. In at least one of
these 1nstances 1t appears that the enhanced oxidation resulted from a large uptake of cathodic
hydrogen [31].

For very thin films, and relatively low temperature oxidation, the perturbation of the field in
the oxide by space-charge layers near the interfaces must also be taken into account. Here 1t may be
that the model of Cabrera and Mott 1s most applicable [15]. In this model the electrons are considered
to be capable of migrating through the oxide film much more easily than any ionic species. As a
result of this a potential (the Mott potential) is set up which slows down electron migration and
accelerates 1onic diffusion until the two are equal. The electron migration processes considered were
tunnelling, for very thin oxides, and thermionic emission for somewhat thicker oxides The large
electnc field that results was considered to lower the energy barmer for ionic motion even at
temperatures where thermally activated ionic diffusion would be slow. Thus, in many ways the
electric field resulting from the Mott potential can be considered to drive the 10onic migration by a
process simular to that resulting 1n anodic oxide growth, which ts sometimes referred to as nonlinear
diffusion [17].

50
40

20}

o

175V

i cov 7

- NORMAL

WEIGHT GAIN (mgq/dm ?)
N W p O,
1

VETTT

5 1 |
° | 10 100 1000

TIME (HOURS)

FIG 3 4. Weight gain versus time curves for Zircaloy-2 specimens hiased during oxidation in fused
salt at 275 and 300°C [29] Normal refers to open cucwt, 0 0V wo short circutt and =1 75 V- refers
to the metal negative with respect to the oxide

33



The tonic flux generated by this field 1s given by
J = 2nvexp(-W/k, T)sinh(-qaV /k.T) (311

where V15 the Mott potential
n, 1S the number of mobile 10ns per unit volume
W 1s the rate-limiting energy barrier
v 1s the 1onic jump frequency
2a1s the 1onic jump distance
q, 1s the charge on the mobile 10nic species
k, 1s Boltzmann constant, and
T 1s the absolute temperature

This mechanism, with electron tunnelling as the controlling process, 1s probably applicable to
the growth of the air-formed oxide on zirconium alloys, while a similar mechanism, with thermionic
emission as the electron transport process, may be applicable to the growth of thin interference colour
oxides at low temperatures (~573K) These models should lead to an inverse, rather than a direct,
loganthmic rate law for oxidation, that has the form

I'=A-Bin(t) (3 12)

It has been suggested that the pretransition oxidation kinetics of the Zircaloys at temperatures <573K
can be fitted to the sum of two such processes representing different rate controliing mechanisms
[32] Studies of the electron conduction through thin zirconia films have shown that Schottkv
emission, a form of thermionic emission, 1s the common conduction process {33]

3 4 EFFECT OF IMPURITIES AND ALLOYING ELEMENTS

Treatments of the effect of alloying additions on the growth of thick oxides by the parabolic
Wagner-Hauffe model derive ultimately from Wagner’s formulation [34] of the effects of oxvgen
pressute This was later simplified by Jost [35] to give the following expression -

dw/dt = TTK An(p."—p.")8 91x10 "/IZ (3 13)

where
w 1s the number of gram equivalents of oxide formed,
t 1s the time 1n seconds,
T.T, are the transference numbers for 1ons and electrons,
K 1s the specific conductivity of the oxide at pO =1 atm 1n (ohm cm) ',
A 1s the specimen area 1n cm’,
1/n 1s the exponent in the equation for the pressure dependence of the rate controlling species
(assumed to be oxygen ion vacancies for Zr, whence [ J=Kp'"),
T 1s the absolute temperature,
p. p, are the partial pressures of oxygen 1n atmospheres at the gas/oxide and oxide/metal
interfaces respectively,
[ 1s the oxide thickness in cm, and
Z 1s the numerical charge on the oxygen 1on

If 1t 1s assumed that the anion vacancy concentration in the oxide 1s equal to the oxygen
deficiency at any position, then the mole fraction of vacancies 1s equal to half that of the free
electrons from the reaction

2T +4e + 0 <=>20° (3 14)

Bv the Law of Mass Action

34



[CTe I'p(0)/[O° T’ = const. (3.15

Since the concentration of oxygen ions is always very much larger than the concentration of
oxygen vacancles (and especially so in ZrO, where the limit of non-stoichiometry does not usually
exceed ZrO, ), then by substituting for the relation between oxygen 1on vacancies and electrons in
equation (3 14)

[C] o p(O,) (3.16)

As the oxygen partial pressure at the oxide/metal interface at any temperature is set by the
thermodynamics of the system (for zirconium/zirconia at a temperature of 573K, p, O,~10 ** atm), the
oxidation rate of zirconium given by equation (3.13) should be proportional to p,O, " [36].

An extension of this approach for mixed oxides containing large concentrations of vacancies
was tollowed by investigators studying the conductivity of stabilized zircoma as a high temperature
electrolyte [37.38]. The basis for this was the assumption that the stabilising elements (e.g. Ca’,Y")
would occupy substitutional positions 1n the ZrO, lattice, and would adopt their normal valencies
while present. Thus, equations can be written relating the concentration of aliovalent (1.e. an element
having a normal valency different from that of the host) additive to the vacancy concentration that 1s
created For example

[Ca™] =[] (3.17)

in calcia stabilized zirconia. With local charge compensation there should be a net two negative
charges at a site occupied by a calcium ion and two positive charges on the oxygen ion vacancy. With
the relatively large vacancy concentrations introduced in materials such as calcia stabilised zircoma,
the probable presence of vacancy ordering and vacancy/addition-1on clusters must also be considered

This approach may be acceptable for ceramic electrolytes which are usually sintered at high
temperatures in atmospheres with a pO, close to 1 atm. Thus, there is a high probability that the
aliovalent addition will occupy substitutional sites, that vacancy concentrations will be uniform
throughout the resulting ceramic, and that the normal valency of the addition will be adopted.
However, the same approach has been applied to the oxidation of zirconium alloys [39]. The penls of
such an approach include the following unestablished factors:-

o There 15 usually no evidence that the alloying (or impurity) elements occupy substitutional
positions 1n the ZrO, lattice at low temperatures; 1if they do not, then an analysis based on therr
disturbing the oxygen vacancy concentration 1s invalid.

s Although alloying elements and impurities may adopt their normal valence states close to oxide
surface, most of them should be thermodynamically incapable of oxidising close to the
oxide/metal interface 1n a barrier oxide film because of the low effective oxygen partial pressure
there.

e Most alloying additions and impurities have very low solubilities in zirconium and are present as
second phase particles. These must be treated separately in any analysis and therr local effects on
the oxide considered individually.

It was demonstrated early that the oxidation rates for zirconium alloys in oxygen did not
follow the pattern that would be expected if the alloying additions occupied substitutional sites in the
oxide with their normal valence states [40,41]. In the early work where oxidation rates were measured
in gaseous oxygen, the pre-transition rate constants varied very little for 1-5% additions of a large
number of additives (Table 3.1.). The pnimary effect of the additives was on the time to transition and
the post-transition oxidation rate. Recent work has tended to demonstrate that elements such as iron
do not oxidise close to the metal oxide interface, as would be expected thermodynamically [42,43].

35



9¢

Table 3.1. Oxidation of Zirconium Alloys which Followed the Cubic Rate Law With no Transition up to 1400 Minutes (700°C and 200 mm Oxygen) [41]

Alloy Composition Cubic Rate Constant | Duration of Run | Weight Gain | Colour and Character of Oxide Film

Atomic and Weight (%) | (10%(mg/dm’)’Min") (Min) (mg/dm®)
Unalloyed Zr [ 1.6 | 1300 | 260 | Blue-gray; adherent

alo w/0
0.90 Be 0.09 1.2 1400 250 Blue (gold tinge); adherent
4.23 Be 0.44 1.1 1400 240 Black with white raised edges; adherent
0.65 C 0.086 2.5 1400 330 Silver-gold with white edges and spots;
0.86 Co 0.55 1.6 1285 270 Gray-black; adherent
3.72 Co 2.44 2.2 1150 285 Gray (gold tinge); adherent
0.77 Cr 0.44 1.7 1400 270 Black; adherent
3.61 Cr 2.05 1.7 1400 280 Black; adherent
1.08 Cu 0.75 1.1 1400 240 Black; adherent
3.60 Cu 2.53 0.78 1400 240 Black; adherent
1.09 Fe 0.67 3.0 520 250 Gold-gray; adherent
3.95 Fe 2.46 2.4 1400 320 Gray; adherent
1.03 Hf 2.00 1.4 1400 270 Black with raised edges; adherent
4.08 Hf 7.65 14 1400 260 Black with raised edges; adherent
1.03 Mo 1.08 2.5 1400 340 Black with raised edges and white spots;
0.91 Ni 0.59 1.5 1400 260 Black; adherent
4.22 Ni 2.75 1.0 1400 240 Gray (gold tinge); adherent
1.08 Pt 2.28 1.5 1400 270 Black; adherent
0.80 Si 0.25 34 1400 340 Gray with white specks on faces; adherent
0.89 U 2.30 3.2 1400 240 Black with raised edges; 2 faces gold flaky oxide
0.68 Y 1.34 1.9 3000 390 Black; adherent
1.96 W 3.87 3.6 1400 370 Black with yellow adherent oxide at flaws in metal; adherent




4. CORROSION IN THE ABSENCE OF IRRADIATION

4. 1. INTRODUCTION

Under most conditions of temperature and environment the oxidation and corrosion of
zirconium and its alloys results in the growth of uniform oxide films, especially in the early
protective oxidation stage. Only in two isolated regions of temperature and environment, ~300°C
boiling (or oxygenated) water in-reactor and high temperature, high pressure (>450°C, >5MPa)
steam, does a very local form of oxidation called nodular corrosion occur. Typical nodules are round
lenticular cross-section patches of thick oxide, although this characteristic appearance is not always
evident, especially for batches of alloy showing very poor nodular corrosion resistance. Although no
universally accepted mechanism for nodular corrosion is available, it is clear that nodular corrosion
obeys different rules from uniform corrosion with respect to dependence on metallurgical and other
variables and, for this reason, uniform and nodular corrosion will be treated separately.

4. 2. UNIFORM OXIDE FORMATION

The thermodynamics of the Zr-O system (Figure 4.1) show that oxygen is more stable when
dissolved in the metal phase than when present as an oxide film [44]. As a result of this, the first 1/2
monolayer of oxygen that reacts with a clean zirconium surface goes into subsurface sites, even at
liquid nitrogen temperature [45]. As more oxygen reacts, oxygen physisorbed on the surface becomes
evident, and with further reaction this is converted into a thin oxide film. This oxide grows until it is
limited by the ability of electrons to tunnel through it. The thickness at this point is variously
measured at between ~2 nm (from XPS studies [46]) and ~5 nm (from NRA studies [47]). All
zirconium alloy surfaces bear at least this thickness of oxide, the so-called air-formed film, unless
great efforts are made to eliminate it. Again, because of the thermodynamics of the system, this can
only be readily achieved by dissolving the oxide in the metal at high temperature in a good vacuum
(<107 Pa), or by continuously sputtering the oxide off the surface at low temperature in an even better
vacuum (<10 ° Pa).

Thus, at elevated temperatures in an oxidising environment, where thermally activated
thickening of the initial oxide film occurs [26], not all the oxygen that reacts forms oxide, some of the
oxygen dissolves in the metal matrix. The dissolved oxygen profiles can be measured by
microhardness traverses (Figure 4.2) or by a nuclear reaction of oxygen (Figure 4.3). The fraction of
the oxygen that dissolves depends upon a balance between the kinetics of oxide growth and the
kinetics of oxygen diffusion into the metal. Since dissolution in the metal seems to vary much less
from alloy to alloy than the oxide growth kinetics, rapidly oxidising alloys should have shallower
diffusion profiles than more slowly oxidising alloys at all temperatures. At temperatures close to
reactor operating temperatures, however, the ability to measure these diffusion profiles is very
limited. Any change in the oxidation rate, such as occurs at the transition in the oxidation kinetics,
will result either in an increase or a decrease in the depth of the oxygen diffusion profile under the
oxide film.

The fraction of oxygen dissolving in the metal is not well known even at high temperatures
where it s largest because the activation energy for dissolution is higher than the activation energy
for oxide growth [26]. Most of the evidence for the magnitude of the dissolved oxygen fraction comes
from experiments in oxygen, because few measurements have been made for oxides grown in steam
or water. The fraction of the oxygen reacting with zirconium that dissolves in the metal decreases
from ~50% at 900°C, to ~20% at 600°C, and <10% at 400°C. At temperatures lower than 400°C
neither the fraction dissolved nor its distribution is well known. Dissolution is known to be localised
at temperatures less than 600°C, where preferential oxygen dissolution along metal grain boundaries
has been demonstrated by imaging autoradiographically the nuclear reaction:

"0 (p,n) "F (B, 118 min.) "O (Figure 4.4)
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FIG 4 3 Curve for the penetration of oxygen, established using the *O(d. p)' O* nuclear reaction
with £, 900 keV, and compared with a calculated curve (error func tion complement) for a zirconium
specimen oxidized at 850°C for 400 hours {26]
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FIG 4 4 Oxvgen distribution in the region between the oxide-metal interface and the metal interior
(darkest part) of zircontum oxidized in oxygen-18 at 600°C for 2 7x10° s (48]
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and these observations have been confirmed by microhardness studies using very low loads [48]
(Figure 4 5) At lower temperatures there even appear to be preferred sites along the metal gran
boundaries where preferential diffusion into the metal occurs (see section 5 2 1 and Figure 5 20)

The difference between the total O, reacting (accurately known) and the amount dissolving
(not well known) causes problems with calibrating other physical methods for establishing the oxide
thickness (e g , impedance, interferometry) so that errors in such calibrations at low temperature (300-
400°C) may be equal to the range of values for the fraction of oxygen dissolving (0-10%) and add to
the difficulties caused by vanations n the local oxide growth from grain to grain (Figure 4 6) [49],
vanations in the oxide thickness at grain boundaries (Figure 4 7) and vanations over an individual
grain surface (Figure 4 8) so as to render accurate knowledge of oxide growth kinetics impossible,
based on present evidence [50]

The oxide growth kinetics are usually derived from the weight gain kinetics (the amount ot
O reacting), assuming that all the oxide formed remains on the specimen, converted directly to an
oxide thickness (assumed to be uniform) using the theoretical density of ZrO (not known to be
accurate) This conversion, 1n the light of the above, can only be approximate (Ipm oxide ~15
mg/dm oxygen weight gain) The only ment that such an approach has 1s that if used in a
standardized manner, 1t permits a comparison of the kinetic behaviour of different alloys The
dissolution of oxygen 1n the metal 1s thought (but not known) to be insensitive to alloying vanability

4 2 | Oxidation Kinetics

4 2 1 | Zicaloys

For the present discussion we will accept the fiction that the above conversion of weight gain
to oxide thickness gives the oxide growth kinetics but we reemphasize the following caveats

. Oxide films are assumed, but not known, to have the theoretical ZrO density

. No correction has been made for local dissolution of oxygen 1n the metal

. Unless the amount of oxygen reacting (AO), rather than the weight gain (Aw) 1s quoted, the
experimental results will not have been corrected for the amount of hydrogen absorbed, 1f the
reaction was with H O

. It 1s assumed that no loss of oxide occurs by any process (e g spalling, dissolution), and that all
the weight change measured 1s from the oxygen reacted (e g no carbon from CO, or other
species are weighed)

The weight gain kinetics for zirconlum and its alloys usually fall into two periods
colloquially referred to as pre- and post-transition (Figure 4 9) [6,51,52] The mitial, pre-transition
pertod 1s characterized by a decreasing rate of weight gain which 1s usually closer to a cubic or a
quartic growth kinetic curve than to the parabolic kinetics predicted by the Wagner/Hauffe theory [t
1> believed that the departures from parabolic kinetics arise because the diffusion process controlling
oxtde growth is not a homogeneous one occurring 1n a uniform sohid (as required by this theory) but
ts heavily localized at crystallite boundaries within the oxide [19,20] Electron microscopy shows that
the oxide 1s microcrystalline (Figure 4 10) and that the mean crystallite size increases initially as the
oxide thickens [53] Details of this phenomenon are not completely agreed upon Differences of
opinion as to whether some nitial crystallite orientations grow at the expense of others, or whether
successive layers of crystallites initiate and grow to different extents remain to be resolved The oxide
forms under compression because of its formation entirely by inward diffusion of oxygen and because
of the high Pilling-Bedworth ratio (the ratio of the oxide volume to the volume of metal from which
it formed) of ~1 56, which depends on the value used for the density of the oxide film
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FIG. 4.6. Relation between weight gain on single crystals of van Arkel zirconium (after I min. in
steam at 500°C, 1 atmosphere) and surface orientation [49].
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(b)
FIG 47 (a b) Oxide ridges formed at metal grain during the oxidation of van Arkel
zircontum 1n steam outside surface



(d)

FIG 47 (c, d) Oxide ridges formed at metal grain during the oxidation of van Arkel
zirconium n steam oxide-metal interface topography

43



e e v W g
- o f’,”"’%;vf”/:f#, 275 o
. 2 pa e Wd R A

20, Fia e %
P S

.
g o
. A
"

11 48 Development of a 1ough oxide-metal terface ILhe centre of the central gram v snll
showing a relatvely planar inter fuce whereas roughening of the mtertace has spread over the vest of
the miterface The siraight ridges of thicker oxide are ar tmins and the curved ones are along gramn

houndariesn Mean oxide thickness 04 um (2000x) {50/

200
$00°,2IRC 2 (O OOS sheet) ~ lcm Hg | Tronscribed from
. sartorus microbalance
——=- 300°C 28006 ~lcm H9 } cparts
— — 360°C Shannon (HW 67818) FIG 2(upper time scale}
+ $00'C 28006 latm discontinyous welghing
-
150 e
-

N
o~

]

Al

.

-
N~

< 100

1]

o=

z

o

-

x

Pre-transition
k4
4 [} (] 10( hours in thousands)i2
; 4 H 6
Time (days)

HG 49 The shape of the Zucaloy 2 oxidation cunve [158]



FIG 4 10 Transmussion electron microscopy of zircontum oxide films Top Bright field view of
oxide adjacent 1o the oxide-metal interface (section parallel to the interface), Bottom Dark field view
of oxide crystallite morphology in a thin oxide formed at 300°C 1n oxygen on zirconium
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On massive specimens this volume change must be accommodated normal to the free surface.
bv a combination of crystallographic and deformation processes that have yet to be explored
completely It 1s observed that the crystallographic and morphological texture that develops in the
oxide 15 always perpendicular to the oxide/metal interface; that 1t 1s not dependent on metal
orientation, and that those oxide orientations that develop predominantly in the texture [25] are just
those orientations that are needed to minimise the compressive stresses in the plane of the surface
(Figure 4 11) For instance the epitaxial relations observed [54] for very thin oxide films on the

(1120) face of zirconium are a mixture of:-

(100) [001], // (0001) [1120] and
(100) [010], // (0001) [1120]

while the minimum stress n the oxide 1s obtained for [S5] (101)[101] /(101 0)[1120]. As the oxide

thickens, reflections of the form {104} become the most prominent on (1120) and {104}, {102} or
1101} are also the strongest on other orientations of the substrate [25]. However, 1t 1s evident that no
unique epitaxial relationship exists for thermal oxide films on zirconium [54]. This suggests that the
increase 1n crystallite size and the texture that develops 1s driven by the compressive stresses
produced by oxide growth Early comparisons of the number of possible epitaxial orientations of
monochmc ZrO, (m-ZrO,) on hexagonal Zr, and those actually observed 1n stripped oxide films, led
to the conclusion that only those m-ZrO, orientations were present which would be expected 1If the
oxide formed mtially as cubic or tetragonal ZrO, (t-ZrO,) and subsequently transformed to
monoclinic The recent work of Godlewsk: et al [56,57] has suggested that this conclusion was
cortect and that a large fraction of the oxide crystallites at the oxide metal interface form nitially as t-
210

An opposing argument has been made that the compressive stresses influence the diffusion of
oxyvgen directly through an effect on the anion vacancy volume [58]. However, this mechanism does
not seem to be able to predict the development of the oxide texture, and 1s difficult to formulate for a
svstem where lattice diffusion 1s a minor contributor to the oxygen ton flux Such effects might
1epiesent a further contribution to the low exponents in the rate law, but are difficult to assess n a
system where crystallite boundary diffusion predominates

Although approximating to a cubic or quartic growth curve, the kinetics of pre-transition
oxide growth are more complicated than suggested by the single rate law [59] At least one well
detined inflection in the thin oxide film region (0 5-0 7 um) separates the pre-transition period into
two distinct periods (Figure 4 12) One corollary of these perturbations to a smooth kinetic curve 1s
that the temperature dependence of oxidation seldom gives a smooth Arrhenius plot, thus indicating
that more than one rate limiting process 1s operating [59] The causes of this change in kinetics and
the nature of the early growth have been investigated and explanations suggested [26], but for present
purposes these variations can be ignored since under irradiation in-reactor we will always be
concerned with thicker oxides than this

When the oxide reaches a thickness of about 2 pm, the oxidation rate increases to a post-
transition, approximately linear, rate [6,51,57] This linear rate may also increase slowly [60] with
incteasing thickness over long periods of time (Figure 4 13), but this latter effect i1s not well
established at present At relatively high temperatures (>400°C) and when measurements are taken
continuously with a microbalance (or similar technique), and thereby at low pressure, the change 1n
kinetics to the post-transition linear rate 1s smooth [61] and no sudden discontinutties are observed
(Figute 4 14) At lower temperatures, high pressures, and when the weighings are done
discontinuously (as i all autoclave testing), the post-transition period 15 mitiated by a sudden
increase n rate and 1s followed by a series of oxidation cycles [62]. not unlike the initial pre-
trtansition period m size and duration (Figure 4 15) These cvcles eventually disappear and an
ettectively linear post-transition rate becomes evident
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FIG 4 11 Varnation in X-ray peah intensities (D, ) observed on the (0001) face of a zirconium single
crvstal during oxidation [25]

The transition process 1s indicative of the generation of porosity in the previously impervious
oxide film There seem to be at least two different types of flaw generated at this time, the first are
cracks normal to the oxide surface that can pass most of the way through the oxide but are usually
infrequent except at corners or edges The second are fine pores (probably at crystallite boundaries)
that form a network within the oxide [26,63] The question of whether cracks also form parallel to the
plane of the surface at this time, or whether these are artefacts of the metallographic technique has
been argued extensively [64,65], and at present no unequivocal evidence for their presence 1s
available Cracks normal to the surface seem to be more prominent in circumstances that encourage
cveclic post-transition kinetics and relatively absent when smooth transition curves are observed

There are two aspects of the cyclic post-transition behaviour that require discussion at this
point The first which will be discussed now 1s the practical problem of whether or not the cycles are
caused, or at least accentuated, by the thermal cycles necessitated by the discontinuous weighing
technique, the second, which will be discussed later (section 4 2 5), 1s the mechanistic question ot
whether the cycles do, or do not, represent the growth of successive layers of pre-transition barrier
laver oxide following a sudden breakdown of the original impervious oxide by some degenerative
process
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FIG 4 14 Reaction of Zircalov-2 with water vapour at 450°C Effect of pressure on the propagation
of the cubic to linear transition [61]

The influence of thermal cycling on the kinetics of oxidation has never been fully
investigated Several early studies examined the effect of frequent thermal cycles during the pre-
transition period [66] and found no effect at the 95% confidence level (Figure 4.16) None of these
studies was extended up to the normal transition tn the oxidation kinetics so that a definitive answel
could be given A recent autoclave test [67], in which the oxide impedance was measured regularly
and where no thermal cycles occurred, has shown definitively that cyclic post-transition oxidation
occurs 1n 350°C water (aqueous electrolyte) without any thermal cycling.

4 2 1| 2 Zr-Nb alloys

The oxidation kinetics of the Zr-Nb alloys differ somewhat from those of the Zircaloys Often
no clearlv defined rate transition 1s evident and a steady change from cubic to linear kinetics 1s
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observed This 1s analogous to the para-linear oxidation kinetics regarded as indicative of the slow
development of porosity in the oxide from the start of oxidation, with the remaining barrier oxide
eventually reaching a hmiting thickness Examples of this behaviour are shown 1n Figure 4 17 for the
Zr-2 5%Nb alloy [12,68] and 1n Figure 4.18 for the Zr-1%Nb alloy [68,69].

A change 1n the temperature of the water from 285°C to 300°C has only a weak influence on
the corrosion rate of Zr-1%Nb alloy. This 1s the same temperature range over which relatively small
Increases in pre-transition corrosion were observed for the Zircaloys [59]. After 500 days of autoclave
testing the oxide film thickness on Zr-1%Nb alloy specimens was not more than 2 pum, and the
kinetics will show a rate decreasing with time. A further rise in water temperature to 350°C showed
an increase of only a factor of 2-2.5 in weight gain after 400 days when compared with the 300°C
data After up to 1000 days of autoclave testing at 350°C the oxide films retained their dark colour.
adhered firmly to the base metal. and did not exceed 5 pm thickness The hydrogen content of the
samples tested did not exceed 30 wt ppm In 350°C laboratory water the corrosion can be described
by a parabolic rate law up to 1000 days

logAw=0.2+0.5logt 41

for Aw 1n mg/dm’ and time (t) 1n hours. This parabolic dependence also persists in KOH solutions
typical of WWER operation, but here the weight gains were somewhat lower than in pH 7 water [68]

The Zr-2.5%Nb alloy may also show some irregular temperature dependence at low
temperatures Early results for heat-treated Zr-2.5%Nb (B-quench + 500°C anneal) [70] suggested that
a rate transition at long exposure times became more severe as the temperature went down so that
long-term rates at <200°C could be higher than at 275°C (Figure 4 19) This was explained as a
peculiarity of early batches of the alloy with high ron contents [71], but the possibility of it occurnng
for other batches at longer times than the maximum exposure in these tests (~2500 days) cannot be
discounted

Another important difference between the corrosion of the Zr-Nb alloys and the Zircaloys in
laboratory tests are that the former show increased corrosion rates in the presence of traces of oxygen
in the water, whereas the latter do not (Figure 4.20). One important consequence of this for the Zr-
1%Nb alloy 1s that 1n oxygenated mixtures of water and steam (resulting from boiling 1n the loop), an
increase 1n either steam or oxygen concentration results in larger oxide film thicknesses, and can also
result 1n nodular corrosion of the alloy. In saturated steam at 285°C (10-36 mg/l oxygen) the
corrosion rate 18 4-5 times that in water (0.2-0.9 mg/l oxygen) or in a water/20-30% steam mixture
(0 36 mg/l oxygen) (Figure 4.21) Similar behaviour was observed 1n tests at 350°C (Figure 4 22)
The hvdrogen content of the specimens 1n these tests remained low at ~20 wt.ppm [72]

In steam at 400°C, with 20-40 mg/l oxygen, the corrosion of Zr-1%Nb alloy specimens
remained close to parabolic

log Aw=0.3+0.58 log t (42)

however. with further increases in temperature the protectiveness of the oxide films degraded so that
at 450°C the kinetics became closer to linear

log Aw=0.35+0.71 log t (4 3)

and the oxide thickness reached 60 pum after 4,000 hours After steam tests of 300 hours lamellar
oxide films were formed that peeled off in large preces when the specimens were pulled 1n tension. At
high steam temperatures the hydrogen contents reached high values; after 3,500 hours at 500°C (for
example) hydrogen contents of 1,000 wt.ppm were observed, with a heavily hydnded surface layer
ot 20 um thickness
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FIG. 4.17. Corrosion of alloys with 2-5% niobium in water and superheated steam at various
temperatures [68]. 1. Zr-2%Nb; 2. Zr-2.5%Nb, 3. Zr-5%Nb; 4. Zr-2.5-3%Nb; 5. Zr-2.5%Nb.
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The effect of pH already noted in Chapter 1 appears to be general for all alkaline solutions. At
300°C the weight gains of all specimens were lower than in water for all the alkalis tested (KOH,
NaOH. NH,OH and LiOH) and a small reduction was also observed in H,SO, at pH 5 (Figure 4.23).
in the light of current hypotheses about ZrO, dissolution in such solutions [72,73] it would be
interesting to know how much of the reduced weight gains may have resulted from local oxide
dissolution (see Section 4. 2. 3. 2). In LiOH solutions with 70 ppm Li’, ZIRLO (Zr-1%Nb-1%Sn-
0.1%Fe alloy) seems to show lower corrosion rates than Zircaloy-4 (Figure 4.24). However, reported
results [74] for binary Zr-Nb alloys indicate that both Zr-1%Nb and Zr-2.5%Nb are much more
sensitive to accelerated corrosion in LiOH solutions than the Zircaloys especially following transients
to higher LiOH concentrations (Figure 4.25). Effects of LiOH will be discussed in more detail later
(section 4.2.3.2.).

4. 2. 2. Pre-transition oxidation mechanism

A comprehensive model for the growth of pre-transition oxide films requires the following
information:

a. A full description of oxide film structure and the evolution of the crystallite size, size
distribution and texture; phase composition; the nature of the reasons for the restricted selection
of monoclinic crystallite orientations (e.g. does that imply that at temperature the crystallites
were tetragonal or cubic and stabilised by the compressive stresses); knowledge of the diffusion
kinetics in the lattice and at crystallite boundaries. Figure 4.26 is a simplified attempt to
represent a pre-transition oxide film [26].

b.  The nature of the electrical properties of the oxide. Since ZrO, is intrinsically an insulator,
dopants have a big effect on conductivity [75]. Localized doping, or localized regions of high
conductivity for other reasons, are particularly important (Figure 4.27) [75,33]. Evidence shows
that the intermetallics represent such regions in the Zircaloys and unalloyed zirconium (which
usually contains Zr,Fe or Zr,Fe precipitates), but not in Zr-2.5%Nb which is generally free of
them in the cold-worked condition if the Fe impurity concentration is low [26]. In this alloy the
transition metal impurities dissolve preferentially in the 3-Zr phase.

C. Correlations of oxidation kinetics with oxygen diffusion in ZrO, fit best with crystallite
boundary diffusion [19,20] which is many orders of magnitude higher than that for lattice
diffusion at normal reactor temperatures (Figure 4.28); but the details of this process, rather
than average behaviour over large areas, are needed because of the localised thickness
variations that develop at the oxide-metal interface.

d. Electrochemical studies show that high fields persist across the oxide (Figure 4.29), and that
this electronic resistivity is a significant component of the overall oxidation resistance [29].
However, a detailed understanding of local conduction effects remains absent for oxides in high
temperature water, and is especially important under irradiation.

e. In order to describe the overall oxidation process we must concentrate on the closed circuit
electrochemical aspects. The electronic current flows at local sites (intermetallics) in the
Zircaloys and the surface current of electrons or protons represents an electrochemical potential
variation across the surface. Thus, the surface potential is expected to be very position
dependent. Little or no evidence on this is available even at low temperatures.

f. For alloys other than the Zircaloys we must make individual studies, e.g. Zr-2.5%Nb has few
intermetallics, and evidence suggests that electronic conduction is relatively homogeneous.
Thus, surface potential variations may be much smaller than for the Zircaloys.

g.  The evolution of the oxide structure and the incorporation of alloying elements in pre-transition
oxides are not well known - Electron microscopy gives good data in the very thin film region of
oxide evolution. Ion milling of thick films is possible with difficulty but at intermediate
thicknesses (0.5-4 um) the films are not well characterized. Similarly, the distribution and
location of impurities and alloying elements across the oxide [76] are known on a macro scale
for thick films from Auger Electron Spectroscopy (Figure 4.30) but evidence on pre-transition
oxides is slender and not always believable, and evidence on the scale of the oxide crystallite
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size 15 still completely absent. Whether the alloying additions and impunties segregate at
crystallite boundanes or occupy substitutional or interstitial positions 1n the oxide lattice, and
their effective valence 1n barrier-type oxide films, 1s unknown for all species. A start on such
measurements has been made for Fe in ZrO, by Mossbauer Spectroscopy [77], and Scanning
Transmission Electron Microscopes (STEM) capable of analyses on the scale of the oxide
crvstallite size are becoming available

A start has been made on closing the gaps 1n our knowledge of the fate of the alloymng
elements n the oxide film The alloying by minor additions of Fe. Cr and N1 to the Zircaloys and ot
Nb 1n Zr-1%Nb and Zr-2 5%Nb alloys enhances significantly the corrosion resistance of Zr metal In
every case, the major fraction of the alloying element 1s not soluble and precipitates as a second phase
or phases The nature and spatial distribution of these precipitates are dependent on the thermal
historv during processing (e g section 6 2 for Zircaloy) In order to understand the mechanism of
this improvement 1n corrosion resistance, several microstructural studies have recentlv been
undertaken by STEM of the oxide layer [42.78.79] A schematic view of the behaviour of one type ot
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precipitate is presented in Figure 4.31. It was found that the precipitates were incorporated unoxidized
in the surrounding dense oxide layer of zirconia (Figure 4.32) and then slowly transformed. The
subsequent oxidation of Zr and Cr led to the release of Fe as metallic particles at the edge of the
precipitates (Figure 4.33). This indicates that the oxygen potential is lower there than that
corresponding to the oxidation of Fe. Indeed, it varies between the boundary conditions at both
interfaces of the dense layer:

e at the metal/oxide interface, the oxygen potential corresponds to the equilibrium
Zr + O, <=> ZrO,

o while at the roots of the pores, i.e., where the water can reach, the oxygen potential corresponds
to the reduction of water:

H.O <=>H. + 1/2(0,)

adjusted to allow for the incomplete absorption of hydrogen by the metal which can result in an
H.:O, ratio in the pores that is much larger than 2.

[n some cases, the precipitates were found to transform to an intermediate amorphous state in the
dense oxide layer. This amorphous transformation is not due to irradiation (as discussed in section 8.
1. 3. 3.) but may be attributed to the doping of the intermetallic by hydrogen, or to a departure of the
particle stoichiometry from AB,, as the nearest neighbour distance between atoms is different from
that obtained after an irradiation induced amorphous transformation [79]. In all cases, the final
oxidation of the precipitates occurs when the growth of the oxide layer leaves them surrounded by the
porous oxide. Then the oxygen potential is high enough to allow iron to oxidise. When oxidised.
these precipitates mainly form tetragonal zirconia, while the surrounding matrix is monoclinic. The
stability of this allotropic form could be enhanced by Fe or by the very fine grain size observed.

For Nb bearing alloys, the Nb-rich precipitates are considered to oxidise at the same time as
the surrounding matrix, since the oxygen potential of the reaction:

2 Nb + 3/2 0, <=> Nb,0,
is similar to the potential for the oxidation of zirconium.

The process by which the unoxidized precipitates are embedded in the zirconia layer could
help to explain the improvement induced by the addition of the insoluble alloying elements, i.e., they
act as a source of Fe within the zirconia itself, contributing to a chemical stabilisation of the
tetragonal phase [43]. The diffusion of Fe from the unoxidized precipitates into the surrounding
matrix is very different in autoclaved samples compared with irradiated samples. It is very limited in
an autoclave experiment, but more significant under irradiation. The impact of this difference will be
discussed in section 8. 1. 3. 3. 2. [80].

Examination of thin oxide films on cold-worked Zr-2.5%Nb alloy has shown some
interesting differences from the above. Although much of the oxide consists of columnar ZrO, grains,
as is the case for Zircaloy oxidation, the B-Zr phase at the o-Zr grain boundaries oxidises more
rapidly than the o-Zr matrix, and there seems to be more evidence for the presence of amorphous
ZrO., both at the oxide/metal interface and at columnar crystallite boundaries (Figure 4.34) than is
observed for oxide films on Zircaloys [81-83]. The Zr-1%Nb alloy is an alloy with a primarily a-Zr
structure which may have small precipitates (<0.1 um) of either B-Zr or B-Nb depending upon the
heat treatment although most commercial heat treatments will not result in B-Zr precipitates in the
tinal product. No detailed studies of the oxide structure have been reported.
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FIG 4.32. Various states of the precipitates located in the bulk of a 4 um thick oxide layer (at about

1 um from the metallic interface). (a) Unoxidized precipitate Dark-field from a <101 3>hcp Zr(Fe,
Cr), reflection (b) Microcrystalline oxidized precipitate Dark-field from a tetragonal ZrO, spot (c)

Amorphous precipitate. The first ring of the amorphous diffusion pattern corresponds to a first
neighbour distance of 0 28 nm [42]
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located at the water-oxide interface of a 1 um thick oxide layer. (b) Dark-field of a <110> bcc iron
agglomeration reflection and some of the adjacent tetragonal spot [42].

4 2 3. Mechanism of oxide breakdown on the Zircaloys

4 2.3 1. In water and gases

The fact that there 1s an acceleration 1n the oxidation rate at the transition point in Zircaloys
implies an effective reduction of the protective fraction of the total oxide film. The processes causing
this thinning are the source of some contention Early work showed that cracking of the oxide
occurred, as crack networks were seen 1n post-transition oxide films by electron-microscope replica
techniques (Figure 4 35) However, recent studies of thick oxide films formed at 340-360°C on
current Zircaloy-4 cladding batches have not found any evidence for such large cracks [84]. Only fine
porosity was seen, similar to that first identified during oxidation at higher temperatures (~500°C)
and low pressure (1 atm.) where few large cracks were seen after the rate transition. This led to the
suggestion that networks of fine pores were involved 1n the transition process (Figure 4.36 [26,85])
The onset of these breakdown processes occurs by a process of local nucleation followed by
spreading across the surface. Edges, support holes, punched-in 1dentification numbers and a "random"
distribution of other surface sites provide the initiation points [86]. During transition a spotty
appearance, that is superficially similar to nodular corrosion, often appears. However, during the
normal rate transition there 1s httle difference in oxide thickness between white spots and the
surrounding black oxide [86].
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FIG. 4.34. Oxide film formed on Zr-2.5%Nb alloy. (a) Schematic diagram of scale features; (b)
bright-field and (c¢) dark-field images of metal/oxide interface region; (d) dark-field image for
amorphous contrast above interface; (e) bright-field image from near to the top of the scale showing
amorphous region disrupting columnar oxide structure {83].
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FIG 4 35 Zircaloy-2 surface after oxidation in steam at 350°C (billet Z8006, 192 days at 350°C,
weight gain 40 mg/dm’) Specimen surface was uniformly covered with cracks at about this Sfrequency
(6000%) [26]

E
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team at 500°C (billet Z105, 12 days at 500°C, 1

ion in s

). Only a few small cracks like this were seen on the whole surface

2

FIG. 4.36. Zircaloy-2 surface after oxidat

atm , weight gain 360 mg/dm

(16000%) [26]
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Porosimetry with mercury filling the pores (Figure 4.37) under pressure, was able to measure
both the effective diameter of the pores and their depth of penetration, since the mercury filling the
pores short-circuits that fraction of the total oxide thickness. Thus, the ratio of the final to the initial
resistance of the oxide gives an approximate value for the non-porous fraction of the oxide. AC
impedance measurements with metallic and electrolyte contacts can also give an indication of the
depth of penetration of the pores as the electrolyte will soak into the porous layer. These results have
suggested that the pores approached close to, if not right up to, the metal/oxide interface, leaving no
thickness of barrier oxide that is significantly thicker on average than the normal air-formed oxide (2-
5 nm) [63,85]. Results indicated that, on average, pores were smaller in oxides on Zr-2.5%Nb than on
Zircaloy-2, and were already evident at weight gains much less than the transition weight gain for the
Zircaloys, in accordance with a para-linear oxidation mechanism where porosity should start to
develop from the beginning of oxidation (Figure 4.38). Although early studies of post-transition
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FIG. 4.37. Development of porosity in oxide films formed on Zircaloy-2 in 400°C steam. Note
appearance of porosity prior to normally accepted weight gain at transition (~30 mg/dm’). R is
initial resistance, R is resistance at any pressure (p); R is final resistance at max. pressure [63].
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oxides showed networks of cracks n oxides formed in water in the range 300-360°C. these
observations have not been confirmed by examination of current cladding batches [84]. Thus, the
discontinuous cychc post-transition oxidation kinetics that are well established for the Zircaloys do
not appear to be explicable simply by the generation of networks of gross cracks at the start of each
cvcle The fine porosity 1s always found in post-transition oxides, and the current view 1s that in high
purity water or steam, this porosity may be generated by the martensitic transformation of tetragonal
to monochinic ZrO, [56,57,87] Porosimetry also suggested that there was no post-breakdown
reformation of thick barrier oxides in steam and water, as suggested by Kass [88] It appears,
however, that in the thick oxides the porosity may branch as it progresses inwards producing the most
pores at or near the oxide/metal interface and the least at the oxide/environment interface [84]. Hence,

the cyclic nature of the kinetics may still result from the cyclic propagation of the pore network by
the martensitic transformation.

The argument that these pores or cracks only progress a fraction of the way through the oxide
has been made both on mechanical grounds, and on the basis of impedance measurements 1n aqueous
solution. The high compressive stresses in the oxide film at the oxide-metal interface were concluded
to decline monotonically towards the surface of the oxide [89]. This was based on the assumption that
fresh oxide layers formed by inward migration of oxygen alone. Thus, If the first oxide layer 1s
formed at 1ts compressive yield stress, each successive oxide layer that forms (at its compressive
yield) will add an increment of tensile stress to the adjacent layers of both oxide and metal to balance
the stresses There still remain some doubts about this interpretation of the evolution of the oxide
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stresses A crack or pore mtiating at the surface (because this region has gone into tension) should
penetrate only to the level where the net stress in the oxide 1s zero after redistribution of the stresses
in the oxide The mechanical argument cannot explain the deep penetration of the porosity revealed
by the mercury porosimetry and the effects of step changes in oxygen and steam pressure during post-
transition oxidation [90,91] Impedance measurements in aqueous electrolytes give good indications
of the presence of porosity but not of its closeness of approach to the metal/oxide interface because ot
the interposition of the double layer impedance between the electrolyte and the barrier oxide
Interpretation of the nature of the double layer inside very small pores 1s imperfect and the use of the
whole specimen area, rather than the area of the pores, to interpret the impedance due to the porosity
1s probably incorrect Much work 1s being done currently by impedance spectroscopy to try to
improve the interpretation of impedances resulting from the pore structure [92-96]

The mechanisms by which the various defects form in the oxide are still generally unclear
The stress gradient through the oxide, that results from its formation exclusively by oxygen
migration, should result in the surface layer eventually going into tension On such an hypothesis, the
outer layer would crack once 1t went into tension and the cracks would propagate to the position of
zero stress 1n the oxide, but should not propagate to the oxide/metal interface (even after the stresses
in the oxide are redistributed) The measured stresses on the oxide are considerably greater than the
vield stress of the metal matrix so that stresses in the metal should not change this pattern
significantly Another hypothesis for generating small microcracks in the oxide derives from the
observation that those monochinic ZrO, crystallites forming on the surface are just the restricted range
of orientations that could be expected 1if the oxide were formed 1nitially as cubic or tetragonal ZrO
and transformed subsequently to monoclinic ZrO, [53,97] On this hypothesis the oxide film would
be a form of partially stabilised zircoma (PSZ), with a significant percentage of tetragonal ZrO
maintained by the high compressive stresses As any given tetragonal crystallite moves out in the
ox1ide (by formation of fresh oxide below it) this stress would decrease, and would eventually become
too small to stabilize tetragonal ZrO, The crystallite would then undergo a martensitic transformation
that can lead to a twinned structure and generate microcracks in commercial ceramics (Figure 4 39)
[87] Such cracks could then interlink to form the fine pores, or act as nucler for grosser cracks In
this instance, although such microcracking should initiate at or near the oxide/environment interface

it should progress to the point 1n the oxide where the compressive stress in the oxide equalled that
necessary for the stability of tetragonal ZrO  This would predict much deeper cracking than the
simple mechanical hypothesis, and would result 1n a barrier layer thickness dependent on the matrix
strength (since the maximum stress achuevable 1n the oxide 1s influenced by the creep strength of the
substrate) If the stress decreases approximately linearly with distance through the oxide from the
oxide/metal interface to the oxide/environment interface then, for a high strength alloy such as Zr-
2 5%Nb, the position at which the tetragonal/monochnic transformation of the ZrO occurred would
be further from the oxide/metal interface in this instance than for an alloy with a weaker matrix This
could explain the thicker barrier layer 1n oxides on Zr-2 5%Nb than on the Zircaloys [98]

Recent work has been carried out to elucidate the stabilisation of tetragonal zirconia Using
Raman spectroscopy on tapered sections of the oxide layer. it was possible to analyse the content of
the tetragonal phase in the oxide for different oxide thicknesses [57] It was claimed that close to the
metal oxade interface, the tetragonal content was high (1n the range of 30-40%), and decreased sharply
Just at the transition Using X-ray diffraction, lattice parameter measurements led to the conclusion
that this transition 1s associated with a simultaneous relaxation of the compressive stresses in the
zirconia The proposed explanation for the transition 1s the fact that, as the oxide builds up, the matrix
balances the compressive stresses induced by the oxide with tensile stresses 1n the metal up to a level
where 1t relaxes by plastic deformation This leads to a lower stress level in the oxide and thus helps
the tetragonal phase to transform into monoclinic The associated development of a fine porosity
induced by the martensitic transformation leads to a change in boundary conditions The external
boundary 1s now defined by the locations of the roots of the pores Other explanations could invoke
the recrystallization of the zirconia induced during its thermal history Indeed, 1n hot water, stabilised
tetragonal zirconia transforms into the monochnic form [99]
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4 2 3 2 Mechamsm of ox1 reakdown 1n L1OH solutions

The degradation of the corrosion resistance of zirconium alloys in L1OH solutions 1s a special
case of oxide breakdown where the mechanism 1s known to be different from the above The
accelerating effects of concentrated L1OH on the corrosion of the Zircaloys (Figure 4 40) have been
known for many years [100-104]. It results in thick porous oxide films from an early period of
corrosion At very high lithium hydroxide concentrations, for example 0 5 molar (3,000 ppm Lt1) the
pre-transition kinetic period disappears, and linear oxidation with the formation of porous oxides
proceeds from the start of the expenment At somewhat lower lithium hydroxide concentrations,
approximately cubic pre-transition kinetics are exhibited with hittle evidence of an enhanced corrosion
rate but with reduced times to transition (Figure 4 41). Below approximately 400 ppm L1 for
Zircaloy-4 and below 60 ppm for Zr-2.5%Nb, no effect on corrosion kinetics in the pre-transition
region has been observed [104-106]. X-ray diffraction studies have sometimes indicated the presence
of lithium zirconate 1n the oxide, but this 1s not universally accepted. Recent work [107] suggests that
much of the L1" 1n the oxide 1s leachable, and that it 1s mainly contained within the interconnected
porosity TEM studtes of the morphology of thick porous oxide films formed in LiOH have been
reported [96,108] and show that they are much more porous than the normal post-transition oxides
Mechanisms that have been proposed to explain the lithium hydroxide enhancement effects are [73]

I Incorporation of L1’ in the lattice in place of a Zr" 1on (as 1n hithium zirconate) thus creating
additional anion vacancies which increase the rate of oxygen diffusion

2 The bithwum influences the recrystallization process leading to a higher grain boundary area and
greater nucleation of pores and cracks 1n the oxide

3 Lithium increases the number of pores which penetrate the barrier layer by the preferential
dissolution of inter-linked tetragonal or cubic sites in the lattice The additional porosity then
increases the corrosion rate by allowing the rapid transport of oxygen to the oxide/metal interface

Early 1deas about the mechanism concentrated on incorporation of Li" in the oxide and 1its
etfect on diffusion controlled oxidation However, this hypothesis is clearly wrong as effects on the
pre-transition growth rate are mmimal Despite the absence of any apparent differences between
corrosion weight gains in pH 7 and pH 10-12 (measured at room temperature) solutions at 300°C,
studies of the polarisation curves (measured 1n fused salt at 300°C) of specimens oxidised 1n these
LiOH solutions show differences (Figure 4 42) These results show that (at a point where the
specimen weight gains were all essentially equal), the oxides formed in LiOH containing solutions
were all much more electronically conducting than oxides formed in neutral water Thus, hithium
hydroxide can apparently affect the electrical properties of thin oxide films under conditions where no
changes in the pre-transition corrosion kinetics were observed

Most of the recent studies have concentrated on the mechanism for generating porosity and
accelerating the post-transition corrosion In one hypothesis [109] the dissolution of the ZrO to form
pores by the formation of L1.O from Zr-OL1 groups was thought to be occurring, with reprecipitation
of any zirconium oxide that was dissolved In practice, an even simpler explanation seems to be the
correct one, that t-ZrO 1s preferentially soluble in concentrated high temperature LiOH solutions
[73.110] This process is capable of generating pores in otherwise pore-free oxides, and hence of
rapidly initiating the transition to linear kinetics At lower concentrations of LiOH (<10 * molar) only
superficial pores can be formed by this dissolution, and an accelerating corroston rate probably only
ensues when deeper pores, that allow Li1OH concentration, are formed by another process As a result
the pre-transition kinetics remain largely unaffected as long as the pores remain superficial, and
effects are seen when the normal kinetic transition point 1s approached [110,111]

The nature of the redeposited oxide remains uncertain It was nitially thought that 1t might be
largely amorphous if 1t formed by a precipitation process, however, an alternative possibility is that 1t
might hydrothermally recrystallize on pre-existing crystallites [112] In this situation, the
“redeposited” ZrO, may form larger than normal crystallites Such crystallites have been observed in
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oxides tormed 1n both out-reactor loops and n reactors operating with Li1OH chemustry [113] Studies
have also shown that the beneficial effects of boric acid 1n mitigating effects of LiOH 1n concentrated
solutions [114,115] anse from enhanced reprecipitation blocking porosity, rather than from any effect
on the ZrO, dissolution process itself {110,111]. This dissolution and redeposition hypothesis raises
questions about whether, under irradiation, disordered primary knock-on tracks in the oxide might be
sites for easy dissolution even at low bulk L1OH concentrations [116-118]

A summary of some other recent publications 1n this area shows

(1) Direct evidence supporting postulate 3 above has recently been produced, the creation of pores
in pretransition oxides formed in water being observed after exposure to solutions containing
high lithium hydroxide concentrations [73].

{1y Ding and Northwood [119] investigated the corrosion of Zr-2 5%Nb matenal in high lithium
hydroxide concentrations. Preferential grain boundary attack by the lithium hydroxide was
observed above a LIOH concentration of 1.2-4.8 g-litre ' (310-1.250 ppm L1) The authors talk
about “destruction” of the barrer oxide film and formation of cracks and pores, but offer no
explanation of how this happens

(i) Ramasubramanian et al [105,107] proposed postulate 2 as a result of observations of LiOH
effects on the corrosion of Zr-2 5%Nb. Undissociated LiOH molecules were postulated to form
Zr-OLt groups attached to the surface and these were thought to retard the normal
recrystalhization processes, thus maintaining a high grain boundary area through which oxygen
diffuses or causing the generation of porosity

(tv) Recent work by Jeong, Ruhmann and Garzarolhi [120] has also shown that the degree of
corrosion enhancement 1s approximately inversely proportional to the ionic radu of alkali metal
1ons (L1, Na, K, Rb. Cs)" although this appears to favour a solid state diffusion mechanism such
as postulate 1, this 1s also the order of ZrO, solubility observed in hydrothermal exposures to
L1OH, NaOH and KOH [112].

(v)  There 1s no evidence for Li" mobility in ZrO,, or that L1" 1s present in the oxide before effects of
LiOH are seen when the L1OH concentration 1s changed [74]

4 2 4 Mechanism of oxide breakdown in Zr-Nb alloys

In the case of the Zr-Nb alloys the kinetics of the rate transition do not necessarily follow the
form observed for the Zircaloys For instance, the Zr-2 5%Nb alloy often shows a traditional para-
linear form of kinetics where no well defined ncrease in oxidation rate occurs (Figure 4 43) [121]
This 1s generally explained as the development of porosity from the start of oxidation, that ultimately
reaches an equilibrium (linear rate) when the rate of development of porosity and of new barrier oxide
become equal This view 1s confirmed by porosimetry and impedance measurements that show
similar (but perhaps a bit smatler) pore sizes than 1n the Zircaloys, with much thicker barrer oxide
layers for Zr-2 5%Nb (Figure 4 38) [121] The mechanisms for the formation of this porosity have
not been elucidated tn detail, but are thought to be basically similar to those described for the
Zucaloys

4 2 5 Post-transition growth

Once the post-transition oxide film develops an equilibrium pore and crack structure, the
oxidation rate becomes effectively linear As has been pointed out, the cyclic nature of the kinetics
after transition may represent cycles of formation of grosser cracks in the oxide Since recent studies
(unlike studies of early batches of Zircaloy) do not show evidence for such gross cracks at the oxide
surface, 1t must be concluded that these cycles are initiated by some internal cracking process, such as
that which leads to the presence of layering 1n the oxide There 1s no unequivocal evidence to support
a reformation of a thick barmer layer at any time during these cycles [63.85,88]

In-reactor, where a further increment of irradiation-induced creep and growth may be present
[116]. an additional factor may be present whereby creep of the substrate might induce cracking at or
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near the oxide/metal interface Such cracks would then propagate outwards until they reached the
surface Localised creep of the substrate may also occur at the oxide-metal interface during out-
reactor corrosion as part of the processes that accommodate the volume change during oxide
tormation If so. then a similar crack nucleation process could occur However, tests performed under
creep conditions in steam, at a relatively high temperature (400-500°C), suggested that the growing
oxide could accommodate some deformation of the substrate (Figure 4 44) unless a critical creep rate
was exceeded [122]

A distinction between these various hypotheses may be possible with a careful combination
ot electron microscopy and impedance techniques, although the relaxation of stresses during the
preparation of TEM foils may induce cracks that were not there to begin with In thick oxides
cracks penetrating only to the approximate position of the neutral axis can often be seen
metallographically, but are normally too few to explain the overall oxidatton behaviour, although
they do seem to cause regtons of locally thick oxide If small pores are developing from the
interlinking of microcracks produced by either of the other two hypotheses, then a distinction might
be made 1f we could establish whether pores start to develop at the oxide/environment interface or the
oxide/metal interface Impedance spectroscopy techniques using a vartety of contacts on the outer
surface (including immersion techniques) and analysis of the frequency spectrum may be able to
resolve this, even 1f the pores cannot be seen 1n electron microscope replicas, however, the present
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state of development of the interpretation of such data does not yet allow firm conclusions to be
reached Such measurements 1n bulk PSZ claim to be able to distinguish bulk from grain boundary
diffusion (for example) [123} In high temperature water the potential for dissolution processes to
enlarge these pores, or to cause them in the first place (as seems to occur in concentrated Li1OH
solutions) must also be considered [107], especially as under heat flux conditions the elevation ot the
boiling point by L1OH will ensure the presence of more concentrated solutions within porous oxide
tilms than the concentration within the water [63]

Concentrated L1OH solutions affect corrosion rates in the post-transitton regton more than in
the pre-transition region For example, Figure 4 45 shows enhancement of Zircaloy corrosion above
approximately 30 ppm L1 [124] Several authors [e g 104,124] conclude that the increase in corrosion
appears to be associated with a non-leachable lithium content in the oxide when this exceeds
approximately 100 ppm However, whether this 1s a cause of the phenomenon, or an effect of
redeposition from concentrated LiIOH solutions remains to be established

More recently, autoclave expertments have shown dramatic effects in ameliorating, or
inhibiting, the hthium hydroxide enhancement when boric acid 1s present at a boron concentration of
greater than 50-200 ppm {114,115,125-127] For example, the data in Figure 4 46 for exposures to

220 ppm lithium solutions yield an enhancement 1n the post-transition corrosion rate by a factor of
approximately 18 1n the absence of boric acid but by only a factor of approximately 1 2 mn the
presence of boric acid (B>50 ppm) [114,115] It was also found that the inhibition by boric acid ot
lithium-enhanced corrosion was assoclated with a reduced concentration of lithium incorporated 1n
the oxide One theory postulated to explain the inhibiting effect 1s the removal of surface -OL1 groups
by reaction with non-ionised boric acid molecules [105] The above discussion was restricted to
autoclave measurements Further information on hthium hydroxide effects in non-isothermal
laboratory loops 1s given 1n section 6 4 and some assessments of lithium hydroxide effects on fuel
cladding corrosion are briefly reviewed 1n section 7 3

Mechanistic studies have been carried out to establish how the local dissolution of ZrO n
L1OH s modified n the presence of H,BO, and have led to some unexpected results [110] It was
tound that the addition of H.BO, (1,000 ppm B) to 0 1 molar LiOH solutions had no apparent effect
on the local dissolution of oxide films preformed in 300°C water The pores grew with an apparentlv
identical frequency and depth to those observed in boric acid free 0 IM LiOH [110] Simularly, no
effect of bonc acid additions was seen during the regrowth of the barrier oxide film after a transient
exposure to 1 0 molar LiIOH Only when boric acid was present in high concentrations (8,000 ppm B)
during a transient exposure to 1 0 molar LiOH did 1t inhibit the development of through-thickness
pores 1n the oxide film Under these conditions the oxidation transient that would have ensued was
eliminated (Figure 4 47) Thus boric acid seems to be incapable of influencing the dissolution ot
ZrO to form pores 1n oxide films, but will apparently enhance reprecipitation to plug deep pores and
thus prevent the approach of porosity up to the oxide/metal interface At present, the evidence is
insufficient to distinguish between a mechanism whereby the boric acid addition changes the
chemustrv at the bottom of a pore so that the solubility of the ZrO 1s reduced, from a mechanism
whereby the ZrO still dissolved at the bottom of the pore but 1s reprecipitated immediately in the
presence of boric acid to form a precipitate which effectively plugs the pore tightly enough to prevent
easy diffusion of oxidising species These two mechanisms should be distinguishable by careful TEM
studies of such oxide films Since the dissolution of ZrO films appears to occur even in low L1IOH
solutions (10 * molar PHWR chemuistry) under 1rradiation [128], a new model for in-reactor oxidation
ot zticonum alloys has been proposed that 1s based on the dissolution of primary knock-on damage
spikes 1n all high temperature water conditions [117,118] The only effect of changes in LiOH
concentration would then be 1n the rate of dissolution of the damage spikes 1n the oxide
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FIG. 4.45. Effect of LiOH on corrosion of Zircaloy at 350°C, and the Li content in the grown oxide
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4 3 NON-UNIFORM (NODULAR) OXIDE FORMATION

This phenomenon 1s particularly relevant to nodular corrosion under BWR water chemistry
conditions Unfortunately no out-reactor stmulation of this has yet been achieved in high temperature
water 1n the laboratory, although many causes of white-oxide-spot formation have been investigated
(n the past [86] These can be summarized as

e Formation at carbide particles;

» Formation at large intermetallics.

* Formation at gas-void stringers,

» Formation with impurities (e.g F, Cu, etc.) in the water,
e Formation at hydndes

None of these seems to be capable of explaining the BWR observations However, nodule
formation in 500°C high pressure steam seems capable of giving good correlations with observed
matenial lot vanability in-reactor [129). Vanations on the 500°C steam test in the form of either a
dual temperature test (simulating preoxidation) [130] or a higher temperature 520°C test (claimed to
give better discrimination of batches) [131] are now being recommended. Whatever the precise test
conditions used, B- or (o + B)-quenched material gives the best resistance in the high temperature
test, and also in-reactor {see section 6 2 )

84




Despite this there are clearly aspects of the in-reactor behaviour that are not normally present
in the steam test (e.g. electrochemical and galvanic effects), so one is left wondering how close is the
scientific comparability of the two phenomena. The experiments of Urquhart and Vermilyea in 500°C
steam with applied potentials [30] suggest the importance of such effects but do not necessarily cause
the same phenomenon since the currents were not limited in these tests. Thus, local ohmic heating
(such as causes the breakdown of anodic oxide films) cannot be eliminated as a possible cause of
their observations.

4. 3. 1. Nodular oxide formation

There is not much definite knowledge of the mechanism of nodular oxide formation in 500°C
steam. The work that has been done suffers from a number of limitations. Thus, virtually all of the
experimentation that purports to demonstrate that nodules initiate in precipitate free areas of surface
has been performed on samples heat treated to generate very large grains, and to displace virtually all
the intermetallics to the grain boundaries [132-134]. Such material would, of course, not have passed
the standard 400°C steam test, and would have shown white oxide spots (nodules) after proionged
corrosion in 400°C steam. The rest of the work has been done on non-Zircaloy materials (e.g.
unalloyed zirconium) that are relatively intermetallic free, and that are also traditionally expected to
fail a 400°C steam test and develop white oxide "spots". An example of such effects can be seen in
the laser glazing studies of Sabol et al. [135], where depletion of the alloying elements in the surface
degraded the corrosion resistance. Thus, use of this evidence requires us to accept that all nodules
will form away from intermetallics because it has long been known that some poorly heat treated
materials nucleate nodules at such locations. In support of this the work of Demars, Givord and
Ammand is often quoted [136]. However, only one of their heat treatments (an a + P treatment with
no further o anneal) gave nodules that formed within the grains. After even short low temperature
anneals the white spots were located at the sites of the heavily segregated intermetallics. Figure 4.48
gives an example of such nucleation of white spots at an early stage of growth. These would develop
with prolonged exposure in 400°C steam (or 300°C water) but would not give a highly regular nodule
outline even after long exposures.

Similarly, the work that claims to show hydride precipitation at the metal-oxide interface as
the cause of nodule nucleation suffers from severe problems [137]. At the experimental temperature
none of the specimens appears to contain enough hydrogen for the solubility to have been exceeded.
Thus, the evidence for clusters of local hydride precipitates after quenching such specimens from
500°C appears more probably to be a result of the local rapid ingress of hydrogen following nodule
nucleation, rather than a cause of it. In support of this, evidence that a critical hydrogen ingress rate
must be exceeded locally before solid hydride layers can be formed near the oxide/metal interface can
be found in the literature (Figure 4.49). The generally more severe nodular corrosion of Zircaloy-4
compared with Zircaloy-2, despite the lower hydrogen uptake rates of Zircaloy-4 directly contradicts
such a mechanism. A further difficulty that confronts the hypothesis that nodules nucleate at
interfacial hydrides is the observation that, during high temperature oxidation (=500°) in the
Zircaloys, hydrogen and hydrides are effectively excluded from a thin layer at the oxide/metal
interface where high concentrations of dissolved oxygen result from diffusion of this species into the
metal (Figure 4.50) [138,139].

Another hypothesis [140] explains nodular corrosion as a result of subsurface intermetallics
that become embedded in the pre-transition oxide. There, it is argued they represent cathodic sites
that can lead to the formation of gaseous hydrogen within the barrier oxide, thus disrupting the oxide
and initiating the formation of a nodule. It is not clear that the arguments for why such an hypothesis
should be dependent on oxygen in the water are valid, and thus the results should not be a function of
the reactor water chemistry. Nevertheless, the implication of hydrogen in the process cannot be
dismissed, as nodular oxidation does not occur in high pressure oxygen at 500°C. It may be that
hydrogen liberated within the oxide at buried intermetallic particles is the critical factor as suggested
by several authors [141,142]. However, we should be careful not to fall into the same errors that have
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FIG 4 48 Local white-oxide formation along 1ntermetallic
400°C steam test (2000x)
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Autoradiograph in situ; exp. 20 min (500 x)

FIG 4 50 Redistribution of trinum at the oxide-metal nterface (portion of the oxidized sample
annealed in argon at 800°C for 2 hours, air cooled) Note the absence of tritium in the metal zone
adjacent to the oxide due 1o the high dissolved oxygen level there and tritium enrichment in the nexi
metal zone with a low oxygen content [139]

beset mechanistic studies of effects of LIOH (1e arguing about whether the effect was a result of
[L1]or [OH ] when it 1s a property of LIOH aq ) In this instance, we should avoid blaming the effect
on hydrogen when 1t may be the result of some property of the high temperature high-pressure steam
itself

4 3 2 Mechanism of nodule formation

The studies in 500°C steam have concentrated on the variables associated with the
metallurgical structure of the cladding However, although this vanability between cladding batches
is one of the obvious features of the in-reactor phenomenon, as 1s shown by the dependence ot
nodular corroston on second phase precipitate size and distribution [143], there are clearly other
tactors that control the incidence of nodule formation The same batches of cladding can behave quite
differently in different reactors The other factors that may be important in BWRs are as follows

4 3 2 1 Galvanic effects

These result from contact with or proximity to stainless steels or nickel alloys This effect was shown
most clearly in SGHWR with the mixed-grid experiment in which alternate gnds at the bottom of a
tuel bundle were either Zircaloy or stainless steel [144] Nodular corrosion occurred predominantly at
the stainless steel gnds, and was distributed symmetrically about them, whereas the small numbers ot
nodules seen at Zircaloy grids were generally downstream of the grids The effect 1s also evident in
examples of control blade handle “shadows™ appearing on the adjacent fuel channel [145], and the
common observation of spots of thick oxide around points of contact of the cladding with Inconel
springs 1n an otherwise Zircaloy grid A further manifestation of this phenomenon 1s the evidence for
ridges of thick oxide on the SGHWR Zircaloy-2 pressure tubes adjacent to the stainless steel grids on
the fuel bundles [146], and the like observation on the Zr-2 5%Nb pressure tubes in RBMK reactors
[147] Lemaignan and others have blamed all these “shadow” effects on proximity to elements giving

88



high B~ ray emissions in-reactor (see section 8. 2. 4.). These effects may still mechanistically be
electrochemical, however, if the B imadiation serves to enhance the local water and ZrO,
conductivities and hence increase electrochemical currents that can flow locally. The protection of a
precipitate free Zr-1.5%Sn alloy from accelerated corrosion in 350°C water by welding a single large
piece of Zr(Fe/Cr). intermetallic to one end of the sample is probably a further example of
electrochemistry at work in the oxidation of zirconium alloys [148].

4. 3. 2.2 Effects of impurities

Effects of impurities such as copper in the reactor water are shown by the evidence that copper in the
water is one of the primary factors leading to CILC failures (Crud Induced Localised Corrosion, an
advanced form of nodular corrosion) [149,150], and by the general reduction in the frequency of
nodules on otherwise similar batches of cladding when the copper alloy condenser tubes in a reactor
are replaced by titanium tubes. In the grosser forms of nodular attack (CILC failures) it is evident that
other factors are important as well. The Ca, Mg and Si content of the water may be critical in forming
the hard impervious crud layers that are thought to participate in CILC failures. This aspect of the
problem was certainly thought to be critical in the early life CILC failures in SGHWR [149]. The
presence of a hard, free-standing crud layer that can support a steam-filled crack between it and the
oxide; or the formation of such steam-filled cracks within the oxide are essential to the final failure
stages. Measurements of the thermal conductivity of high Cu crud [149] showed that it was higher
than that of ZrO,, and so, unless such layers are excessively thick, the temperature rise across them
(in the absence of a steam-filled crack in the system) will be insufficient to cause the high
temperatures at the Zr/ZrO, interface that are needed to get the high corrosion rates and hydrogen
migration that are observed.

4. 3. 2. 3._Effects of radiolytic species

Effects of radiolytic species in the water are clearly important since the phenomenon of nodular
corrosion is not evident in reactors without the presence of dissolved oxygen in the water [151], and
has not been reproduced in the laboratory in highly conducting electrolytes by any form of
electrochemical polarisation attempted so far [31]. This may arise from oxygen added with the
feedwater or more usually from radiolytic production. The presence of boiling in the system is
important only to the extent that it causes partitioning of the radiolytic species (e.g. oxygen and
hydrogen) into the steam phase, and thus changes the concentrations in the water phase. The direct
reaction of radiolytic species with the metal surface is unable to account for the oxidation rates
observed unless unreasonably long diffusion distances, and hence long lifetimes for the species are
assumed. Thus, the actual quantities of radiolytic species produced are thought to be less important
than shifts in the equivalent redox potential of the irradiated water, and hence in the surface
electrochemical potential of the Zircaloy that results during irradiation. However, the computation of
radiolytic species concentration in porous media has still to be performed. '

4. 3. 2. 4. The local power and flux spectrum

The local power and flux spectrum appear also to be important, as the differences reported between
Gd-rods and UO,-rods [150] cannot be understood on the basis of local power or flux, since the Gd-
rods are operating at lower power than the UO,-rods in the critical early irradiation period when
nodules are initiating. It has been argued, however, that B~ emissions by the Gd rods resulting from
electron/positron pair production by capture gammas are the cause of these differences. There are also
other differences in the radiation spectrum seen by the cladding on Gd-rods compared with UO,-rods.
This may be an important aspect of the difference, since a fuel pin can be likened to a large self-
powered flux detector, and the net flux of charged particles from the zirconium oxide into the water
will represent a polarisation current that can change the local surface potential of the cladding.
Calculations of the magnitudes of these currents (see Chapter 6 and reference [456]), however,
suggest that they are too small to be the cause of these effects. This makes it difficult to explain the
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differences seen between nodular corrosion over plena (e.g. those in the high flux regions of
segmented rods) and the lower nodular coverage seen on adjacent fuelled regions [150]. The absence
of a direct correlation with either local power or heat flux is illustrated further by the common
observation that nodular corrosion is often more severe on the unfuelled Zircaloy-4 channels than on
the fuel cladding contained in them, although in this instance material differences must be regarded as
a significant part of the overall effect.

4. 3. 3. Simulating nodular corrosion in high temperature water

In-reactor the important factors in the extent of nodular corrosion for a given metallurgical
condition of the alloy include the following:

¢ Fast neutron irradiation;

¢ The radiolysis of the water and stripping of H, and O, into the steam phase during boiling to
leave an excess of O, that originates primarily in the feedwater. Radiation effects in the
downcomer introduce important differences from plant to plant [151];

e The presence of specific impurities in the water (e.g. Cu);

¢ The influence of galvanic contacts, local B~ irradiation effects or electrochemical currents arising
from proximity to stainless steel or Inconel;

¢ Modifications of the redox potential of the system, such as results from adding H, to the water;

e Increased conductivity of oxide and water resulting from local p~ fluxes.

While not all of these factors could be effectively simulated in the laboratory (e.g. fast
neutrons), many could be. No attempt is known of autoclave testing in which the H./O, ratio in the
water, the polarization of the specimen, and the presence of reducible species such as Cu™ were used
as independent variables. It is interesting to note that for Zr-1%Nb alloy cladding it appears possible
to obtain apparently nodular corrosion in an out-reactor loop in the presence of added oxygen. The
sensitivity of Zr-Nb alloys to the presence of O, in the water is well known.

At present we seem to be no nearer to an understanding of the precise micromechanisms
leading to nodular corrosion. Metallurgical processing of the cladding to give careful control of the
intermetallic precipitate size has done much to mitigate if not to completely eliminate the
phenomenon, and as a result funding for further mechanistic studies has declined. Nevertheless, a
recent paper suggesting that Si in the precipitates may be important in nodule nucleation, indicates
that it may not be so much the actual precipitate size, but what else is in it other than Zr, Fe, Cr or Ni
that may be the critical factor [152].



5. HYDROGEN ABSORPTION

Zircomum alloys absorb hydrogen as a consequence of the corrosion reaction with water, as
well as by other mechanisms which may be observed in defected fuel and where contact with
dissimilar metals occurs Hydrogen has very limited solubility in zirconum alloys, this being less
than | ppm(wt) at room temperature, about 80 ppm at 300°C and about 200 ppm at 400°C Whenever
the solubility 1s exceeded a zirconium hydnde phase will be precipitated, and as this phase 1s brittle 1t
can have an impact on the mechanical properties of the alloy The extent to which this embrittlement
of the alloy occurs depends on the volume fraction of hydride present, its onientation within the alloy
(and with respect to the principal stress direction) and the degree of interconnectedness of the hydride
platelets Hydrogen redistnbutes easily at elevated temperatures migrating down a temperature or
concentration gradient and up a stress gradient (again provided the solubility is exceeded) The
concern about hydrogen uptake 1s related to concern about the potential embnttlement of the
zirconium alloy component and the ability to predict when this might occur The worst embnttlement
occurs at low temperatures when hydrides are oriented normal to the principal stress (usually a hoop
stress 1n tubing) The next most serious situation arises when the terminal solid solubility TSS 1s
exceeded tn a component such as a pressure tube that 1s highly stressed for long periods of time
potentially leading to delayed hydnde cracking (DHC) failures Fuel cladding, because 1t operates
under heat flux, can tolerate high average hydrogen contents (600-1,000 ppm or more) without
significant embrittlement at operating temperature because the temperature gradient concentrates the
hydndes 1n the outer layers of the cladding, leaving most of the wall thickness free of precipitated
hydndes at the operating temperature Without precipitated hydndes there can be no embnttiement

There are still many unknown factors in the mechamisms of hydrogen absorption by
zircontum alloys Not least of these 1s the shortage of good values for the diffusion of hydrogen either
in the ZrO lattice or 1n crystallite boundanes Since early experiments purporting to measure these
usually turned out to be studies of the breakdown of the oxide, one might expect our knowledge of
this breakdown process to be more complete However, because the fact that oxide breakdown was
occurring was 1gnored, and because of the difficulties in characterising these breakdowns, we actually
know no more about breakdown processes than we do about diffusion in coherent oxide films

Zirconium alloys are normally protected against hydrogen ngress by the surface oxide film,
which presents a good barrier both to hydrogen ingress, and to the egress of hydrogen already in the
metal However, laboratory work has shown that, at room temperature under conditions of straining at
a notch, this oxide film offers little protection, and zircontum alloys are susceptible to rapid cracking
(up to 10 ° m/s) 1n gaseous hydrogen [153,154] These experiments revealed only small differences 1n
the crack velocities of the same alloys which show surprisingly large differences in crack velocity
under DHC conditions, where the cracking results only from internal hydrogen [155] Thus, the
protective status of the surface oxtde film, and presence or absence of cracks or pores passing through
it to the metal/ox1de interface are key factors in determining the extent of hydrogen uptake

5 1 HYDROGEN ABSORPTION MECHANISM

There are four essentially different mechanisms by which the hydrogen content of an already
tabricated zirconium alloy component can be increased These are -

(1) Absorption dunng the normal corrosion processes that occur in high temperature aqueous
solutions Hydrogen pickup fraction 1s defined as the ratio of hydrogen entering the metal to
that released by the corrosion reaction during the same period

(1) By direct reactton of a clean (no species other than zirconmum) surface with gaseous
hydrogen

() By diffusion of hydrogen through a metallic bond with a dissimilar metal in which hydrogen
has a higher activity

(1v) By cathodic polansation of zirconium 1n an electrolyte
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All four of these mechanisms have been observed in appropriate circumstances in nuclear
reactors. The first is always with us whenever zirconium alloys are exposed in high temperature
water, and attempts to reduce the hydrogen ingress rate by this mechanism were one of the driving
forces during the development of the Zircaloys [S1]. Absorption of gaseous deuterium from the
annulus gas of a CANDU reactor into the outside of the pressure tubes was a contributing factor in
the failure of the Pickering-2-G16 pressure tube [156]. Diffusion of deuterium from the end-fitting
steel, through the metallic contacts at the rolled joints, into CANDU pressure tubes was first noticed
during the investigations of the early DHC cracking of Zr-Nb pressure tubes in Pickering-3 and 4
[157], and the accumulation and migration of this hydride have been monitored ever since. Although
observed experimentally at elevated temperatures, cathodic hydriding of zirconium alloys in water
has only been observed in low temperature reactors [128].

5. 1. 1. Hydrogen uptake during corrosion

Direct reaction of gaseous hydrogen with the zirconium at the bottoms of pores is not a
possible route for hydrogen ingress during pre-transition oxidation because there will always be at
least a thin barrier layer of oxide at the oxide/metal interface. When oxide films become porous, in
the post-transition region of oxidation kinetics, the pores which develop may penetrate momentarily
up to the oxide/metal interface, as is indicated by the effects of instantaneous pressure changes on the
instantaneous oxidation rate in both oxygen and steam [90,91]. However, there will always be enough
oxidant available to produce at least a thin barrier layer at the bottom of the pore very quickly and, in
general, it is thought that ingress of hydrogen during any brief periods when bare metal is accessible
at the bottom of a pore or crack will be negligible. Even when the protective oxide is thin, however,
hydrogen uptake can reach 100% of that released from the corrosion reaction (Figure 5.1) for
Zircaloy-2 [158). This is thought to be an effect of the Zr,(Fe, Ni) intermetallics, and would not be
applicable to the post-transition oxidation case, since the development of pores around intermetallics
may be inhibited by stabilisation of t-ZrO, (see section 8. 4. 1).

Oxidation studies using T./H,O mixtures [159] have shown that, during normal oxidation, no
T. enters the metal (Table 5.1) until the thermally-induced exchange reaction has progressed to the
point where a measurable fraction of HTO has been formed. Thus, the hydrogen isotopes which enter
the metal do so as an integral part of the reaction of the zirconium with water molecules, and not by
reaction with any dissolved hydrogen in the water. Studies have shown that this situation persists
{Figure 5.2) until hydrogen over-pressures in the system of tens of MPa are present [160]. An
increasing percentage uptake of corrosion hydrogen is observed for Zircaloy-2 (but not for Zircaloy-
4) with increasing hydrogen over-pressure, but this does not reach or exceed 100% until the highest
pressures employed in Figure 5.2,

During the reaction of zirconium alloys with water the hydrogen is liberated, initially, as an
adsorbed hydrogen atom on the oxide surface, when a proton is discharged by an electron emerging
through the oxide film. The site at which this occurs depends on the morphology of the oxide film
(see Figure 4.26). Thus, for alloys of the Zircaloy type, which contain additions of Fe, Cr and Ni (to a
total of ~0.3 wt%) in the form of a distribution of second-phase particles, the electron current flows
primarily at sites where intermetallics partially, or completely, short-circuit the oxide [161]. In alloys
containing no, or few, such intermetallic particles of the transition metals (e.g. Zr-2.5%Nb) the
electron current flows homogeneously through the bulk of the oxide [161]. Russian workers [162]
have examined a range of Zr-Nb alloys from 0-1.5%Nb and find that the hydrogen uptake percentage
decreases steadily over this range (Figure 5.3). Although the oxidation rate increases with increasing
niobium content over this range the reduction in the percentage uptake of hydrogen results in a
roughly constant quantity of hydrogen being absorbed by the different alloys. Data on hydrogen
uptake by Zr-1%Nb alloy over a range of temperatures is given in Figure 5.4.
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Table 5.1. Oxidation inT,/H,0 mixtures

Hydrogen Absorption

Temp. Time Wt. Gain
Sample (°c) (h) (mg/dmz) ppm % Theor. Observations

GR40 Zr-2.5 wtZ Nb (1) 400 66 .0 15.5 14 21.2 No significant

tritium uptake.

GR41 Zr-2.5 wtX Nb (2) 400 113.0 14.5 13 23.4 Small amount of

tritium in oxide
and metal.

GR42 Zircaloy-2 (3) 500 24.5 24.5 39 23.0 No tritium

detected in oxide
or metal.

(1) Heated at 1000°C in vac. for 1 h aand quenched.

(2) Heated at 880°C in vac. for 72 h and quenched, reheated at S00°C for 6 h.

The large amount of isothermal a-phase present in this sample
probably results from oxygen absorption during the long anneal at 880°C.

(3) Preoxidized fnm 0Oy at 500°C for 24 h; Aw = 28.2 ng/duz.
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FIG. 5. 2. Hvdrogen pickup by Zircalov-2 and Zircalov-4 as a function of hvdrogen over-pressure
after 14 davs exposure in 343°C water. 100% uptake is not exceeded for these specimens and
conditions until 40-50 ppm hvdrogen hus been absorbed [160].
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FIG. 5. 3. Effect of niobium in zirconium alloys on the absorption of hvdrogen in water for 18000
hours at 350°C [72].

The hydrogen atoms released by the discharge of the protons (either locally at intermetallics.
or uniformly over the surface) then either recombine, and are evolved as hydrogen gas, or diffuse into
the metal. In order to get into the metal they must diffuse through whatever barrier layer of ZrO. is
present at, or near, the site of proton discharge or through the intermetallic particles themselves (or
their oxidation products) if these proved to be easy diffusion paths for hydrogen, and hence could act
as “windows” for its ingress through an otherwise protective oxide.

There is little direct knowledge of the precise hydrogen species that can diffuse in ZrO.. The
possibilities are OH" diffusion, H" hopping from anion to anion, diffusion of interstitial hydrogen
atoms or hydride ions, and probably other processes. It is the competition between the rates of the
recombination/evolution and the diffusion processes which determines the proportion of the
corrosion-hydrogen which enters the metal. Any local situation which affects the relative probabilities
of recombination or ingress into the metal will, therefore, affect the hydrogen uptake percentage.
Despite the importance of this step in the reaction, no measurements of hydrogen recombination rates
on either pure or doped zirconia surfaces are known.

The presence of alloying additions, such as nickel, which are thought to decrease the rate of
the recombination reaction, or even, under some conditions, to directly dissociate molecular hydrogen
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dissolved 1n the water [160], could then lead to high percentage uptakes for the corrosion hydrogen
bv allowing a greater opportunity for the hydrogen atoms to diffuse into the metal. It was for this
reason that nickel was eliminated from the alloy in the development of Zircaloy-4 from Zircaloy-2
[163] It 1s also notable that the hydrogen uptake percentage shown by Zircaloy-4 in water 1s virtually
independent of the hydrogen over-pressure (Figure 5 2), unlike that of Zircaloy-2 [160], thus adding
further weight to the argument that the presence of nickel can lead to the direct dissociation and
ingress of hydrogen dissolved tn the water, when this 1s present to excess

The presence of dissolved oxygen, or other oxidising species (e.g. nitnic acid), 1s able to
speed up the removal of the discharged protons from the ZrO. surface and hence reduce the
percentage hydrogen uptake (Figure 5.5). The precise mechanism by which this 1s achieved, whether
bv direct reaction of oxygen dissolved 1n the water with hydrogen atoms on the surface, or by the
substitution of the reduction of oxygen by the electrons for the reduction of protons (as the cathodic
reaction), has not been identified The presence of dissolved hydrogen in the water, as we have seen
above, has virtually no effect on alloys without nickel containing precipitates, and only a small effect
on Zircaloy-2, until very large concentrations are present Once the oxide film becomes porous, 1n the
post-transition oxidation region, the hydrogen apparently finds 1t more difficult to evolve at the oxide
surface, tor there 1s a general tendency for percentage uptakes to increase [158]. This effect 1s thought
to be a combmation of the reduced diffusion distance through the thin barrier layer of ZrO n the
porous oxide, coupled with the increased difficulty involved in diffusing out of the porous oxide
when recombination no longer occurs on the oxide surface These effects are smaller at temperatures
typical of reactor operation than at higher temperatures (Figure 5 1)

The strong correlation (Figure 5.6) of hydrogen uptake percentages with the nature of the
elements in the intermetallic precipitates [26], coupled with the observations of localised electron
conduction at these sites, leads to the inference that the hydrogen entering the metal does so via some
specific property of the oxide formed over these intermetallics The nature of these oxide films [164]
1s only now being elucidated so the understanding of this aspect of the uptake mechanism may
change rapidly 1n the near future However, preliminary results suggest that elements like Fe and Ny
may remain 1n the zero oxidation state in the oxide on an intermetallic and possibly also within the
bulk oxide 1If they migrate away from the intermetallics either thermally or under irradiation (see
section 8 4 1) The state of agglomeration of these atoms has not yet been established, but the
possibility of continuous filaments of metal (stringers) within these oxides cannot yet be ruled out
Such stringers could account for both the high local electrical conductivity [165] and the easy ingress
ot hydrogen at these sites

Although it 1s thought that, in alloys containing large numbers of intermetallic particles large
enough to partially, or completely, short-circuit the oxide, the hydrogen from the corrosion reaction
enters the metal at these sites, 1t was thought from tntium autoradiography that the uniform oxide
between the intermetallics contained a significant (Figure 5 7)., but unknown. concentration of
hvdrogen [139] However, the inability to distinguish trittum 1n the oxide, separately from tritium n a
suboxide hydrogen peak that 1s often observed just below the oxide film 1n the metal (see later) may
be a confounding factor where autoradiographs of oxides <I pum (the approximate depth limit of the
technique based on the range of tntium betas) are involved. That the quantity of trittum 1n such
oxides appeared to be roughly proportional to oxide thickness (Figure 5 8), for interference-coloured

oxides (when interference colour oxide thickness and darkening of the autoradiograph were
compared), suggests a relatively constant concentration of tritium 1n these oxides. with lhttle

concentration gradient through them Attempts to measure this concentration using only infra-red
spectroscopy techniques [166] were unsuccessful. but indicated that the concentration of OH 1 ZrO
films was probably <5% SIMS measurements indicate high concentrations of hydrogen to be present
distributed 1n a profile rermniscent of a diffusion profile Diffusion coefficients have been calculated
from these profiles [81,82], but the profiles do not change n the expected way with increasing time,
remaining essentially fixed after quite short diffusion times (Figure 5 9) Nevertheless., H can be
exchanged for D rapidly and quantitatively in these profiles (Figure S 10) without a change n the
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FIG. 5. 7. Autoradiograph showing a uniform tritium content in a thin zirconia film formed in T 0 for
long enough to saturate the oxide (oxidized in O. at 400°C for 60.5 hours 1o weight gains o/’ 12.7
mg/dm’; oxidation continued in T,0 at 400°C for 48 hours to 10tal weight gain of 14.4 mg/dm’).
Compare with non-uniform tritium distribution in F1G. 5.17 [139].

(175%) Autoradiograph 0.1 mm (175x) Micrograph

FIG. 5. 8 Surface autoradiograph showing tritium content proportional to oxide thickness. Note that
in a black and white print the "darkness" of the interference coloured oxide is not proportional to the
thickness of the oxide, the correlation must be done using a colour print. Oxidized in T.O at 400°C to
a weight gain of 1.9 mg/dm’ [139].

profile shape [167]. At present, the precise nature of these profiles is uncertain. They are thought to
represent structural features of the oxide (e.g. OH™ groups in the crystallite boundaries or on the walls
of very small pores) that are essentially immobile but where the H/D exchange reaction can take place
easily.

Despite the known presence of hydrogen in the uniform oxide film there is still little
knowledge of its mobility. The long-term stability of autoradiographic specimens against exchange of
the tritium with laboratory water vapour suggests that the mobility is low, but does not permit the
calculation of other than an upper bound for the mobility. If, as observed, the tritium content of an 0.5
um oxide film remains apparently unchanged after one year at room temperature, the permeability of
tritium through these films must have been much less than ~10 " mole-m s ' at room temperature.
This is very much lower than the value extrapolated from the elevated temperature tests [168.169],
which we have already argued represents surface diffusion down pores (Figure 5.11).
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hvdrogen diffusion of hydrogen in ZrQ, films [189]

Recent work by nuclear reaction techniques [170] on ZrO, films formed in 400°C air. shows
that the hydrogen 1n the ZrO, 1s tightly bonded and relatively immobile. Values for the diffusivity
from these experiments are in good agreement with the above, being in the region of 10 ™ m™s
However, in these experiments also the implanted hydrogen peaks fail to behave as expected.
Instances of large losses during implantation, of apparently extensive trradiation damage during
implantation, and of peaks decreasing in area without increasing in width, suggest the presence of
microporosity either initially or created in many oxides [170-172]. If hydrogen in the oxide lattice 1s
relatively immobile then possibly these micropores or the oxide crystallite boundaries may be the
ingress route through protective oxides.

Thus, we arrive at a picture whereby hydrogen uptake in alloys containing intermetallics of
Fe, Cr and N1 1s controlled by release of the hydrogen atoms at the sites of these particles, and
migration of them perhaps via the same intermetallics, perhaps by way of stringers of metallic Fe or
N1 1n the oxide, nto the metal. In such a case the hydrogen uptake rates may be determined by
processes very different from those controlling the oxidation rate. Thus, the two processes may show
different dependencies on metallurgical factors. The oxidation process then 1s merely supplying the
source term for the hydrogen uptake processes. This appears to be the case as the tin content of
Zircaloy-4 1s reduced. The corrosion rates of such alloys decrease with decreasing tin content in-
reactor, whereas the final hydrogen contents change little, resulting 1n an increase in the calculated
uptake percentage [173].
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In alloys containing few such particles (e g Zr-2 5%Nb) the hydrogen must migrate more
uniformly through the oxide, which has a low diffusivity for hydrogen This difference in mechanism
can account for the large differences in the observed deuterium uptake rates 1n Zircaloy-2 and Zr-
2 5%NbD alloy pressure tubes [121] [f we assume that the very low rates of uptake by Zr-2 5%Nb are
entirely controlled by diffusion through the oxide film, then we can use these rates to calculate an
upper bound for the permeability of ZrO, This gives us a value of ~10 * molem s' for the
permeability at 290°C This 1s 1n the same range as the results from effusion into steam [159],
especially if the actual barrier layer oxide thickness 1s quite thin (1 e 1f the oxide 1s post-transition)
Without a knowledge of the hydrogen concentrations in these oxides, 1t 1s not possible to estimate a
true diffusion coefficient, but the permeabilities estimated above are consistent with the very low
diffusion coefficients in the surface layer measured by the workers at North Carolina State University
[174,175], University of Toronto [170,171], and Ontario Hydro {82]

The present situation with regard to hydrogen uptake mechanisms during corrosion 1s very
fluid and can be summarised as follows

« The hydrogen absorbed by the zirconium during corrosion in water comes from the water
molecules dissociated during the corrosion process and not usually from other sources such as
gaseous hydrogen dissolved 1n the water Thus, the use of a “hydrogen uptake percentage” that
relates the amount of hydrogen absorbed to the amount of hydrogen liberated by the corrosion
reaction 18 a convenient method of expressing the behaviour of a particular batch of alloy under
particular environmental conditions It 1s not a unique property of an alloy but depends on the
alloy chemistry, fabrication and exposure conditions

+ The nstantaneous fraction of the hydrogen reieased by the corrosion reactton which 1s absorbed
(by a given alloy) varies as the oxide film thickens For some alloys (e g Zircaloy-2) 1t 1s high
mitially and decreases during growth of the pre-transition oxide film only to increase again when
the oxide becomes porous [158] after transition (Figure 5 1) For other alloys (e g, van Arkel Zr
Zr-Fe binaries and Zircaloy-4) 1t appears to be relatively constant throughout the growth ot the
protective oxide, apart from the very thin film region (Figure 5 12) {176] The imtial apparently
zero uptake 1n this figure requires an error of only 1-2 ppm H 1n the knowledge of the initial
hydrogen content of the metal to explain 1t This difference between the imitial pre-transition
hydrogen uptake curves for Zircaloy-2 and Zircaloy-4 probably reflects an effect of the absence ot
nickel containing intermetallics in Zircaloys In water at ~300°C the scatter in the available data
1s such that the use of a constant percentage uptake 1s acceptable for practical purposes, but has
no specific mechanistic significance

+ The percentage uptake can vary enormously with alloy composition, from 0-100% [177]
However, only a few alloys (e g alloys containing high nickel contents) apparently have the
ability to dissociate water or hydrogen molecules and absorb hydrogen from these sources
leading to uptakes >100% of that equivalent to the oxygen reacting [178,179] It cannot be
established easily whether this excess hydrogen came from hydrogen dissolved in the water rather
than from dissociation of additional water molecules

+  Other conditions being equal, oxygen additions to the water will reduce the hydrogen uptake and
hvdrogen additions will increase 1t The size of these effects differs significantly between
Zircaloy-2 and Zircaloy-4 [S1], and in this instance 1s also ascribed to an effect of nickel in the
Zircaloy-2 (Figure 5 2)

+  Virtually nothing 1s known about the form of the hydrogen in ZrO or how 1t migrates through it
OH(OD) stretching frequencies measured by infra-red appear to be less than would be necessary
to account for the amount of H(D) measured by SIMS Even the question of whether hydrogen
migrates uniformly through the oxide or locally via defects or (oxidised?) intermetallics is
unresolved Diffusion rates of H(D) implanted in ZrO, films are very low [170,171]. and SIMS
profiles can be interpreted to give very similar diffusion rates [81,82,167,180] However, no
correlation of such profiles with actual amounts of H(D) absorbed have yet been made, and the
hvdrogen 1sotopes do not seem to migrate as expected from the laws of diffusion
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«  With all the other uncertainties i our knowledge of the hvdrogen uptake mechanisms in
zirconum alloys 1t 1s impossible to say whether or not irradiation has any direct effect on
hydrogen absorption during corrosion It may be that the effects of irradiation influence only the
corrosion process, and that hydrogen absorption processes are changed only to the extent that
oxide morphology may be different under irradiation, 1f the oxide growth mechanism 1s different

S 1 2 Absorption of hydrogen gas

Even thin ZrO films represent a very effective barrier to hydrogen uptake when specimens
are exposed to hydrogen gas [181-183] However, after a variable incubation time the oxide films
break down and rapid absorption of hydrogen occurs (Figure 5 13) The arguments have always been
over precisely what changes are occurring 1n the oxide during this incubation time, and how the
hydrogen migrates through the oxide Oxide films on zirconium are unstable thermodynamically with
respect to oxygen in solution in metal [44] Whenever an oxidised zirconium alloy sample 1s held in
an atmosphere containing msufficient oxygen to maintain oxide film growth in competition with the
oxygen dissolution process, some breakdown of the film will occur It was established early [184],

that enough oxygen to maintain the normal oxidation rate was necessary to prevent rapid hydnding n
H H O mixtures (Figure 5 14)

These observations led to the postulate that, for any conditions of temperature, pressure and
oxidant, there should be a critical hydrogen/oxidant ratio below which the oxide film would remain
protective, and gross reaction with hydrogen would be prevented [185] There could still be a slow
absorption of hydrogen by reaction with the oxidant if this were a hydrogen containing molecule
Several investigators [185,186] have established these critical ratios, for a limited range of
environments, and they are generally observed to be 1n the range 10°-10° (Table 5 2) The results were
quite variable, and may show a change with temperature In the range of 300-400°C the tendency 1s
for the ratio to decrease Thus, very small concentrations of oxidising species in hydrogen gas are
sufficient to prevent direct surface reaction with hydrogen at reactor operating temperatures This
etfect was borne out 1n expenments on cracking in hydrogen gas where small oxygen additions were
sutficient to inhibit crack growth [154] However, 1t 1s notable (by comparing the total pressure and
the critical ratio in Table 5 2) that more oxygen appeared to be necessary to ensure passivation ot
strained metal at the crack tip, than appears to be the case for the reaction on a smooth surface

If insufficient oxidising species are present to prevent the oxide film from slowly dissolving
in the zirconium matrix, then, after an incubation time required for dissolution 1n the metal to lead to
“breakdown” of the surface oxide [181-183,186], a rapid direct reaction with hydrogen gas ensues
(Figure 5 13) The progress of the oxide “breakdown” process was monitored by Shannon, during the
incubation period, by measuring the electrical resistivity (Figure 5 15) of the oxide film [184] The
resistivity of the oxide declines rapidly with time, as a result of the increasing hypostoichiometry of
the oxide, and hydnding commences once the resistivity dechnes below a crntical level The
hypostoichiometry changes because the rate of dissolution of oxygen atoms from the oxide into the
metal now exceeds the rate at which replacement oxygen atoms can be acquired from the
environment In addition to the increasing electronic conductivity associated with this process, an
increase 1n the number of anion vacancies will result

As a result of these observations, investigators studying the rate of reaction of hydrogen with
oxidised zirconium surfaces have been tempted to postulate that hydrogen 1s migrating via these
anion vacancies as interstitial hydrogen [168,169] From their experiments they have then calculated
diffusivities for hydrogen in the ZrO, lattice However, there 1s no unambiguous evidence from these
experiments to support an argument that hydrogen 1s migrating via the ZrO, lattice at all The
diffusivities which they calculate are very high for such a lattice diffusion process. and lie 1n a range
more typical of surface diffusivities Experiments of this type give permeation rates 10 (or more)
tumes those measured by effusion experiments using tritium [159,174,175] From these, a diftusion
coefficient for trittum 1n the surface layer (arbitrarily defined as the first 5 um) of 10~ m /s at 300°C
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Table 5.2. Critical H,/oxidant ratios for direct heating
(References refer to the original table in Ref. [189])

Temperature H, Pressure Critical
Material (°c) Ratio Author Ref.
Zircaloy-2 343 6.5 x 10°2~1.0 10°-108 Boyle & Kisiel 9
- -2 2
400 1.3 x 10 10 Shannon 7
320 10° Gibby BNWL-150 (1965)
5
300 102 t Une Lo
400 10
. 2 3
25 102 10 $Coleman & Cox 5
Zr-2.5% Nb 25 10°-10

106




00 K = H20 REMOVED
HYDROGEN ADDED
(7 ohm)
VACUUM OR He
100K
RESISTANCE RISES IN AN OXIDIZING
0K p— ATMOSPHERE DROPS IN A VACUUM,
ORY HELIUM OR DRY HYDROGEN
ENVIRONMENT. RAPID HYDRIDING
TAKES PLACE AFTER FILM RESIS-
TANCE DROPS TO A LOW VALUE IN
A DRY HYDROGEN ATMOSPHERE.
10K
£
s
P 5K
1000
500 |—
100
sol—
HYDRIDING STARTED
ADDITION OF
H20 VAPOR - 75 MM
0 | | | _ I
0 2 ¢ 5 8 10 12 14
Time (days)

FIG. 5. 15. Plot of the electrical resistance for Zircalov-2 exposed 1o gaseous environments at 450°C

[184]

107




was estimated [174] At the start of such an experiment the T, concentration 1n the alloy 1s known,
and 1s assumed to be zero at the oxide/environment interface The diffusion of tritium 1 any suboxide
zone of metal 15 assumed to be fast compared with that in the oxide, so that the calculated numbers
are relevant to diffusion in the oxide This 1s 1n good agreement with values which have been
obtained from other techniques (see section 5 1 1)

There 1s some circumstantial evidence that hydrogen entering the metal under these
conditions does not pass through the oxide lattice Tritium autoradiography [139] has shown that,
when a specimen pre-oxidised in O or air was exposed to T, gas, tnitium appeared 1n the metal core
but the oxide film remained essentially free of tritium (Figure 5 16) Other experiments showed that
trittum, built into the oxide film during reaction with T,0O, remained fixed once the specimen was
cooled and did not migrate into the metal, or exchange with the hydrogen in the environment, over
periods of years {159] This again suggests that the diffusivity in the oxide 1s orders of magnitude less
than that calculated from the reaction rate experiments [168,169] Conversely, tritium absorbed 1n
porous oxide films, by exposure to T O, exchanged rapidly with hydrogen in the environment and
vanished in periods of, at most, a few days [159] Thus, at the very most, any tritium which was
present 1n the oxide on the specimens heated in T gas had exchanged with the laboratory
environment, and vanished, by the time the autoradiograph was exposed This indicates strongly that
the T, which entered the metal in these expeniments, did so via pores or cracks in the oxide and not

bv diffusion through the bulk of the oxide lattice Autoradiographs of similar specimens pre-oxidised
in oxvgen and then exposed to T O showed tritium both 1n the metal and 1in the oxide (Figure 5 17)
This shows the fundamental difference between reaction with T and T.O

The experiments of Shannon [184] and Smith [168,169,187] gave no direct clues to the
microscopic nature of the “breakdown process” in the oxide film, other than for the accompanying
changes 1n conductivity and stoichiometry The implicit assumption that these would be
homogeneous changes 1s carried by the deductions subsequently made It became clear that complete
dissolution of the oxide film was too slow a process (Figure 5 18) to account for the durations of the
observed incubation times prior to the onset of rapid hydrogen absorption [188] Studies showing that
the electrical resistivity of the oxide fell to very low values (Figure 5 15) prior to rapid hydrniding
[184] led to arguments that hydrogen was migrating via the point defects that had been generated
However, the trittum autoradiography studies showed that, when oxidised specimens were exposed to
gaseous hydrogen, entry was gained at the end of the incubation time by migration through physical
flaws (holes) generated in the oxide, without passing through the oxide lattice [139] Thus, the
hydrogen was probably reacting directly with bare zirconium surface exposed at the bottom of these
flaws The diffusion coefficients for hydrogen in zirconia deduced from experiments in which
oxidised zirconium specimens were exposed in hydrogen gas [168,169,187] did not, therefore,
1epresent an actual diffusion of hydrogen through the ZrO lattice

The question of what the nature of the defects were that were generated by exposure to low
pO environments remained to be answered One possible such defect was identified 1n experiments
in which pre-oxidised van Arkel zirconium specimens were annealed in vacuum [189] Electron
microscope studies [190.191] of the oxide films formed on zircomum, of similar purity to that used in
the hvdrogen diffusivity studies, showed that the oxide films formed n a far from uniform and
parallel-sided manner Ridges of thick oxide form preferentially along many grain boundaries and
big vanations in the oxide thickness occur from grain to grain (see Figure 4 7a) Many ot these
teatures have also been recognised from optical microscopy [192] However, the lines of cracks (see
Figure 4 7b) which form 1n the oxide along these ndges, and along grain boundaries separating grains
which grow thick and thin oxide films [190-193], are less easily seen in the optical microscope These
cracks are encouraged by the curvature n the oxide/environment interface introduced by the local
vanation in oxide thickness and the high Pilling-Bedworth ratio of ~1 56 These factors cause the
outer surface of the oxide to go into tension, whereas oxide films formed as a planar layer on a
smooth surface remain in compresston at the same point in time
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However, even in regions where cracks form 1n the outer part of the oxide, the inner layers of
the oxide will remain 1n compression because the new layers of oxide form at the oxide-metal
interface by inward diffusion of oxygen Thus, there will probably always be a thin layer of protective
oxide at the bottom of these cracks This argument 1s supported by the observation that cracks are
visible n the oxide surface formed during oxidation, and yet these oxide films continue to present
excellent barriers to the ingress of hydrogen Hence, such cracks are not the routes by which
hydrogen enters the metal, although they may help to initiate, or become part of such a route during
the “breakdown” process That these cracks do not penetrate to the oxide/metal interface is shown 1n
SEM studies of stripped oxide films Examination of the oxide/metal interfaces [50.189] clearlv
showed the ndges of thick oxide along grain boundaries (see Figure 4 7d), and the vanations 1n oxide
thickness from grain to grain (see Figure 4 7c), but did not reveal any signs of cracks penetrating
through to the interface at these locations In instances when the stripping process induced cracking ot
the oxide, these cracks generally cut across oxide nidges at grain boundaries (Figure 5 19), suggesting
that these sites were not even regions of weakness in the oxide Only occasionally have cracks
running parallel to, and within, the oxide ridges been seen at the oxide-metal interface Some other
route which allows direct access of hydrogen to the oxide/metal interface, must develop during the
incubation period, therefore

When a specimen, with an oxide film such as those above, 1s heated in an environment
(vacuum or H,) containing insufficient oxidant to maintain the normal growth of the oxide, the rate of
oxygen dissolution in the metal will exceed the rate of formation of new oxide Under these
conditions, the oxide film will slowly dissolve in the metal This process has been observed (Figure
5 18) by following the thinning of interference-coloured oxide films in the optical microscope
[188.194] On the scale of resolution of this instrument the dissolution process appears to be uniform
provided that the metal core has not become saturated in oxygen [48,194] However, autoradiography
ot "F reveals the oxygen distribution by way of the "O(p.n)*F reaction [48] and shows that
preterential diffusion of oxygen along zirconium grain boundaries occurs
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When the dissolution of oxide films is studied by electron microscopy, examination of the
oxide/metal interfaces shows that the thinning of the oxide is not uniform. Because of the preferential
diffusion of oxygen along the grain boundaries in zirconium, the dissolution of the oxide ridges at
these sites occurs preferentially and inhomogeneously (Figure 5.20). This irregular dissolution of the
grain boundary ridges leads to the formation of large pores in the oxide. These pores are thought to
pass right through the oxide film because similar rows of pores have been seen when oxide films on
specimens exposed to low oxygen partial pressure environments were viewed from the outside by a
replica technique (Figure 5.21). These pores also occur in the oxide away from the prior metal grain
boundaries, perhaps because of enhanced local oxygen diffusion at incoherent twins, or dislocation
pile-ups.

The uniform dissolution of the bulk of the oxide, seen in the interference colour studies
[188,194], is probably the process which leads to the observed drop in oxide resistivity [184,186].
However, the preferential dissolution of the oxide at grain boundaries, and other sites, which leads to
the formation of arrays of pores at these locations, is probably the process which terminates the
incubation period, and leads to the rapid direct reaction of hydrogen with the metal. Since these pores
appear to pass right through the oxide, there will be no oxygen diffusion barrier to prevent such a
reaction at these sites. Thus, none of the investigations which purported to measure the diffusivity of
hydrogen in ZrO, by exposing pre-oxidised specimens in hydrogen gas will have measured such a
quantity, and alternative techniques for measuring the hydrogen diffusion coefficient in ZrO, must be
applied.

It cannot be concluded that similar flaws will be generated in oxide films on other alloys
during exposure to low p(O,) environments. However, similar pores have been observed to develop in
thin (~1 pm) oxide films on Zr-2.5%Nb alloy specimens after heating at 380°C in a low pressure
hydrogen environment [202], although no correlation with metal grain boundaries could be made in
this instance. The general features of localised oxygen dissolution into the metal interacting with
local variations in oxide properties will probably be common to all instances. However, if the original
oxide is thick and already relatively porous, the stresses set up by the oxygen dissolution process in
the oxide near to the interface may lead to local cracking of any residual protective barrier oxide,
rather than the generation of the regular pores observed above. Individual examination of specimens
by high resolution techniques would be needed to characterise any actual instance.

5. 1. 3. Hydrogen absorption via metallic contacts

Although hydrogen absorption through a metallic contact may be the most trivial of the four
mechanisms mechanistically, it nevertheless has important practical aspects as it may be one route for
ingress of excess deuterium into the ends of pressure tubes (Figure 5.22) from the 403 SS end fitting
[157]. The zirconium alloy pressure tube is in good metallic contact with the end-fitting steel in the
three grooves of the rolled joint. The factors which control ingress by such a route should, therefore,
be considered.

When a galvanic couple between a zirconium alloy and a nickel or iron alloy 1s exposed to
high temperature water the zirconium alloy becomes anodic and the transition metal alloy cathodic.
The cathodic part of the corrosion process then occurs on the transition metal surface and protons are
discharged there and may be absorbed by the transition metal. The effective surface areas of the two
parts of the couple will be determined by the conductivity of the water, and in high purity water only
small areas adjacent to the point of contact should be effective, although under irradiation this
limitation may be relaxed by the effect of irradiation on the conductivity of the electrolyte [195,196].
The distance from the points of closest approach of the two metals in the water and the point of
metallurgical contact will be important for the hydrogen migration, but not for the oxidation. This is
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FIG S5 19, Oxide-metal interface of stripped oxide films showing cracks induced by the stripping
process (3.000x). Note that these cracks do not follow the oxide ridges observed in these thin films
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FIG. 5. 20. Oxide-metal interface of a specimen after oxidation and subsequent vacuum annealing at
500°C. Note the break-up of the oxide ridges and the formation of pores along the prior metal grain
boundaries. (a) 1,000x%, (b) 3,000% [189]
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evident 1n the nstance of localised oxidation opposite a platinum mplant [195,196], where the
electrical contact was distant from the point of closest approach of the platinum implant and the
facing zirconium surface In this instance, accelerated oxidation but no excess hydnding occurred,
whereas adjacent to the platinum implant both accelerated oxidation and enhanced hydrogen contents
were observed

In the case of the Inconel to Zircaloy bonds [195,197], where the interface between the
Inconel and the Zircaloy-2 was exposed to the water, and diffusion distances for both hydrogen and
electrons were short, both excess oxidation and excess hydnding were observed adjacent to the bond
No enhanced hydrogen uptake was observed in Zircaloy/Zircaloy crevices [196,197], but enhanced
oxidation was seen, perhaps from enhanced radiolysis or from L1OH concentration [5S30] Although 1t
might be expected that the diffusivity of hydrogen in the transition metal would affect the rate of
migration nto the zirconium alloy via the metallurgical bond there 1s no evidence for a comparison
(say) between Inconel and stainless steel However, where high temperature water 1s 1n contact with
zircomum alloy/transition metal bonds close to, or at, the interface between them, the rate of the
cathodic reaction on the transition metal may be more important than the hydrogen diffusivity in 1t In
these circumstances, the higher nickel content of Inconel than of stainless steel and the specific
effects of nickel with regard to the hydrogen recombination reaction may mean higher excess
hydrogen absorption for zirconium alloy/Inconel bonds than for zirconium alloy/stainless steel bonds
This seems to be borne out by the results of Urbanic’s [198] experiments on Zr-2 5%Nb tubes with
plugs of various metals inserted 1n them If these results are compared with some properties of the
various metals (Table S 3) 1t would appear that the exchange current density for the hydrogen
evolution reaction 1s more important than the hydrogen permeability in determining the uptake by
zirconium alloys However, there 1s insufficient evidence at present to reach a firm conclusion about
the important factors determining the rate of excess hydrogen uptake 1n zirconum alloys
metallurgically bonded to transition metals, the indications are that we should look at the efficiency
of the coupled metal as a cathode, rather than its diffusion properties However, 1f a crevice 1s also
involved at the point of contact, then possible changes 1n both corrosion and hydrogen uptake rates
within the crevice may be involved 1n the overall phenomenon

5 1 4 Hydrogen uptake during cathodic polarisation

Cathodic polarisation of zirconium alloys 1n an electrolyte, such as sulphuric acid, at room
temperature will produce a solid surface hydnde layer on zirconium alloys at current efficiencies
typically <1% [199] This technmique has been used for charging specimens at low temperature so that
the structure 1s not disturbed by the use of elevated temperatures Several similar techniques for
cathodic charging at elevated temperatures have also been reported using fused caustic soda or
aqueous solutions at temperatures of 300-350°C [200,201] Current efficiencies again are verv low
and tend to be very variable As a result such methods have not gamned acceptance because of the
difficulties 1in metering 1n known quantities of hydrogen - the usual aim of such techniques An
analogous cathodic uptake process can also occur in chemical polishing solutions (e g . NH,HF ) that
do not contain mitric acid The pitting process that often results from localised anodic dissolution
under poor pickling conditions can also give hydriding at the corresponding cathodic sites where the
hydrogen evolution reaction occurs

In practical situations the cathodic polarisation can be achieved by a galvanic couple between
the zirconium alloy and a sacrificial anode (usually an alumimium alloy) In the laboratory 1t s
ditficult to get any significant hydrogen uptake by this process in typical reactor water This results
from a combination of the low conductivity electrolyte and the relatively high resistivities of the
oxide films normally present on both zircontum and aluminium surfaces However, a number of
observations of significant hydnding in low temperature reactors. such as Hanford Production
Reactors and Research Reactors (e g ATR), have been reported [128,201-207] In these situations
some of the restraints that made 1t difficult to achieve significant hydriding 1n attempted laboratorv
simulations seem to be relaxed In particular, 1t 1s thought that irradiation enhances the conductivitv
of both the oxide films on the two metals and of the reactor water to the point where significant
galvanic currents can be passed during irradiation that would not b= possible 1n its absence
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Table 5.3. Comparison of hydrogen uptake by zirconium alloy/metal couples with physical properties of the coupied metal.
(References refer to the original table in Ref. [189])

Exchange current Diffusion coeff. Enthalpy of Permeability Hydrogen_uptake
density for Hy (1) of Hy at 400°C  solution of to 38 at 400°C Ref. [197] Ref. [198]
Metal (log ig) (cmZ.5-1) B, (kcal/mol) (cm3(STP)mm.h~1.cm—2 atm—1/2) (2) (3)
Cu -6.70 9.0 x 1078 (4)  +0.47 (&) 3.6 x 1072 (5) - 13
Fe -5.93 1.5 x 1074 (4) 40.28 (4) 1.5 x 1071 (6) - -
Inconel -5.46 8.0 x 1077 (7) - 5.4 x 1072 (7) 152 -
304 /S -5.37 3.0 x 107 (8) - 3.5 x 107> (6) - 380
403 §/S - 5.8 x 10> (9) - 4.6 x 1072 (9) - 1380
Ni -5.17 5.0 x 100 (4)  +0.16 (4) 3.0 x 1072 (6) - 3780
Pt -3.73 5.1 x 1073 (4) +0.75 (4) 1.1 x 1073 (6) 354 >10000(9)

(1) Comprehensive Treatise of Electrochemistry, Vol.2, Eds. Bockris, Conway, Yeager & White, Plenum, NY, 1981.
(2) mg/kg Hy in Zircaloy-2 after 60 d coupled to metal in 300°C water under irradiation.
(3) Peak Hy concentration at centre of Zr-2.5 wtZ Nb tube after 10 days in pH1O LiOH with 1.1 MPa Hy overpressure.
(4) J. V61kl and G. Alefeld, Chapter 5, Diffusion in Solids, Recent Developments, Eds. Nowick and Burtom,
Ac. Press, New York, 1975.
(5) G.R. Caskey et al., Corrosion, 1976, 32 (9).
(6) R.W. Webb, Permeatjion of H through Metals, NAA-SR-10462 (1965).
(7) W.M. Robertson, Met. Trans. A, 1977, 8A.
(8) M.R. Louthan and R.G. Derrick, Corr. Sci., 1975, 15,
(9) V.F. Urbanic []198].




[n high temperature reactors or reactor loops, there 1s no well established instance where
cathodic hydrogen uptake has been demonstrated Since aluminium alloys, the only likely sacnificial
anodes, are not usually present under these conditions, 1t 1s probably this factor rather than any other
that results in the absence of such in-reactor observations In a recent experiment, where samples
were cathodically polarised 1n a dilute Na,SO, + CuSO, solution at 300°C [31], extensive hydniding
occurred, so the presence of any stray polansing currents in-reactor could be just as effective as
galvanic contacts 1f they were present

5 2 EFFECTS OF HYDROGEN CONTENT ON OXIDATION

Provided the hydrogen content of the alloy 1s maintained 1n solid solution there seems to be
no reason to expect any effect on the oxidation process Suggestions that the oxidation rate of buik
zirconium hydnde, however, 1s faster than that of unhydnided zirconium remain anecdotal [208]
Thus, once the terminal solid solubility (TSS) of hydrogen at the oxidation temperature 1s exceeded
an effect of hydride on the oxidation rate may be dependent upon whether or not hydnide particles are
present at the oxide-metal interface (1 e whether oxygen 1ons diffusing through the barner oxide layer
at the nterface find a ZrH_layer or an o-Zr layer to react with) However. such effects have been
explained as a result of surface damage (cold work) caused by hydrnde precipitation rather than from
the presence of the hydnide particles The distribution of hydrides at, or near, the oxide/metal interface
1z determined by local vanations 1n the effective TSS, interaction of hydrogen and oxygen 1n solution
in zirconium to affect the hydrogen activity [209,210], the temperature gradient and the local stress
gradient at the oxide metal interface

If the hydrogen solubility (TSS) were a unique quantity at every point in the zirconium alloy,
then once the solubility was exceeded. any hydrogen subsequently absorbed should precipitate as a
laver of sohid hydrnide at the surface This surface would be the surface through which the hydrogen
was gamng entry, for an 1sothermal component, or the coldest surface of the component in the
presence of temperature gradients [211] However, there are preferred sites for hydride precipitation
in zircomum alloys (1e the solubility 1s not a fixed quantity at everv point), so that hvdrndes
precipitate relatively uniformly throughout 1sothermal specimens, and as a broad diffuse band near
the outer (colder) surface of fuel cladding [211,212] These local vartations 1n solubility permit the
solubility to be progressively exceeded within 1sothermal specimens as small concentration gradients
can continue to exist even n the two phase (a-Zr + 8-ZrH,) region These effects are accentuated
when the specimens are thermally cycled as a result of the additional effect of the hysteresis between
the heating and cooling curves for hydrogen solubility [213,214] In combination these effects lead to
the “supercharging” phenomenon, whereby, during hydrogen absorption, concentrations well above
TSS can be achieved throughout 1sothermal specimens [215-220]

The diftusion of hydrogen 1n zirconlum metal 1s very rapid [221-223], so that the hydrogen
ditfusivity away from regions of hydrogen ingress 1s generally greater than that of most hydrogen
uptake processes occurring during corrosion It 1s uncommon, therefore, to observe layers of solid
hydride at the surface of specimens corroded 1n high temperature aqueous solutions under i1sothermal
conditions This can be achieved if the hydrogen ingress rate 1s high enough to exceed the rate of
hvdiogen transport into the bulk of the metal In practice this can be achieved during isothermal
corroston n concentrated L1OH solutions [102,103,219,224-226] and during reaction with gaseous
hvdrogen Data from such experiments have been used to estimate the critical hydrogen fluxes that
must be achieved before solid hydride 1s observed at specimen surfaces {227] during 1sothermal
experiments

A further calculation of the critical flux of hydrogen needed to maintain solid hydnde at the
hot 1nside surface of fuel cladding has been made by Markowitz [228], who predicts that an ingress
1ate of 0 181 mgcem s ' at ~300°C must be achieved This 1s much higher than the critical rates
necessary during 1sothermal experiments (~2x10 ' mg cm 's ' at 300°C) and which can be achieved
in concentrated L1OH (see Figure 4 49) Rates such as that predicted by Markowitz can only be
achieved bv the direct reaction of a gaseous hvdrogen atmosphere with a bare metal surface Imitial
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rates for this reaction, which i1s dependent upon [p(H,)]'". can be estimated from the work ot
Gulbransen and Andrew [182,229] If it can be assumed that the [p(H.)]'” dependence of these rates
extends to reactor operating pressure then an mitial ingress rate of 25 mgcm “s ' 1s achievable at
300°C and 15 MPa inside a defected fuel pin once all the oxygen from the water has reacted These
rates decrease parabolically with time as they become controlled by diffusion through the thickening
layer of solid hydride that forms A corollary of this 1s that a much lower rate of hydrogen ingress 1s
capable of maintaining a sohd hydride layer on the cold outer surface of fuel cladding when the
hydrogen ingress process ts occurring at this surface

Another factor which influences the distribution of hydrides 1s the interaction between
interstitial hydrogen and oxygen in a-zirconium [209,210] This only becomes significant at high
oxygen concentrations in solid solution Typically, these are only found in the oxygen diffusion zone
that develops beneath the oxide film during oxidation at high temperatures (=500°C) However, the
presence of stresses induced by the oxide growth process 1n this region may also affect the hydrogen
distribution It 15 these effects that are responsible for the hydnide (tritium) free layers observed on the
zirconum side of the oxide/metal interface (see Figure 4 50) n tritium autoradiography experiments
[139] and for the subsurface hydrogen peaks observed in specimens examined by NRA techniques
[170,171,230,231] These are probably also the reasons why an increase in the oxidation rate ot
Zircaloy-2 specimens 1n S00°C/1 atm steam was not observed when the hydrogen TSS was exceeded
[158] even though a reduction 1n hydrogen uptake rate was observed after this occurred An increase
in oxidation rate was found in these experiments [232,233] at high hydrogen contents (Figure 5 23)
However, examination of the oxide surfaces showed that gross cracking had taken place, and the
increased oxidation rate could not be unequivocally ascribed directly to the hydrogen content

Surface damage by hydrogen ingress had previously been reported by Schwartz and Vaughan
[208] They argued that the process of pre-hydriding specimens produced the equivalent of a cold
worked surface that caused increased corrosion This effect was seen whether the hydrogen was
extracted (to less than 100 ppm) or not before corrosion Both sets of specimens were given the same
thermal treatment and no subsequent re-preparation of their surfaces This explanation did not seem
to be borne out when specimens pre-hydrided to a maximum of 3,000 ppm H by gaseous hydnding
at 400°C showed no accelerated oxidation and gave oxidation rates within (but at the top of) the
scatter band for all as-received specimens of the same Zircaloy batch in 500°C, 1 atm steam [158]
Even pre-hydrided specimens that did not have their surfaces carefully re-prepared (by grinding and
attack polishing) showed only shightly higher oxidation rates (Figure 5 24) In addition a pre-hydnded
specimen (1,850 ppm H) held in a temperature gradient (300-350°C) showed no accelerated oxidation
on 1ts cold surface after more than 50 days exposure (weight gains still in the pre-transition range) in
| atm steam

It was concluded from this work that 1n order to see an effect the hydrogen had to be absorbed
during corrosion, and that the mechanism might be degradation of the oxide as a result of the volume
change in the metal near the oxide/metal interface resulting from the hydnde precipitation This
conclusion seems to be supported by results obtained by Wanklyn [28] for specimens cathodically
polansed for 48 hrs 1n 325° water (+ electrolyte), where cathodically polansed specimens had less
protective oxide films However, this degradation was observed irrespective of the amount of
hvdrogen absorbed (1 e the current efficiency of the cathode reaction Table 5 4) suggesting that 1t
might be the passage of the current itself that was degrading the oxide films [28] Nevertheless
several more recent studies [234-236] have claimed to see accelerated oxidation rates for pre-hydrided
specimens Garde used specimens of fuel cladding pre-hydnded 1n long 633K autoclave tests in water
and by gaseous hydrnding in 400°C (673K) hydrogen Garde’s specimens had their outer surfaces
only re-prepared by grinding on SiC paper Kido’s surfaces were not re-prepared after hydrding, and
these surfaces were not compared with specimens where the hydrogen was subsequently removed as
in the experiments of Schwartz and Vaughan [208] Re-preparing specimens after hydnding by
pickling the surface may still leave the surfaces heavily pitted An effect of the pitting at hydrides
(durning re-preparation by pickling) on the ensuing oxidation rate was the only effect observed when
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Table 5 4 Hydrogen uptake and film properties of polanized and unpolanzed specimens
(Duration of expenments, 48 hours at 325° C Current density, 0 15mA/cm?)

Unpolarized [ Polanized

Specimen Hydrogen Weight Gain, Capacity Hydrogen Hydrogen Hydrogen Weight Gan, Capacity,

Alloy Number uptake W, ol VCW' | uptake uptake uptake W, (o} cw'

ppm mg/cm’ uF/em’ ppm mg/cm’ % mg/cm’ uF/em’

Unalloyed (10/1) 9 Not detected 0076 0181 3 44 0 006 21 015 089 73
(8/2) 24 16 0075 0158 84 55 0 006 23 022 050 91
(10/1) 33 - - - - 68 0009 33 019 040 13

Ni-0 lwt% | 10 28 011 0092 99 730 0084 26 036 027 10
32 24 008 055 220 950 0120 35 030 026 13
20 - - - - 950 0122 36 038 029 92

Ni-05wt% | 8 73 010 0073 137 950 0.103 39 0.38 011 25
11 56 009 0069 161 1800 0214 70 031 02§ 13
17 98 009 0053 210 - - - - - -
19 - - - - 980 0126 51 031 014 24

Fe-0lw1% | 12 Not detected 0054 0077 240 39 0004 14 011 018 49
16 Not detected 0079 0 086 147 35 0 006 18 011 023 40
21 - - - - 170 0016 61 011 020 46
22 - - - - 180 0020 62 014 019 40

Sn-0 Twt% | 23 34 012 0156 53 230 0023 18 040 040 62
25 22 021 0146 33 100 0013 417 036 046 61
26 -

Pt-0 Swt% 13 75 013 0066 117 510 0061 19 016 012 52
14 30 - - - 870 0099 43 017 012 49
18 83 011 ' 0049 185 910 0087 27 017 012 51

Zircaloy-2 1 10 014 0055 129 220 0030 99 010 012 84
2 Not detected 011 0041 224 210 0032 14 009 015 73
3 25 - - - 200 0029 13 010 o1 98

' A perfect ZrO, film should give a 1/CW value 1n the range 260 280 Lower values than this indicate a vanety of defects in the film The lower the 1/CW value the more defective 1s the oxide film
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FI(G. 5. 23. Post-transition oxidation rates versus estimated hvdrogen content for long oxidations of
Zircaloy-2 in 500°C atmospheric pressure steam. Note thal severe cracking of the specimens
occurred (with a corresponding increase in available surface area) for weight gains above about
1000 mg/dm’ [233].

the hydrogen subsequently went into solution during oxidation [237]. The post-hydriding weight gain
data in either 633K (360°C) water or 673K (400°C) steam must therefore be treated with caution, as
should any argument that explains differences in the final oxidation rate, or the time to transition, on
the hydrogen content in the initial long-term corrosion tests because of the small data base. This
totalled 6 specimens including 4 different cladding batches with two different (pickled, belt ground)
initial surface treatments (on some specimens. inside and outside surface preparations differed) and
no control specimens where the wall thickness was varied in order to vary the time at which TSS was
reached. It is uncertain, therefore, whether any clearly demonstrable effect of hydride content can be
based on this work.

The work of Kido [235,236] apparently shows evidence (Figure 5.25) of a hydrogen content
effect that is less equivocal. The specimen surfaces were not re-prepared, so that arguments about the
effect of hydriding damaging the surface cannot be answered. If the oxygen partial pressure at the
start of gaseous hydriding was low, then little incorporation of oxygen in the surface would have
occurred and effects from this source would be absent. Clearly, increased corrosion curves in 360°C
(633K) water were observed. as was deeper penetration of the oxide metal interface along heavily
hydrided regions in the banded hydride structure on the cut ends of the fuel cladding specimens.
Thus, there may be less doubt that an effect of hydrogen content was seen in this instance than in
some other studies. However, the regions of thicker oxide were much broader than the hydride
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FIG. 5. 24. The effect of the initial hvdrogen content on the oxidation of Zircalov-2. Specimens were
pre-hvdrided in hvdrogen gas at 400°C’; half of them had their surfaces re-prepared hy abrading and
attack polishing (1o produce a smooth surface without the gross pitting that occurs if pre-hvdrided
specimens are pickled); all were oxidized in 500°C atmospheric pressure steam in the same furnace
/158).




(mg/dm?2)

Weight Gain

(a)

Weight Gain (mg/dm? )

(b)

400

100

| AsReceived
2 Hydrogen Conc. : 1180ppm
3 Hydrogen Conc. : 2300ppm

°o 100 200 300
Time (days)
m AR | v A A A J v v
387d
400 |
300 }
200 } Y 150d
100 } /
4 17d
00 .................... _‘_.____‘__._!,:"_'_4-'—.
10 100 1000

initial Hydrogen Concentration (ppm)

10000

FIG 5 25 Effect of hvdrogen content of pre-hydrided specimens on corrosion of Zircalov-4 in 360°C
(633K) water (a) Comparison of 633K corrosion weight gains for three samples with
different 1minal hvdrogen concentrations (b) 633K corrosion weight gains for all
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platelets and the increased local oxide thickness was much smaller than the size of the effect
predicted from the weight gains. Thus, an alternative explanation of these results may still be
possible.

Finally, 1n recent tests in which fuel cladding samples were cathodically polarised in dilute
CuSO, solution at 300°C [31] for much longer times (~120 days) than Wanklyn's specimens [28],
increases in corrosion rate of a factor of 2-3 were seen. Specimens were heavily hydrided, and
because of the relatively low temperatures the hydrides were concentrated close to the oxide-metal
interface. In some regions the concentration at the interface was near to being a solid hydride layer
(Figure 5.26). If a rough estimate of the local hydrogen contents at the oxide/metal interface is made
from the metallographs then these data can be plotted on a normalised plot of oxidation rates, along
with the other positive results (Figure 5.27). The tests cannot eliminate an explanation that the effect
was the result of damage to the oxide, rather than the presence of hydride, however.

We have still not resolved the question of whether prehydriding specimens gives different
results from hydriding during the corrosion reaction, because of the uncontrolled effects of surface
condition in the former situation and the hypothesis that the passage of hydrogen through the oxide
film damages it [28.208]. However, it is becoming apparent that there may be a positive effect of
hvdrogen concentration on the oxidation rate of the Zircaloys, and that factor should be recognised in
modelling the behaviour of high burnup fuel cladding. It appears that such effects are most likely to
be observed when local conditions are such as to produce local layers of solid hydride at the metal
ox1ide interface [31,235,236]. Knowing just when such hydride layers are present in fuel cladding is
not easy as local temperature gradients both through wall and longitudinally at pellet/pellet interfaces
are important factors. Inclusion in models of an effect of hydride on fuel cladding oxidation cannot,
therefore, on present evidence, be based merely on average hydrogen contents [238].

FIG. 5. 26. An almost continuous band of solid hydride adjacent to the oxide/metal interface in a
specimen of Zircaloy-4 fuel cladding cathodically polarised in 300°C Na, SO, for 120 davs [31].
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6. FACTORS AFFECTING THE CORROSION OF ZIRCONIUM ALLOYS IN REACTORS

The first three Chapters dealt with the fundamentals of zirconium alloy corrosion and metallurgy.
This was followed, in Chapters 4 and 5, by detailed discussions of corrosion and hydriding, in which
relevant laboratory data and observations were reviewed in an attempt to reach an understanding of
the mechanisms’ involved. The present Chapter, together with Chapters 7 and 8, is oriented more
specifically to reviewing, and where possible quantifying, all the factors which are believed to
influence the corrosion of zirconium alloys in reactor environments.

The required performance of zirconium alloys in reactors, defined as performance criteria for
corrosion, hydriding and mechanical properties, depends on a complex interaction of many
parameters. This is summarised [239] in an interaction matrix presented in Figure 6.1. Even
considering corrosion alone, it is clear from the interaction matrix that a large number of factors
needs to be considered. Thus, it is impossible to optimise the corrosion properties of zirconium alloys
by altering only one parameter, for example, the chemical composition. Unfortunately, alteration of
one parameter to improve one performance criterion (e.g. corrosion) may lead to a worsening of
performance in another (e.g. mechanical properties). Thus, the optimisation procedure is, of necessity.
a complicated process of finding the best compromise between often divergent parameter values.

Factors which influence zirconium alloy oxidation in reactors include:

* Alloy composition;

* Metallurgical conditions during fabrication;

* Surface condition;

* Chemistry of reactor coolants;

» Temperature of reactor coolants:

* Heat flux through the cladding;

« Irradiation (radiation type, intensity and fluence);
*  Crud deposition.

The above factors are reviewed in the present Chapter, with the exception of the last two factors
on irradiation and crud deposition, which are treated in Chapter 8. Some of these effects may be
synergistic, for example coolant chemistry (lithium hydroxide) together with heat flux, and crud
deposition together with heat flux.

6. 1. ALLOY COMPOSITIONS FOR NUCLEAR APPLICATIONS
6. 1. 1. Alloy types

Pure zirconium cannot be used in reactor systems due to its mechanical softness and low corrosion
resistance in water environments. Present day commercial alloys in general are based on binary,
ternary or quaternary alloy systems. As shown in Chapter 2 very different elements with very
different solubilities are alloyed with zirconium. Table 6.1 gives examples of alloys from the three
alloy systems which are commonly used commercially. Table 6.2 gives the compositions of a number
of alloys which have been used experimentally or commercially.

Up to the mid-to-late eighties, to a large extent, only four alloys (listed in the last column of Table
6.2) were used commercially in nuclear systems. Two of these, Zircaloy-2 and Zircaloy-4, were
established by a military programme, circa 1950 (Naval Nuclear Propulsion Program). The
compositions of these standard Zircaloys, and of two Zr-2.5%Nb alloys, are defined by the American
Society for the Testing and Materials (ASTM) for nuclear application as shown in Table 6.3. These
compositions have remained unchanged for nearly 30 years. The first two alloys are used for
cladding, and for structural materials such as guide tubes, in fuel assemblies and spacers. The last
alloy, R 60904, is used exclusively in CANDU reactors. For cladding tubes, only Zircaloy-2 and
Zircaloy-4 are specified by the ASTM. Other alloys outside the ranges defined by the ASTM standard

124




STRENGTH

DUCTILITY
CREEP
GROWTH

CORROSION

T

-

HYDROGEN UP TAKE

STRESS CORR. CRACKING

4- -

LOCA

WATER CHEMISTRY

POWER HISTORY

NEUTRON - FLUENCE

BURN UP

CLAD TEMPERATURE

NEUTRON - FLUX

_HEAT TRANSFER

Performance
Criteria

Operational
Parameters
Materlal
Properties

Process
Parameters

MELTING

HOT FORMING

BETA QUENCHING
INTERMED. ROCKING

INTERMED. ANNEALING
FINAL ROCKING

FINAL ANNEALING

SURFACE FINISH

Figure 6 1 Interaction of operating paramelers, performance criteria, fabrication process parameter

and material properties of Zircaloy cladding {239]

HOMOGENEITY

SURFACE CONDITION

CHEM. COMPOSITION
PRECIPITATES

RECRYSTALLIZATION

TEXTURE
DIMENSION




have been developed and are under 1rradiation 1n nuclear power plants In Russian PWRs (WWERs)
Zr-1%Nb alloys are used

Table 6 1 General types of zirconium alloys

Type Components Examples
Binary Alloys Zr Nb Zr-2 5%Nb, Zr-1%Nb
Zr (Fe,Cr) Valloy (Zr-0 2%Fe-1 2%Cr)
Zr (Fe, V) Zr-0 25%Fe-0 2%V
Tertiary Alloys Zr Sn (Fe, Cr) Zr-4 (Zr-1 4%Sn-0 2%Fe-0 1%Cr)
Zr Nb (Fe, Cr) Zr-3 (Zr-0 25%Sn-0 25%Fe)
Quaternary Alloys Zr Sn Nb (Fe, Cr) ZIRLO (Zr-1%Sn-1%Nb-0 %Fe)
Ozhennite -
(Zr-0 2%Sn-0 1%Nb-0 1%Fe)
E635 (Zr-1 2%8Sn-1%Nb-04%Fe)

6 1 2 Alloy development programmes

A systematic determination of the dependence of corrosion performance on the concentrations of
alloying elements can only be performed by varying one element at a time, keeping the matrix as
constant as possible Such experiments are the basis for every alloy optimisation The tests are
performed in the laboratory, but much more reliable information can be obtained from in-pile
expertmentation As an example, the effect of tin varation n a Zr, Fe, Cr matrix on the out-of-pile
corroston behaviour 1s shown 1n Figure 6 2 [240] A steep decrease of corrosion with decreasing Sn
content in the range below 1% Sn 1s observed in the 350°C corrosion test This beneficial effect on
corrosion resistance of optimising the Sn content 1s very dependent on the matrix as seen from Figure
6 3 [241] In this test the vanation of Sn 1n a pure zirconium matrix does not really have an effect on
the corrosion behaviour This example demonstrates the difficulty of classifying the influence of
special elements on the corrosion behaviour without carefully considering the matrix 1n which the
element concentration 1s investigated and under the experimental conditions in which the tests are
pertormed I[f the results from out-of-pile experiments are used to predict the corrosion behaviour 1n
the reactor, a number of further restrictions and influences have to be considered In some cases
depending on the reactor exposure conditions, even contradictory results are observed As an example
the effect of tin content will again be taken The in-pile corrosion performance varies as a function of
tin content in a similar manner to out-of-pile tests in PWRs, giving a beneficial effect with decreasing
Sn concentration However, the reverse effect is observed if the alloys are irradiated in a BWR
(Figure 6 4) [242]

These examples show the difficulty in formulating generalised classifications of element
dependencies with respect to their effects on corrosion

Stimulated by the general trend to higher fuel burnup, longer residence times, increased cycle
lengths with the need for higher coolant Iithium levels, alloy development programmes for materials
with improved corrosion resistance were carried out by nearly all manufacturers of matenals for
nuclear applications

Fol instance a large development programme for improving the corrosion resistance of Zircaloys,
and to qualify new alternative zirconium based alloys, has been carried out by Siemens KWU [243]
Many samples of small ingots with large vanations in chemistry and different fabrication routes were
tested both 1n and out of pile The out-of-pile corroston tests were performed in pure water and steam
over a range of temperatures (300-420°C) and 1n lithiated water at 350-360°C Corrosion coupons
were exposed 1n a high temperature PWR by positioning them in segmented water rods The coupons
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were irradiated for up to six yearly cycles (approximately 2,000 days). Pathfinder (experimental) fuel
rod irradiation programmes were performed to evaluate the effects of fabrication parameters and alloy
chemistry. An extensive development programme by Westinghouse has led to the specification for
ZIRLO, and other fuel vendors have carried out their own development programmes.

Table 6.2. Experimental and commercial alloys for nuclear applications

Alloy Typical Weight % Commercial

Application
Sn Nb Fe Cr Ni 0] Mo

Zry-1 2.5

Zry-2 1.5 0.13 (010 [o005 |o0.11 BWR Clad &
Structures

Zry-3A 0.25 0.25

Zry-3B 0.5 0.4

Zry-3C 0.5 0.2 0.2

Zry-4 1.5 0.21 0.10 0.13 PWR Clad &
Structures

ELS 0.8 0.8 0.3 0.2 PWR duplex
cladding

ZIRLO 1.0 1.0 0.1

NSF 0.5 1.0 1.0 0.5 0.10

NSF 0.2 1.0 1.0 0.20 0.10

Valloy 015 | 1.2

Ozhennite- 0.5 | 0.2 0.1 0.1 0.1

Scanuk 0.06 | 0.6 0.04 | 032 0.22

Excel 3.5 0.8 0.8

E110 (Zr- 1 0.06 WWER  and

1%Nb) RBMK Clad

Zr-2.5%Nb 2.5 0.12 CANDU P/T

E635 1.2 1 04 0.06

E125 25 0.06 RBMK P/T

"Pressure Tubes

6. 1. 2. 1. Standard PWR materials

A significant improvement in standard Zircaloy-4 cladding performance was obtained by a
reduction in the tin concentration and limitations on C and Si content, within the ASTM specified
ranges. This development was initiated by a statistical evaluation of the corrosion behaviour of
standard Zircaloy-4 in different PWRs which revealed that both variations in the alloy chemistry and
variations in fabrication routines were responsible for the observed scatter. It was found that the
alloying element Sn and the impurities C and Si influenced the corrosion behaviour (Figure 6.5)
[243]. Similar results have been reported by others [244,245]. Low tin Zircaloy-4 with Sn levels
typically between 1.2% and 1.4% was irradiated to more than 50 MW-d/kgU burn-up in a high
temperature PWR plant (Figure 6.6) (246]. Each data point represents the maximum measured oxide
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thickness on a single fuel rod. As expected, the corrosion rate of low Sn Zircaloy-4 1s near the lower
range of the band observed for ASTM specified Zircaloy-4. A significant reduction of scatter in
corrosion behaviour has been achieved by chemistry modification and as a result of a improved
fabrication process control The performance in a PWR of typical BWR-matenals, such as Zircaloy-2,
with Sn contents of 1 3% or 1 5% was reported as excellent by ABB workers [247].

Table 6.3 Compositional ranges of standard alloys

AST™M Ref R 60802 R 60804 R 60901 R 60904

Name Zircaloy-2 Zircaloy-4 Zr-Nb Zr Nb

Alloying elements (mass %)

Sn 12-17 12-17

Fe 007-02 018-024

(r 005-015 00700 13

N1 003-0 08

\b 2428 2528

O usually usually 009-0 13 To be speaified
01-014 01-014

Impunties(ppm)

Al 75 75 75 78

B 0s 05 (R 0s

«d 05 05 05 0s

( 270 270 270 150

1 Alloy el Alloy el 200 100

Co 20 20 20 20

Cu S0 50 50 S0

Hi 100 100 100 50

H 25 25 25 25

e Alloy el Alloy el 1500 650

Mg 20 20 20 20

Mn S0 S0 S0 50

Mo SO 50 50 S0

N1 Alloy el 70 70 33

N 80 80 80 65

Pb - 50

S 120 120 120 120

Sn Alloy el Alloy ¢l S0 100

Ta - - - 100

Ty S0 S0 S0 S0

s 14 38 s s

v - - - 50

w 100 100 100 100
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6 1 2 2 Alternative alloys for PWRs

Siemens conducted an 1nitial exploratory program in which some 120 different alloys were
fabricated into strip samples and/or cladding tubes Different fabrication routines were used for many
of the alloys tn order to obtain different microstructures and to test the effects of processing varations
on the corrosion and mechanical behaviour of the materials The tubing was fabricated as through-
wall cladding or 1n the form of DUPLEX cladding. DUPLEX cladding consists of Zircaloy-4 tubing
with an ntegral metallurgically bonded thin (75-200 pum) outer layer of a different zirconium-based
alloy

The different compositions investigated can be conventently grouped into the following four alloy
systems

Zr,02 -1 1%Sn, Fe Cr (V, Mo, Ny, Ge, Te, Pt)
Zr,02-26%Nb

Zr, 02 -2 5%Nb, Fe, Cr (V, Cu)
Zr,02-1%Sn, 0 1 - 1%Nb, Fe (Cr, V, Ge, Pt)

W N —-=

All the matenals were evaluated under different test conditions Over two thirds of the strip
materials were tested inside water rods i1n a BWR for up to six years The tubular matenials were used
in a high efficiency (hot) PWR Fuel rods with alternative zirconium alloy cladding were 1rradiated
for up to seven cycles up to a rod average burn up of 80 MW d/kgU. Many of the matenals tested
were found to have better corrosion behaviour than low tin Zircaloy-4 when evaluated in the
autoclave tests and much better performance than Zircaloy-4 tn reactor tests

However, many of the alloys showing very good corrosion resistance when tested 1n pure steam or
water showed poor corrosion resistance when tested in water containing L1IOH Corrosion behaviour
in lithiated water 1s considered to be important since in the future fuel 1s expected to operate with
significant void fractions and relatively high local lithum hydroxide concentrations may develop n-
reactor due to this type of operation

The final selection of alternative zirconium alloy cladding was based on a statistically broad range
of information including mechanical behaviour under normal operating conditions and during
transients (LOCA) These considerations led to the selection of an Extra Low Sn (ELS) Zr Sn Fe Cr
alloy with a further reduced Sn content and higher Fe and Cr levels compared with Zircaloy-4 The
improved corrosion performance, relative to Zircaloy-4, up to a high burn-up 1s indicated in Figure
6 7 [246] and superior performance compared with Zircaloy-4 when tested in lithiated water 1s
indicated in Figure 6 8 [246]. This alloy 1s used as DUPLEX cladding which combines the good
mechanical properties of the Zircaloy base material to the high corrosion resistance of the new alloy

Results from a development program performed by FRAMATOME have been reported [245],
which also show the beneficial effect in-pile of reducing the tin content The best alloy in this
investigation programme was a 1% niobium alloy (Figure 6 9) [245]

Westinghouse has developed the quaternary alloy, ZIRLO (Tables 6 1 and 62) which has
completed three 18-month cycles of irradiation 1n the North Anna PWR [248] It was found to have
peak corrosion rates, on average, approximately 77% lower than standard Zircaloy-4, exposed
simultaneously, after a burn-up of 46 4 MW d/kgU Additional tests were carried out 1n the BR-3
reactor to a burn-up of 68 MW d/kgU and high resistance to lithrum attack was demonstrated

6 I 2 3 BWR matenals

A large out-of-pile data base exists world-wide today from tests in 500-520°C high pressure steam
on the effects of matenal condition and chemical composition However, the validity of these results
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for the behaviour in BWRs has to be considered carefully. Both the large difference in temperature
and the effect of neutron flux may change the influence of some material parameters. Different
temperature dependencies for certain material parameters can even invert the ranking with respect to
nodular corrosion (Figure 6.10) [249]. In out-of-pile corrosion tests in water at 300°C nodular
corrosion occurred after extended exposure times in Zircaloy alloys containing only transition metal
elements (Fe, Cr, V) but no tin. On the other hand, these kinds of alloys behaved extremely well in
500-520°C steam tests. Several studies on the effect of chemical composition in a high temperature,
high pressure steam, environment [143,250] showed that the tin content should be as low as possible
to minimise nodular corrosion. Data from BWR irradiation experiments do not confirm this
conclusion, probably due to the much lower operating temperature. Therefore, the basis for material
optimisation of Zircaloy alloys for BWR application has mainly been based on experience from in-
pile experimentation. Highly reliable data can be derived from experimental fuel elements (pathfinder
fuel elements) where the cladding composition of different fuel rods was varied with respect to
material condition and chemical composition. Another data set was generated from test coupons
irradiated in a BWR within segmented water test rods (WTR) which were inserted in water rod
positions in the fuel assembly. In the following, the most significant results related to alloy
composition effects are reported.

A pronounced effect of the tin content on corrosion in BWRs is obvious from Figure 6.11 [249].
Here the weight gains (measured on test coupons exposed for 4 cycles in a BWR at the same axial
position in the test rod) are plotted versus the tin concentration in the alloy. The figure indicates that
nodular corrosion increases significantly with decreasing tin content below the ASTM range for
Zircaloy-2 but is less pronounced within this range. These findings are in contradiction to out-of-pile
results from high temperature steam test, but are in accordance with the behaviour of the same alloys
in 350°C water tests. A variation in corrosion rate with silicon content is also shown for Zircaloy-4
(Figure 6.12) [249]. The lowest weight gains were measured for the highest Si content. A beneficial
effect of Si on corrosion could be also confirmed by out-of-pile 400°C steam tests. A variation of the
chromium content in the test coupons has a beneficial effect on corrosion in BWRs (Figure 6.13)
[249]. There are some indications that iron may also have a beneficial effect, but probably less
pronounced than in the case of chromium. Out-of-pile water tests indicate a beneficial effect of iron
and less pronounced effects for chromium and nickel.

On the basis of published and unpublished results BWR materials for high bum-up should have a
tin content in the middle or upper range of the ASTM band for the Zircaloys. Chromium levels. and
probably also iron levels, should be high, preferably somewhat above the ASTM range defined for
Zircaloy. Silicon should be added as an alloying element in the material. However, there is some
contrary evidence on the last point [152].

Other manufacturers have also studied compositional effects on the corrosion under BWR and
PWR conditions. For example Japanese workers [244] studied the influence of tin, tron, chromium,
niobium, molybdenum and vanadium on zirconium corrosion in out-of-pile tests. They report a
beneficial effect of low tin and niobium on corrosion. Surprisingly they found no dependence on Fe
and Cr contents.

6. 2. METALLURGICAL VARIABLES
6. 2. 1. Precipitate Size

The primary metallurgical factors that have been found to correlate with the corrosion resistance
of the Zircaloys are the size and distribution of the second phase particles, and the amount of residual
strain in the o-Zr lattice [143,250,260]. The alloying elements in these particles (Fe, Cr, Ni) have
solubilities in a-Zr that are less than, or comparable to, the common impurity levels (especially for
Fe) found in unalloyed zirconium. Therefore, the major fractions of these alloying elements are
always present, at operational temperature, in the form of precipitates. In the B-region above 950°C
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(see section 2.3) the transition elements Fe, Cr, Ni are in solution [251]. The possibility of
maintaining them 1n super-saturated solid solution by quenching, as opposed to forming
submicroscopic precipitate nuclei, requires quenching rates of the order of 1,500 K-s ' (1.e. much
higher than 1n any commercial process with quenching rates of typically about 50 K-s ).

Modern fabrication routes include a fast quenching step 1n the fabrication sequence in which the
nitial size distribution of the precipitates is established. Starting from this second phase particle
(SPP) distribution all further thermo-mechanical treatments increase the mean precipitate size in the
matenals. The regulation and adjustment of the fabncation parameters which determine the size
distribution of the precipitates is very important.

All annealing steps are defined by the temperature at which the annealing 1s performed and a
period of time over which this temperature 1s applied The combination of these two vanables proved
to be important in manufacturing a high quality maternial for cladding tubes and fuel assembly
components with reproducible properties. Originally this factor was introduced 1n 1984 by Steinberg
et al. [252] as an accumulated annealing parameter which sums up all applied heat treatments 1n the
alpha phase region of zirconium during fabrication. They used a “growing function” of sigmoidal
shape having the general formula:

In¥ = In[(a~y)/(y-b)] = kx 6.1)

to describe the sigmoidal shape of experimental curves of yield strength, Rp, .. versus temperature and
time 1 the form

Ink' = In[(R [~ — Rp, J/(Rp, ~ R piv )] = kA (62)

where, A =t exp(—Q/RT). The activation temperature, Q/R, was determined to be 40,000 K from an
Arrhenius plot of In &’ versus 1/T.

If more than one annealing step was involved, the final yield strength was described by
summation over each of the time/temperature steps, 1, as follows:

A =Z2(A) = Z(texp(-Q/RT)) (6.3)

where t 1s the effective time of annealing step, i, at temperature, T, This parameter is termed the “A-
Parameter” (also termed the “ZA-Parameter”).

This concept was successfully applied to describe the dependence of the mechanical or
metallographic properties of Zircaloy cladding [252] (yield strength, degree of recrystallization) but 1t
should be recognised that the accumulated annealing parameter does not intrinsically describe directly
a physical process such as precipitate growth or corrosion. Nowadays the annealing parameter 1s well
accepted and applied by fabricators and researchers in the zirconium community [253-257]. The
benefit of the concept 1s mainly as an engineering tool for the continuous fabrication of qualhty
materials. But 1t should be kept in mind that, without modification, 1t cannot be apphed to different
alloy compositions nor used to describe the variation of other material parameters than mechanical
properties.

Nevertheless, in-laboratory and in-pile measurements of oxide thickness and corroston rates could
be reasonably well correlated with the A-Parameter (Figure 6.14) [258.259]. The physical
metallurgical property responsible was identified as the growth of the collective of intermetallic
phases present 1n the alloy as precipitates [259]. In this way the earlier observed dependence of
corrosion rate on the average precipitate diameter [260] was understood (Figure 6.15). These
investigations also showed clearly the different behaviour in different types of power reactors of
identical matenals with identical annealing parameters Low mean precipitate sizes achieved by -

141



Corrosion Rate { Post Transition )

10

034

o Zry-4, 350°C / 506d
0 Zry-2, 350°C / 506d
» Zry-4, 350°C / 1340d

0'11&"'10'4"101”'10"‘ wW* h
———== Accum. Aanealing Parameter
Calculated inPWR Corrosion Rate Normalized to 330°C
025
4 o
[}
pm/d
] b
0.20 4 °
b o
B o
o]
B [o]
o
0.5 o
. [o]
j o
[o]
7 o
0.0 o
- [o]
_ o 4
] ° g
[o]
4 =9 \o 34 Q/R = 14200
0.05- om-zsoox‘o\
0 T T TV TTTTYTT YTy A B
10-1 10-18 10-7 10-% h 10-%

Accum. Annealing Parameter

Figure 6.14. Influence on corrosion of the A-Parameter from in-pile and out-of-pile measurements
{259]. a Out-reactor corrosion at 350 °C, b Corrosion of Zircaloy-4 in PWR.

142




Relative Corrosion Rate

10 L) L} T L]  § L] ' | | '
In Reactor
]
| i
3 - -
| i
| -
1 \ l l
0.02 |
T r ' '
out of pile
] |
"
e
T e |
cO
b o_ 350°C/>1a
b= O ,‘ -...,_:Qﬁ%@ m
1 I O
0.02 X |

Average Diameter of Precipitates

Figure 6.15. Correlation of corrosion to the mean diameter of second phase particles in Zircaloy.

Comparison of in-pile and out-of-pile results [260].

143




annealing are beneficial in BWR systems where they can eliminate nodular corrosion but detrimental
in PWR systems However, 1t has to be kept in mind that precipitate size 1s not the only factor which
influences the corrosion behaviour of zircomum alloy cladding n pressurised water environments
(fabrication-induced parameters such as texture, degree of cold work, Q-ratio and condition of the
cladding are influencing factors with different degrees of effectiveness Figure 6 1)

Detailed investigations of the growth of precipitates in Zircaloys with different heat treatments
revealed that a modification of the annealing parameter i1s advisable, especially if short-term heat
treatments are involved and a higher accuracy 1s demanded The improved parameter 1s termed the
“Particle Growth Parameter” (PGP) mathematically defined in Table 6 4 This parameter allows a
direct correlation of the heat treatment versus the final mean size of precipitates in Zircaloy materials
[261] after a set of heat treatment steps

Table 64 compiles the different annealing parameters with their mathematical definitions
commonly used 1n Iiterature, their field of application and values for the implied constants Different
Q/R values of either 31,818 K, 40,000 K, 32,000 K and 18,700 K are used for different parameters
For practical purposes these differences 1n the numerical values of Q/R are significant, as shown bv
the example 1n Table 6 4 for a 750°C, 2h anneal The comparison also shows that the PGP and the
ABB A-Parameter exhibit comparable values for the same annealing step

Table 6 4 Annealing parameters

A-Parameter PGP, SOCAP
Particle Growth Second Grder C umulative
Parameter Annealing Parameter
ABB Siemens KWU
Formuld A Ztexp( Q/RT) A Ztexp( Q/RT) PGP Ltexp( Q/RI) ' D! o(kvThexpl QRI) *
10" h k 1Ixlo"m 'K
D—preap diam (m)
Actn QR 318I8K Q/R 40000 K Q'R 32000K QR 18700 K
lemp
Relevance € orrosion Mechanical Corrosion, Preaapitate Growth
Properties Preaipitate Growth

Recrystalltzation

Stage o after § Quench oniginally after after B Quench at any annealing step
Apphication cold work, now imitial particle s17¢
after f§ Quench specificd
I xample 62x10"h 21x10"h 525 -
780 C 2h
Annedl
lypical 263} [268]
Values
b}
”’\x’}i 10" b 40x10 " 8 2210 'm
B 10" h 1x10 " 1 4x10 m

* This formula 1s for a single annealing stage and can be used successively where the starting
diameter D, 1s the final diameter from the preceding stage

The PGP parameter differs from the old A-Parameter in a modification of the activation
temperature (Q/R=32,000 K) which takes into account the different physico-chemical mechanism
involved The PGP 1s also an empirical parameter fitted to experimental data It describes the growth
kinetics of a population of precipitate particles, using a mathematical growth function, rather than
being derived from basic physical laws The advantage of the PGP 1s its much higher accuracy in
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application to BWR materials where short-term and fast continuous annealing are apphied during
manufacture A similar annealing parameter for describing corrosion behaviour was used by ABB
using an activation energy of 63 kcal/mol (Q/R=31,818 K) [262,263]

A more basic physical concept to describe the growth of precipitates 1s the concept of diffusion
controlled growth of precipitates under equilibrium conditions (Ostwald ripening) applied to sold
phase zirconium alloys [264,265] This concept was successfully applied by Gros and Wadier for
Zucaloy, following the LWS-theory modified by Kahlweit [266], and led to the evaluation of the
Second Order Cumulative Annealing Parameter (SOCAP), defined 1n Table 6 4 [267] When the
second order kinetics of the growth process 1s fulfilled the size distribution of the precipitates can be
directly calculated and compared with measured values The model requires knowledge of a kinetic
constant k and the activation energy (Q/R=18,700 K) of the growth process, both determined by the
authors from experimental data

A comparison between the A-Parameter and SOCAP 1s presented in Figure 6 16 [267] Three
different annealing parameters (Siemens A-Parameter, ABB A-Parameter and SOCAP) for irrachated
cladding with different fabrication sequences are compared 1in Figure 6 17 [268] Each parameter 1s
cortelated to a corrosion parameter E' [268] Despite the fact, mentioned above, that the A-Parameter
{with activation temperature of 40,000 K) 1s not suitable for describing corrosion behaviour the
general applicability of all three parameters 1s obvious from Figure 6 17 This figure indicates that the
corrosion behaviour of Zircaloy-4 cladding in PWRs 1s improved by longer and/or higher temperature
anneals in the alpha range after the material has been beta quenched The authors stated that the best
correlation with corrosion susceptibility 1s provided by the Second-Order Cumulative Annealing
Parameter

6 2 2 Influence of quenching conditions

The si1ze of the second phase precipitates has a large influence on corrosion as discussed above
The size of the precipitates 1n the matenal depends on the quenching rate from the B-temperature
range and on the subsequent process and annealing temperatures in the alpha-range The dependency
of the quenching rate was reported from out-of-pile experiments [143], and recently from an in-
reactor investigation programme [242] Several tube sections from a Zircaloy-4 lot were quenched
under controlled conditions at varying rates Some of these quenched sections were then annealed for
8 h at 750°C (A = 8 4x10 " h) to obtain a large precipitate size Fig 6 18 from [242] shows a large
effect of the quenching rate if tested without any annealing in BWR-A and in a 500°C steam test
Here the quench rate dependency probably reflects mostly the precipitate size, which 1s small only in
the case of a fast quenching rate Those coupons which were quenched with the highest rates showed
consistently low corrosion after two cycles of irradiation in a BWR  After 4 cycles, uniform corrosion
increased agaimn at the highest quenching rates The high sensitivity of Zircaloy with verv fine
intermetallics to increased corrosion at long exposure times has been discussed in detail [249] Foi
the annealed samples, where only the distribution of the precipitates 1s expected to vary with the
quenching rate, Figure 6 18 reveals a small influence on corrosion in PWRs and in out-of-pile water
and a moderate influence in BWRs In cladding tubes where quite large hot and cold deformations ate
applied after the pB-quenching the precipitate distribution becomes more uniform and less dependent
on the -quenching rate Therefore, the B-quenching rate 1s not considered to have a large influence
on corrosion if a certain precipitate size (required for good corrosion resistance) 1s achieved by the
subsequent annealing treatment, as 1s usual for PWR cladding However, a high quenching rate 1s
certainly advisable for a controlled adjustment of medium precipttate size, as 1s necessary for
optimised BWR cladding

6 2 3 Influence of final annealing

The final annealing (“condition”) of cladding determines the degree of recrystallization
established by the final heat treatment In out-of-pile testing (Figure 6 19) [269] the effect of the final
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Figure 6.16. Comparison of precipitate diameters calculated with the SOCAP and the A-Parameter
[267]. The points are calculated from the SOCAP relationship (Table 6.4); the band
enclosed bv the two solid lines is from a correlation between the A-Parameter and
precipitate size.
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heat treatment on the corrosion of Zircaloy-4 tubing 1n 400°C steam 1s quite marked, even though the
difference 1n cumulative annealing parameter 1s negligible Recrystallized tubing has consistently
lower weight gains than stress relieved cladding An explanation of this behaviour has been given by
Charquet et al 1n an expenimental study which showed a significant difference in the corrosion
behaviour for different crystal planes [270] However, 1t 1s remarkable that this effect could not be
verified for in-reactor corrosion behaviour No clear difference in corrosion was found for stress
relieved (SRA) and recrystalhized (RXA) cladding (Figure 6 4) [242]

6 2 4 Influence of cold work and deformation sequence

The possibility that other factors than heat treatments may influence corrosion resistance was
confirmed by an experimental cladding fabrication program [271] For some of the fabrication
sequences investigated the effects of cold deformation and texture overcompensated the expected
detrimental effect of the annealing parameters lying outside of an optimal range, as concluded from
500°C steam corrosion test results However, as for the case of recrystallization (section 6 2 3 ), 1t 1s
necessary to consider whether or not this behaviour 1s also representative of n-pile behaviour
especially for BWR matenals

6 2 5 Initiation of nodular corrosion in BWR materials

The question of whether nodular corrosion in BWRs nucleates at intermetallic particles, between
intermetallic particles, or as a collective property of a group of gramns, has vet to be resolved
[132.133] The resolution of this question will have a considerable effect on our understanding of the
response to changing metallurgical vanables of the corrosion resistance of the Zircaloys Final
annealing can change factors such as lattice strain without significantly changing the particle size and
distnibution Thus, a knowledge of the mitiation mechamism for nodular corrosion 1s essential 1f
changes 1n fabrication routes are to be made on a rational basts

6 2 6 Effect of metallurgical conditions on the corrosion of Zr-Nb aHoys

6 2 6 | Zr-1%Nb alloy

Corrosion properties of Zr-1%Nb are significantly dependent on 1ts structure, and that 1s
governed by hot working and heat treatment Table 6 5 gives weight gains of alloy samples as tested
in water and steam after anneals at 580 700 and 800°C [72] The advantage of annealing at S80°C
can be explained by the Zr-Nb phase diagram (see Figure 2 4)

Table 6 5 Corrosion of Zr-1% Nb alloy samples during testing (mg/dm°)

Sample condition Water, 350°C, 7500 h | Steam, 400°C, 3000 h
Anneal at 580°C, 5 h 50 45

Anneal at 700°C, 1 5h | 80 100

Anneal at 800°C, 1 5 h | Oxide film spalling 130

An anneal above the monotectoid temperature can lead to the retention of a B-Zr phase which
degrades the corrosion resistance of the alloy (Figure 6 20) [273] A very careful approach s needed
when choosing schedules and conditions of hot working to avoid metastable phases i the Zr-Nb
alloy structures and to produce states closest to equilibrium This 1s most important for welded joints

Water and steam corrosion of the alloy, as annealed at 580°C and 700°C, proceeds by the
parabolic law to form surface oxide films firmly adhering to the base metal (Figure 6 21) In 8,000-
20,000 h tests the hydrogen pick-up fraction was less than 10% for materials in which anneals were at
580°C and 700°C
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The shining dark-coloured oxide films that formed during corrosion on samples annealed at
580°C duplicate the crystallographic orientation of grains of the metal-substrate, i.e. rolling texture.
Grey oxide films formed on samples annealed at 700°C and contained fine light intergranular oxide
crystals of random orientation, i.e. there was a recrystallization of the compact black coloured oxide.

6.2.6.2. Zr-2.5%Nb Alloy

In the case of Zr-2.5%Nb pressure tubes the fabrication variables affect primarily the size,
distribution and phase composition of the residual B-Zr phase [274]. For the cold-worked (C.W.)
condition the corrosion and hydrogen uptake properties in CANDU water chemistry appear to be
better than for the heat-treated (H.T.) condition (usually an (a+f) quench, followed by cold-reduction
and a final age at ~500°C) [121]. The reason for this appears to be the continuous film of B-Zr(Nb),
left along a-Zr grain boundaries following extrusion, that is not decomposed by the C.W. treatment
followed by the usual 400°C stress relief (Figure 6.22). This structure should be compared with the
discrete B-Nb precipitates produced in the H.T. alloy. Ageing in reactor results firstly in the break-up
of this continuous B -Zr phase, and ultimately its decomposition to B-Nb {275]. This ageing process
reduces the short-term corrosion rate. No effect on the long-term corrosion properties has yet become
evident [275]. Re-exposure of irradiated samples has confirmed that both thermal and irradiation
ageing have equivalent effects on the corrosion process.

6. 3. SURFACE CONDITIONS
Chemical polishing (in mixed nitric’hydrofluoric acids) of zirconium alloy surfaces was

introduced early in the development of these alloys as a means of obtaining reproducibly good
corrosion behaviour during corrosion testing in autoclaves. However, consistent care with
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Figure 6.22. Typical microstructures of Zr-2.5%Nb pressure tubes showing the a grains elongated in
the axial direction.
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neutralising (stop bath) and washing after pickling are needed to prevent enhanced oxidation from
“pickle staiming” 1f residual fluoride were left on the surface There has, therefore, been a desire to
avold this costly and risky operation

Over the years, a change has progressively been made, by many fuel vendors, from the standard
chemically polished and autoclaved (400°C steam) initial surface for fuel cladding, firstly by
eliminating the autoclaving treatment, and subsequently by substituting belt-ground surfaces for
chemically polished ones Although tests in high pH solutions in the laboratory suggest that such
changes might lead to significant changes in the corrosion of the surfaces, no significant differences
have been reported in pH 10 (measured at room temperature) solutions n laboratory autoclave tests
The assumption has been made therefore, that such changes in surface preparation cause no
deleterious effect on the long-term corrosion of the cladding Other effects such as variability between
batches of cladding may have obscured any effects that are present, but it cannot be assumed on
present evidence that such effects will be absent Surprisingly vanable results for belt-ground surfaces
in laboratory autoclave tests have been reported [276], and lead to the suspicion that perhaps these
surfaces are more susceptible to contammation during preparation than pickled surfaces

Investigation of the effect of surface preparation on the results of 500°C high pressure steam tests
[277] has shown httle difference between ground and pickled surfaces Pre-oxidation by autoclaving
at 300-400°C or by anodic oxidation delayed nodular attack significantly, but did not prevent it The
delay 1n nodule nucleation was dependent on the oxide thickness rather than the mode of formation

Cladding and structural materials for in-pile use are fabricated with reproducible surface
conditions In the early days this reproducible clean surface finish was performed by pickling in
mixtures of hydrofluoric and nitric acid This treatment leaves traces of zirconium oxyfluorides on the
surface which cannot be removed by rinsing 1n water The bad influence of fluoride contamination on
corrosion 1s well known [278] In order to detect residuals from pickling, fabricators used autoclaving
ot the cladding (mainly for BWR application) High local fluoride concentrations were revealed by
high local corrosion and the affected matenal could be discarded Later on autoclaving was suspected
ot inducing increased corrosion rates in reactors This observation initiated an experimental
programme performed in the Halden BHWR [279] which included pickled, autoclaved and anodically
oxidised surfaces The investigation concluded that corrosion is not affected by autoclaving or the
anodising pre-treatment Autoclaving was beneficial, but only for pickled surfaces Some beneficial
effect was observed for anodically oxidised matenal

The autoclaving of surfaces has lost its attractiveness today and thus the surface treatment of
matenals exposed to the coolant of light water reactor 1s belt grinding for both BWR and PWR
application Some years ago Siemens cladding was electropolished This treatment produced a surface
as smooth as pickling, but avoided fluoride contamination. Later on a fine belt polishing surface
treatment was developed to replace the hazardous electropolishing piocedure It was shown by n-pile
investigations 1n a high efficiency PWR that there was no significant difference 1n corrosion between
tlash electropolished and belt ground surfaces [280]

6 4 COOLANT CHEMISTRY

Water coolants are highly controlled and include deliberate chemical additives which may
influence zirconium alloy corrosion Lithium hydroxide ss particularly important, since 1t can
markedly influence oxidation 1f conditions facilitate the concentration (hideout) of lithium in the
oxide Boric acid 1s added in PWRs for reactivity control The coolant chemistry also influences the
solubtlities of coolant-borne metallic impurities (e g tron, nickel, copper, etc arising from corrosion
release from circuit surfaces) which may deposit as crud (metal oxides) on fuel rod surfaces and
which have, 1n some cases, appeared to contribute to accelerated oxidation of both BWR and PWR
cladding Crud-induced acceleration 1s discussed in section 8 3 In addition, small concentrations ot
impurities (F, Cl. etc ) may be found in reactor coolants and 1t 1s important to understand the
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potential effects of such impurities and the levels below which effects on corrosion are negligible or
tolerable The possible influence of dissolved oxygen also needs to be considered This will be
present n “oxidising” coolants (e g some BWR coolants) but in any case it will be produced bv
radiolysis whenever this 1s present as discussed 1n section 8 2

6 4 | PWR chemistry

6 4 1 1 Chemistry recommendations

The EPRI PWR Prnimary Water Chemistry Guidelines [281] make recommendations on certain
chemistry parameters Important parameters are termed control parameters, three levels of operator
action (culminating 1n plant shutdown) being recommended when parameter values fall outside each
Action Level Other parameters are termed diagnostic parameters, guidance being given for
investigating anomalous values Table 6 6 lists values for the primary coolant during power
operation

6 4 | 2 Borgcacid

PWRs contain boric acid for reactivity control, the concentration 1s reduced with time during a
fuel cycle, usually being near zero at end of cycle For a twelve month cycle, the initial boron
concentration 1s typically 1,200 ppm but s reduced rapidly over the first few days of the cycle to
approximately 900 ppm whilst the xenon and samarium poisons (neutron absorbers) build up to
equilibrium levels in the fuel Thereafter the boron concentration is reduced approximately hnearly at
~3ppmd' Foran 18 month cycle the initial boron concentration is typically 1,800 ppm dropping to
~1,400 ppm after a few days

6 4 1 3 Lithium hydroxide

Lithium hydroxide 1s added to render the coolant slightly alkaline in order to inhibit deposition ot
corrosion products on the fuel cladding and to reduce the corrosion rates of structural matenals
(stainless steels and Inconels) to low levels As well as avoiding any possibility of physical
degradation, addition of L1OH also reduces the quantity of radioactive corrosion products (“Co “Co
etc ) which give rise to most of the radiation dose to station personnel Minimising crud deposition
avolids the possibility of crud induced corrosion acceleration (section 8 3 ) However, as discussed 1n
section 4 2 5, above certain concentration levels, lithum hydroxide increases zirconum alloy
corrosion rates and 1t may also increase stress corrosion cracking, especially of Inconel 600, present
1n many reactors as steam generator tubing and control rod drive mechanism penetrations Thus, the
opumum level of lithium hydroxide tn the coolant has been a research issue for many years

Table 6 6 EPRI PWR primary coolant chemistry specification for power operation [281]

Parameter Action Level
1 2 3

Control Parameters
Chlonde, ppb >50 >150 >1500
Flouride, ppb >50 >150 >1500
Sulphate, ppb >50 >150 >1500
Hvdrogen,

cm' STP kg ' <25,>50 <15 <5

ppm <22,>45 <13 <044
Oxygen ppb >5 >100 >1000
Lithium Consistent with Station Lithium Program
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Diagnostic Parameters Typical Value

Conductivity, Consistent with Li/B concentrations
mS cm ' at 25°C

pH at 25°C Consistent with Li/B concentrations
B As required for reactivity control
Suspended Solids, ppb <10

Silica <1000

As discussed 1n section 4 2 5, 1n single phase coolants and in short term laboratory expeniments,
lithum hydroxide appears to significantly affect Zircaloy corrosion, only above a concentration of
approximately 30 ppm L1 in coolants free of boric actd Boric acid ameliorates (reduces) the
detrimental effect of hithium hydroxide above a boron concentration of approximately 100 ppm
However, tn two phase coolants, the local concentration of lithium hydroxide increases due to hide-
out In the presence of a heat flux, voidage may occur either on the surface of the fuel cladding or
inside pores in the oxide layer However, concentration of lithium hydroxide as a result of boiling
elevates the boiling point and may suppress the boiling after a certain pertod (section 9 2 1) Under
two-phase heat transfer, heat flux and hithium hydroxide enrichment constitute a potential accelerating
mechanism Loop experiments illustrating this effect are shown as curve (4) versus curve (2) n
Figure 6 23 Above approximately 15% voidage, the hthium hydroxide effect rapidly increases as
shown 1n the circumferential vanations in Figure 6 24 [n addition, Zircaloy cladding, subjected at the
beginning of hife to boiling conditions, undergoes shorter transition times, as well as subsequent
faster post-transition corrosion rates The absence of a pre-transition state, with an oxide film of
hugher porosity, may occur at high void fractions (a=30%) with 10 ppm lithium n the bulk water as
tllustrated 1n Figure 6 25 This figure also shows that the oxide layer. formed at normal PWR lithium
levels of 2 2 ppm, significantly protects the cladding from boiling-induced acceleration of corrosion
kinetics After transition, the increase 1n porosity, extending up to the metal/oxide interface, either (1)
causes increased incorporation of L1OH (and then accelerated corrosion) or (11) 1s caused by increased
preferential dissolution of zirconium oxide by LiOH [118], the increase 1n porosity itself leading to
accelerated corrosion
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Normally, high voidage levels do not occur in PWR coolants and, thus, any lithium hydroxide
enhancement by this mechanism may be less severe. In-pile loop experiments at Halden, in Norway.
in a borated coolant containing 4-4.5 ppm Li and 1,000 ppm B appeared to show little detectable
lithium enhancement in thick oxides, as discussed in section 7. 3. 2. 2. Oxide thicknesses on several
PWRs operating elevated lithium chemistry regimes have been examined for lithium enhancement.
Exposure for one or two extended (18 month) cycles of elevated lithium at Millstone-3 PWR led to
no detectable effect, although there was considerable variability in the data (see section 7. 3. 2. 5.).
Elevated lithium chemistry was concluded to have increased oxide thicknesses by approximately 10-
15% at the St Lucie-1 PWR (see section 7. 3. 2. 1.). Operation of elevated lithium chemistry in the
Ringhals-2, -3 and -4 units over approximately a five year period was said to have no negative effect
on oxidation [282,283]. No detailed analyses have been performed on Oconee-2 oxide thicknesses
after one cycle of elevated lithium operation, although comparisons have been made with earlier
operation at lower lithium levels in which some allowance was made for crud deposition [284].

Lithium hydroxide attacks certain Zr-Nb alloys more than Zircaloy-4, but some Zr-Nb-Sn alloys,
for example ZIRLO and E635. are reported to be more resistant than Zircaloy-4 to lithium hydroxide
attack [74,285,286] (See Figures 4.24 and 4.25).

6. 4. 1. 4. Coolant chemistry regimes

One of the most complex issues is the choice of lithium-boron (pH) chemistry regime. The EPRI
recommendations are complicated somewhat by the new recommendation [281] to calculate pH
values at the average coolant temperature, T, (mean of the core inlet and outlet temperatures) rather
than at a fixed temperature such as 300°C. Ignoring this complication, Figure 6.26 presents
recommendations for pH values calculated at 300°C. Operation below pH 6.9 is not recommended in
order to avoid excessive crud deposition on fuel cladding and increased radiation fields. As is seen
from Figure 6.26, at the beginning of 18 month and 24 menth cycles (boron > 1,800 ppm) the
required lithium concentration exceeds 3.5 ppm. In order to avoid these higher lithium concentrations
tor planned future operation of 24 month cycles, German workers are currently considering
alternative strategies, including substitution of KOH for LiOH and the use of boric acid enriched in
"B [287). During the 1980s most plants operated the “co-ordinated pH 6.9 regime” (Figure 6.27) and
some plants still do. The advantages of reduced dose rates led some plants to operate the “elevated
lithium regime” in the mid- to late 1980s. notably Ringhals-2, -3 and -4. With this regime the lithium
is held at approximately 3.35 + 0.15 ppm until a pH of 7.4 is attained and, thereafter, this pH is
maintained until the end of the cycle. Elevated lithium operation ofters an opportunity for
investigating any lithium hydroxide induced acceleration of corrosion (see sections 6. 4. 1. 3. and 7.
3.). However, it is believed that, at the time of writing, no plant is operating in this regime and manv
plants currently operate in the intermediate regime. known as the “modified lithium regime”, either in
the form illustrated in Figure 6.27 or modifications of it.

6. 4. 1. 5. Hydrogen and oxygen

Dissolved hydrogen is maintained in the coolant in order to recombine rapidly with oxygen
radicals formed by radiolysis (section 8. 2.}, for the purpose of inhibiting the stress corrosion cracking
and general corrosion of circuit components [281]. The recommended hydrogen concentration is
currently 2.2-4.5 ppm (Table 6.6). This is sufficient to reduce the oxygen concentration to an
undetectable level. Garzarolli et al. [125] found that an extremely high concentration of hydrogen
peroxide (6%) increased Zircaloy-4 corrosion rates by only about 15% and that a normal
concentration of hvdrogen (3 ppm) apparently decreased corrosion rates by about 15%. Early
Westinghouse tests [288] showed a factor three increase in the corrosion rate of Zircaloy-2 at very
high hydrogen concentrations (300 ppm). Recently. French tests have indicated that hydrogen at
much lower concentrations than 2.2 ppm can still suppress radiolysis [289] and, thus, operation of
PWRs at less than the recommended hydrogen concentration may be contemplated. At the Obrigheim
PWR, nodular oxide thicknesses of 80 pm were attained on fuel cladding after operating for 512 days
at an oxygen concentration of 300 ppb in the absence of a hydrogen over-pressure [289].
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Hydrogen dissolved in the coolant does not enter zirconium alloys, since the oxide layer presents
a bammer to transport (see section 5 1) and, therefore contributes little or nothing to hydnding
However, it was reported [290] that some Ringhals-2 fuel assembly guide tubes had >100% hydrogen
pick-up, due to direct absorption from the coolant through a (non-standard) sensitised gnt blasted
surface

6 4 1 6 Impunties

Chloride, fluonide and sulphate are controlled 1n order to inhibit stress corrosion cracking of
austenitic stainless steels. although fluoride control 1s also required to inhibit zirconium allov
corrosion [281]

Laboratory data on the effect of impurities on Zircaloy-4 corrosion has been reviewed
[124 125] Sigmficantly increased corrosion was found at relatively high fluoride concentrations (10
ppm) It has been stated [288,291] that fluoride begins to accelerate Zircaloy-4 corrosion between 10 '
and 10 molal (19-190 ppm) at 360°C and that corrosion resistance 1s unatfected by chloride and
1odide at 10 molal The specification for fluoride is usually set much lower than these high levels to
protect against concentration effects during boiling (see Table 6 6) Fluonde 1s produced in reactor
water bv neutron capture 1n O to form "F

Garzarolli et al [125] reported that a moderate increase in corrosion was caused bv high
concentrations of chloride, chromate and catton resin Nitrides, sulphates, anion resin, hydrazine and
Fe,O, had no noticeable effect High concentrations of Cr O,, N10, NiFe O, and S10 caused a
reduction 1n the time to transition but had no effect on the post-transition corrosion rate

6 4 1 7 Zinc addition

Following experience in BWRs (section 6 4 2 3 ), the deliberate addition of 1040 ppb zinc to
PWR primary coolants 1s currently under investigation in several countries (e ¢ [292]) and bv EPRI
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and Westinghouse [293], with a view to both inhibiting stress corrosion cracking of certain Inconel
600 components and to lowering PWR radiation fields One of the issues 1s deposition onto, and
compatibility with, fuel cladding surfaces A plant demonstration 1n the USA 1s proceeding at the
tme of writing With evidence accumulating that boric acid may be protecting the cladding from
enhanced corrosion by L1OH, caution should be exercised with additions that might interfere with the
precipitation of complex borates in the porous oxide film [111,113,114] (see section4 2 5)

6 4 2 BWR chemistry

In the past, recommendations for optimising BWR water chemistry were aimed at high punty,
charactenised mainly by conductivity Now several additives are in use, hydrogen to prevent
intergranular stress corrosion cracking, iron to retain “Co on the fuel rods, and zinc njection to
reduce “Co absorption on out-of-core circuit surfaces BWR water chemistry 1s reviewed, for
example, in [294.295] EPRI 1ssued Normal Water Chemistry Guidehines and Hydrogen Water
Chemustry Guidelines 1n 1988 These have been revised and collated into a single document [296]

6 4 2 1 Hydrogen water chemistry

In the absence of dissolved hydrogen, the oxygen 1n the feedwater 1s typically 200-400 ppb and
this 1s sufficient to cause concern over stress corrosion cracking in sensitised steels under tensile
stress This concern 1s removed by injecting 0 2-2 ppm hydrogen However, this may cause other
concerns, including hydrogen pick-up by the fuel cladding, which has caused some plants, n
particular 1n Sweden, to discontinue hydrogen water chemistry [294] There were also indications n
some plants of increased radiation fields, thought to be due to corrosion product release as the oxide
on out-of-core stainless steels changed from a haematite to a magnetite structure [297] Nevertheless,
many plants still regard hydrogen water chemistry as the best option and in [298] it was stated that at
that ttmel6 US plants utilised Hydrogen Water Chemistry compared with 18 that operated Normal
Water Chemistry

6 4 2 2 Iron injecuon and Ni/Fe control

“Co and “Co activities, 1n the coolant and deposited on surfaces, can be minimised 1If the crud
deposited on the fuel cladding 1s 1n an insoluble form and, therefore. should not be dissolved
appreciably during irradiation Nickel-(cobalt)-iron-spinel, of a simplified chemical formula NiFe O,
1s such a sparingly soluble compound This can be formed by injecting iron 1n 1onic form into the
teedwater 1n order to keep the Ni/Fe ratio theoretically at 0 5, but in practice 1t was found that a ratio
of <02 was required [294,299] This technique has been adopted particularly in Japanese and
Swedish BWRs Control of the Ni/Fe concentration ratio tn Japanese plants successfully limited
radiation fields 1n newly commissioned plants but was causing concern after prolonged operation
[300] In some Japanese plants, a new heat treatment has been adopted for fuel cladding and this
seems to atfect the interaction between the clad and the corrosion products in the coolant, influencing
radioactive corrosion product transport and, hence, radiation fields [300]

In contrast to injecting soluble 1ron to control Ni/Fe ratios. removal by filtration of particulate 1ron
1s reported to be increasingly important in controlling radiation fields and deposits on fuel cladding
[298]

6 4 2 3 _Zincinjection

In early BWRs 1t was noticed that those with brass condenser tubing had lower radiation fields
(most BWRs no longer have brass condensers) Arising from this discovery zinc 1s now dehberately
injected 1nto the coolant of a number of BWRs (13 out of 34 US plants listed in [298]) The zinc is
incorporated 1nto oxide films on out-of-core surfaces and modifies the nature of the oxide, reducing
the film thickness This, in turn, reduces both the production of “Co and “Co and their rates ot
incorporation into oxide films on out-of-core surfaces Unfortunately zinc 1s activated to “*Zn and this
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gives rise to a significant radiation dose. Thus, in some plants zinc depleted in *Zn is injected at
significant cost. At the Millstone-1 BWR the optimum natural zinc concentration adopted for Cycle
13 was 3-5 ppb, taking into account the detriment from radioactive “Zn production [301] although
values of 4-15 ppb were utilised in the previous cycle. At these low concentrations there appears to be
little or no concern about the possibility of zinc deposition on fuel cladding leading to increased
Zircaloy corrosion.

6. 4. 2. 4. Effect of impurities

The Japanese BWR Hamaoka | experienced fuel failures during 1990 caused by a combination of
anomalous water quality and cladding susceptibility to corrosion {302]. The poor water quality was
considered to be due to high conductivity spikes. These were thought to be caused at start-up by
sulphate and nitrate (organic decomposition products), during normal operation by sodium (from
demineraliser resins) and at shutdown by sodium sulphate dissolving from deposits on fuel cladding.

Tests have been carried out in the Halden in-pile BWR test loop on the effect of Cu(NO,),,
Zn(NO,), and high O, on Zircaloy-2 and on several new cladding alloys [303]. Nodular corrosion was
produced in the reference chemistry (without additives) and in high oxygen. Copper sulphate and
copper nitrate suppressed nodular corrosion.

Reference should be made to section 8. 3. 3. for the effect of impurities (in particular copper) in
producing Crud Induced Localised Corrosion (CILC) failures. A computer code has been described
which simulates the hide-out of various chemical species in the fuel cladding crud [304]. This
attempts to relate the micro-environment in the crud layer to the bulk coolant and is potentially
relevant to cladding integrity, crud deposition and activity transport.

6. 4. 3. WWER chemistry

The coolant specifications for WWERs at the time of writing are given in Table 6.7. However,
consideration is currently being given in the Czech Republic to changing to an Action Level system
based on the EPRI PWR Guidelines (Table 6.6). Alkalinity is achieved by adding KOH rather than
LiOH. Li is present at a low concentration, produced from '’B, but is restricted in concentration by
removal in one of the demineralisers. Figure 6.28 gives the Czech (NRI) and Russian (VNIIAES)
primary chemistry regimes for WWER-440 and WWER-1000 units [305,306]. The specifications are
for the equivalent potassium concentration defined by:

[K',]=[K']+40[Li')}/7 + 40[Na'}23

The concentration of ammonium hydroxide does not appear in this formula, but contributes
somewhat to the alkalinity. Ammonium hydroxide is added in place of hydrogen in order to produce
a chemically reducing coolant, much of the ammonia decomposing to produce hydrogen under
radiolysis.

At some plants, as well as adding ammonium hydroxide. hydrazine has been continuously
injected. It has been claimed that this reduces the electrochemical potential, thereby reducing
corrosion rates of stainless steel, leading to lower corrosion product activities. However, laboratory
work does not support this and any benefit in-reactor is likely to be a result of increased ammonium
hydroxide concentrations in the coolant caused by the presence of hydrazine [307]. In the Czech
Republic it i1s proposed to change from ammonium hydroxide to hydrogen addition and to change
from Zr-1%Nb to Zircaloy-4 cladding, as in Western PWRs.

For Zr-1%Nb alloy, very few fuel failures have occurred in Slovak and Czech Republic PWRs
and oxides on fuel cladding have been thin [308). Coolant chemistry values in the primary coolant of
a number of Russian PWRs have been tabulated and reviewed [309]: in some fuel rods, large
carbonaceous deposits had caused severe nodular corrosion and fuel failures.
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Table 6.7. WWER primary water chemistry specifications for normal operation at power [286,305]
(some variation for different countries)

Parameter Unit
Ammonia ppm
Hydrogen cm’(STP)-kg '
ppm

Chiliorides +

Fluorides ppb
Oxygen ppb
lron ppb
Copper ppb
Boric acid* g/kg
KOH ppm
Coolant temperature

Inlet °C

Outlet °C
Coolant pressure MPa

* 5.59 ppm boric acid = 1 ppm boron.

K, ppm

modif. NRI
modif. VNIAES
standard
pHI00-7.2

, -
7. -

1 L ) - L 1

3 4 6 6 7
boric acid, g/kg

2.6

1.6

0.8

WWwW
>5

ER-440

30-60

2.6-5

<100
<10

3

<20 or <200

<20
0-9

WWER-1000
>5

30-60

2.6-5.3

<100

<5 o0r<l10
<20 or <200
<20

0-13.5

depends on boric acid conc.

268
290
12.5

22
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18

16

14

12

10

K, ppm

290
320
16.0

1

= modlit. NRI

standard
- pHS00-T.1

modit. VNIAES

4 6 (] 7

boric acid, g/kg

Figure 6.28. WWER recommended primarv coolant chemistry regimes for Czech (NRI) and Russian
(VNIIAES) Plants: WWER-440 Units (left). WWER-1000 Units (vight) [305].
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6. 4. 4. PHWR (CANDU) chemistry

PHWR coolant (as opposed to the separate moderator) does not contain boric acid and deuterium
is added in place of hydrogen in order to reduce neutron absorption, necessitated by the use of natural
uranium fuel. Coolant chemistry specifications for several PHWRs are given in Table 6.8 [310-312].
Although PHWRs have somewhat lower coolant lithium concentrations than PWRs, this does not
necessarily mean that lithium hydroxide effects are of less interest, since there is no boric acid
amelioration effect, due to the absence of boric acid in the coolant. Research is proceeding currently
in Canada on the benefits of zinc injection for reducing radiation fields.

Oxygen excursions have led to Zr-2.5%Nb and Zircaloy 2 pressure tubing corrosion being
exceptionally high at high oxygen concentrations of 600 ppb [313]. It was shown [82] that the thin
black oxide on pre-oxidised Zr-2.5%Nb pressure tubing acted as an excellent barrier to hydrogen
ingress.

Table 6.8. Primary coolant specification for PHWRs

Pressure Vessel | Pressure Vessel- Pressure Tube- Pressure Tube-
Atucha | Embalse Indian PHWR
Reference [310] [311] [311] [312]
Lithium (ppm) 1-2 1-2 0.7-2 -
Deuterium 6 6 0.54 ppm 3-20
(cm'/kg)
Oxvgen (ppm) 0.05 0.05 0.1 0.01
Chloride (ppm) 0.2 0.2 0.2 0.3
Fluoride (ppm) - - - 0.05
Ammonia (ppm) - - - 0.5
pD(25°C) 10.5-10.9 10.5-10.9 10.3-10.8 10.0-10.5
Conductivity 30 30 20-60 30
(uS/cm)
Silica (ppm) >4 4 - -
Crud (ppm) | 1 - 0.1
Dissolved Fe 0.5 - - -
(ppm)
Note: For Atucha plants the lithium, deuterium, oxygen and chloride are described as “limiting

values™, the other parameters as “recommended values”.
6. 5. EFFECT OF TEMPERATURE

In PWRs at normal temperatures, corrosion in the post-transition region is linear with an
activation energy assessed to be in the range of approximately Q/R=15,000-17,000 for Zircaloy alloys
(see section 7. 3.). The operating temperatures of PWRs are, in general, higher than those of BWRs
and WWER-440s and, thus, clad corrosion during normal operation is of greater interest in PWRs
since it can limit the allowable fuel burn-up.

It is important to consider oxidation at higher temperatures in order to assess the consequences of

potential accidents, in particular Loss-of-Coolant Accidents (LOCAS). A number of studies have been
made of high temperature oxidation, only a selection of which can be mentioned here.
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6. 5. 1. High temperature oxidation of Zircaloy alloys

At temperatures below the a/a+f transition (approximately 810°C for Zircaloy-4) a zirconia film
is produced with significant oxygen diffusing into the underlying o metal. It has been observed [314]
that the kinetics change from cubic to approximately linear with time in the range 600-800°C (as at
lower temperatures) the value of the weight gain at transition increasing with temperature (Figure
6.29). Beyond the cubic/linear transition, the oxide exhibited extensive cracking.

At higher temperatures, the a-Zircaloy transforms to the B-phase containing some diffused
oxygen. However, an outer rim remains in the a-phase, stabilised by a larger concentration of
oxygen. Overlying this is the zirconia film. These changes lead to embrittlement of the cladding [315]
and at temperatures close to the phase transition temperature the kinetics of oxidation are complex. At
temperatures above the phase transition, in a study of Zircaloy-4 between 900-1500°C [316], the
weight gains in the oxide layer and in the stabilised a-Zr[O] became parabolic at temperatures greater
than approximately 1,000°C [315] with activation energies of Q/R=18,060 and 24,230, respectively.
In a study of Zircaloy-2 and Zircaloy-4 in the range 1,150-1,850°C [317], parabolic kinetics were
observed throughout, there being a sharp increase in the parabolic rate constant at approximately
1,580°C with little change in the activation energy. No transition occurs even up to a very high oxide
thickness.

Recent studies have generally found the Baker-Just correlations, produced in 1962 and adopted
many years ago for safety calculations, to be conservative. Many studies of high temperature
oxidation have been performed in unpressurised steam, however, it is important to realise that
oxidation increases at higher pressures [318].

6. 5. 2. High temperature oxidation of Zr-1%Nb alloys

Results of tests between 300-1,400°C are given in [69]. At normal temperatures (300-350°C) long
term (30,000 h) tests have shown the kinetics to be parabolic over the whole time period (Figure
6.30). This contrasts with the Russian model given in [272] and in section 7. 4. 2. 1 which assumes
linear kinetics above approximately 3 pm. Between 350°C and 600°C the kinetics change with time
from cubic to parabolic to almost linear (t**). At 500-600°C a significant increase in corrosion with
increase in pressure was observed. Pre-oxidation was found to be effective in limiting corrosion rates
during high temperature excursions. At higher temperatures, in the a+p and P regions, parabolic
correlations were proposed for the oxide thickness and the width of the a-Zr[O] layer. Parabolic
kinetics were found [319] over the temperature range 700-1,100°C and Zr-1%Nb was found [69] to
exhibit similar (though slightly lower) corrosion rates to Zircaloy-4, despite there being significant
differences in the structure of the oxide and the a-Zr[O] layer, between these two alloys over this
temperature range.

6. 6. EFFECT OF HEAT FLUX

Because of the strong temperature dependence of corrosion, accurate predictions are required of
the temperature of the oxide/metal interface [320,321], (see also section 7. 2. 1.). The heat fluxes in
power reactors are high enough to generate a significant temperature rise across the oxide thickness,
given by the following relationship:

T=T,+ ¢S/

where T is the temperature of the oxide/metal interface (K);
T, is the temperature of the outer oxide surface (K);
¢ = heat flux (W-m™);

« is the oxide thermal conductivity (W-m K ™");
S is oxide thickness (m).
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Figure 6.29. Thicknesses of oxide laver and a-Zr[O] layer on Zircaloy-4 cladding from high
temperature steam oxidation [314].
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Table 6 9 shows vanous measurements of thermal conductivity The range of values is extremely
high, though in PWRs a much more restricted range 1s utilised in corrosion modelling (section 7 2
3} An additional thermo-hydraulic effect occurs dunng nucleate boiling 1n that the temperature, T,
at the outer surface of the oxide increases weakly with increase in heat flux (see section7 2 2)

French workers have concluded that there 1s an additional effect of heat flux independent of
thermo-hydraulic effects, after comparing oxide thicknesses obtained 1n the presence of a heat flux 1n
the CIRENE loop with those 1n the absence of a heat flux obtained 1n autoclave experiments [321]
This 15 1llustrated 1n Figure 6 23 which shows significantly higher corrosion rates in the presence of a
heat flux than 1n 1ts absence, at a temperature of 346°C and with zero voidage (curves (1) and (2) 1n
Figure 6 23) In the same manner, 1n an out-of-pile loop, the corrosion rate inside the heat flux region
(Zone B 1n Figure 6 31) was higher than that in the plenum region at the same temperature (Zone A)
The lithium concentration was S ppm 1n the loop coolant

Table 6 9 Measurements of thermal conductivity

Manner of Oxide | Oxide Thermal Conductivity Experimental
Formation Thickness (Wm'K" Method

(um)

25-120°C 260-400°C

ZrO stabilised 167 176
with CaO
3155-877% TD
Oxidised 1n 1-2 1 4, Error Calorimetry
360°C water bars 4 3-0 3
Zr-2 oxidised in 17-116 2 1, Error
400°C steam bars 3 8-0 8
Oxidised n 19 076 Calorimetry
360°C water,
1 25 mol/kg
L1OH soln
Oxidised in 54 0 88 63
450°C steam 19 070 545
Oxidised 1n 53 107 627
450°C arr 19 120 400
In steam at high 135 13 09 Diffusivity
temperature 20 13 015

22 093
Stabilised with 27
S% Ca0
(52gem?)
ZrO sprayed <700 06 Calormetry
onto tungsten
Zr0 19
(535gcm )
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Figure 6.31. Corrosion profile in an out-of-pile loop.

French workers have produced a model for this additional heat flux effect, based on an increase in
the vacancy flux set up by the heat flux which, in turn, increases the rate of transport of oxygen [321].
Since the effect appears to be predominantly in the presence of high lithium hydroxide
concentrations, it is possible that there may be a synergistic effect between heat flux and lithium
hydroxide. However, it may then be difficult to differentiate between this effect and the lithium
hydroxide hideout effect (induced by boiling inside oxide pores or at the oxide surface) which also
increases corrosion rates. The lithium hydroxide hideout effect accelerates corrosion to a degree
which increases with increase in heat flux, but this is generally regarded as being due to a local

increase 1n the lithium hydroxide concentration, rather than to a mechanism based on an increase in
anion vacancy flux, which anyway could not be significant if the oxide is porous.

Plans for tests in a Thermal Gradient Test Facility in the USA have been described [322]. This
was to be used for determining oxide thermal conductivities, but the presence of an additional heat
tflux effect proposed by the French, as described above. could be sought. However, it was also
proposed to use high concentrations of lithium hydroxide in the loop to speed up corrosion, but this
might cause difficulties in interpreting any effect as a lithium hydroxide effect, a heat flux effect or a
synergistic heat flux and lithium hydroxide effect.

With respect to BWRs, there is some evidence that an increase in heat flux, above certain levels,

n a boiling coolant decreases the oxidation rate, possibly due to a decrease in the concentration of
dissolved oxygen in the coolant as a result of oxygen stripping [323].
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7. MODELLING OF IN-REACTOR CORROSION OF ZIRCONIUM ALLOY FUEL
.CLADDING

7. 1. INTRODUCTION

Corrosion models might usefully be classified as mechanistic models, semi-empirical models, and
models which appear to be almost entirely empirical. As is clear from the discussions in the present
document, corrosion of zirconium alloys is complex and further work is required to obtain universal
agreement on kinetic mechanisms, in order to determine which parameters have a significant effect on
corrosion and to quantify these parametrical effects. Thus, the development of fully mechanistic
models is at an early stage.

A necessary pre-requisite, for predicting numerical values of oxide thicknesses on fuel rods, is the
calculation of axial temperature profiles at relevant positions in core, as discussed in section 7. 2. For
Zircaloy alloys, the relevant temperature is the oxide-metal interface temperature, since new oxide is
formed here. Firstly, coolant-oxide interface temperatures (wall temperatures), T, are predicted and
then the increase in temperature through the oxide layer must be calculated from a knowledge of
oxide thermal conductivity. The calculation of oxide thickness is, therefore, an iterative process, since
an increment in oxide thickness causes an increase in the oxide-metal interface temperature which, in
turn, increases the corrosion rate (“temperature feedback mechanism?).

A number of semi-empirical numerical models have been developed for predicting in-core
corrosion of fuel cladding, and those applicable to Zircaloy alloys in PWRs are described in section 7.
3. Such models are necessary for predicting whether, or not, unacceptable oxide thicknesses may
develop on any fuel rods before final discharge from the core. Oxide thicknesses greater than
approximately 100 um are usually regarded as unacceptable. Models also have a role for investigating
special effects caused by particular exposure conditions (e.g. high lithium hydroxide levels). For this
application, plant data obtained under the normal and the special exposure conditions, are compared
with model predictions, in order to factor out, as far as possible, the dependencies of corrosion on
temperature, heat flux and exposure time, thus enabling any other effect on corrosion rates to be
revealed.

There are considerable uncertainties in model predictions, for a number of reasons including the
following:

e Most models are empirical, or semi-empirical, in nature and may contain assumptions which are
not scientifically well founded, thus making extrapolation hazardous outside the conditions to
which the models have been fitted [117,118].

¢ There is considerable batch-to-batch variability in corrosion performance, due to variability in
alloy composition (between batches and versus axial position within a given batch) and variability
in heat treatment (e.g. due to temperature differences within the furnace during annealing). Most
models do not take these considerations into account and, therefore, models should be fitted to a
wide data base in order for predictions to be representative of typical average behaviour.

e Models are currently unable reliably to include all relevant variables, due to uncertainties in
mechanisms, especially in relation to possible thick film and radiation fluence effects which may
be exhibited in some cases, for example amorphization of intermetallic precipitates (e.g. [324]).
There are probably insufficient experimental data at present for reliably quantifying a number of
effects, for example hydride precipitation at the metal-oxide interface (e.g. [234]).

e There may be significant uncertainties in calculated values of oxide-metal interface temperatures
and of local power histories.

* There are uncertainties in measured oxide thickness values to which models are fitted, due to
accuracy limitations of eddy current measuring devices, to crud deposition and (on thick oxides)
spalling or oxide blistering.
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Section 7. 4. discusses models of a more mechanistic nature. Cox's model differs in nature from
the models discussed in section 7. 3. and was derived from conclusions reached on the basic
mechanisms of irradiation enhancement and lithium hydroxide enhancement. Two Russian models
for corrosion of Zr-1%Nb fuel cladding are outlined, one for uniform corrosion in WWERs and the
other for nodular corrosion in RBMKs. The latter describes elevation of the oxide-metal interface
temperature due to crud deposition (Crud Induced Localised Corrosion, (CILC)).

7. 2. CALCULATION OF OXIDE-METAL INTERFACE TEMPERATURES

For full details, reference should be made to standard text books on thermalhydraulics. Only the
relevant basic principles will be addressed here.

7. 2. 1. Single phase coolants

The temperature difference across the laminar boundary layer, between the wall and the bulk
turbulent fluid, is related to heat flux by:

¢ =h(T_-T,) (7.1)
where

¢ = heat flux (W-m™);

T, = wall temperature (K);

T, = temperature of bulk fluid (K);

h = heat transfer coefficient (W-m™K™).

The heat flux, ¢, through the cladding and through the laminar boundary layer, may be obtained
from the product of (i) percentage reactor power as a function of time (ii) core averaged heat flux at
100% power (iii) core relative axial power profile (iv) the relative rod power and (v) the fraction of
the heat generated inside the fuel (typically 97% in Western PWRs).

The single phase heat transfer coefficient, h, is calculated from one of a number of alternative
dimensionless correlations, the most well known being the Dittus-Boelter correlation:

Nu = 0.023 Re"* Pr°* (7.2)
where

Nu = hd/k is the Nusselt number;

Re = pdwm, the Reynolds number;

Pr= cpu/k, the Prandt] number;

h, the heat transfer coefficient (W-m *K™);

d; the equivalent diameter of the flow channel (m);
k, the thermal conductivity of the fluid (W-m -K™');
p, the fluid density (g'm™);

u, the fluid velocity (m-s™);

i, the viscosity (g'm™s™) and

c,. the specific heat (W-s.g""K™').

The example in Figure 7.1 shows that significant differences in wall temperature, T , can be
obtained using different correlations. The variation of up to 7°C is sufficient to cause a variation in
calculated oxide thicknesses of up to 30% for thin films and a greater variation for thick films, due to
the temperature feedback effect. Thus, zirconium alloy corrosion models, fitted to benchmark reactor
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data using wall temperatures calculated in a particular manner, should not strictly be used 1n
conjunction with wall temperatures calculated 1n a different manner

The core 1s made up of a number of inter-connected sub-channels, up which the fluid flows
between the fuel rods The equations of coolant mass, momentum and energy conservation are solved
as a function of axial position. This can be performed most accurately with the aid of thermo-
hydraulic codes, for example COBRA [325], VIPRE [326] and FLICA These allow the core to be
divided 1nto a number of lumped sub-channels, each of which may encompass one. several or many
sub-channels One or more lumped sub-channels contain the rod(s) of interest and neighbouring
lumped sub-channels need to be included 1n the thermo-hydraulic model, owing to cross-flow
between sub-channels Cross-flow may be promoted by mixing vanes in the fuel gnds and effects on
mass and heat transfer may be obtained from correlations devised from multi-channel hydraulic tests
Increased pressure drops also occur at the gnds The presence of control rod guide tubes within
lumped sub-channels needs to be taken into account, since these do not contribute to heat flux and are
different 1n diameter to fuel rods The mass flux through the core 1s slightly lower than the total mass
flux, owing to the core by-pass flow (for example, through control rod guide tubes etc )

Oxide thickness measurements are usually carried out on the outer faces of peripheral rods on the
outside of fuel assemblies There may be a significant temperature difference between the inner and
outer faces of penpheral rods, since the adjacent assembly may be of a very different power level.
thus significantly lowering or raising the temperature in the gap between the two assemblies This
should be borne 1n mind when devising the thermo-hydraulic model for the prediction of oxide layer
growth on peripheral rods It is also possible for some fuel vendors to measure oxide thicknesses on
internal rods without removing them from the assembly, using, for example, the French SABRE
technique

The fuel gnds cause additional turbulence, lowering the wall temperature due to the increased heat
transfer The following equation has been given [280,320] for the increase tn heat transfer coefficient
downstream of fuel grids

h, = he(1 + d/x) (73)
where

h, 1s the heat transfer coefficient at a distance x downstream of a gnid,
h. 1s the heat transfer coefficient at infinite distance from a gnd,

x 1s downstream distance from a gnd,

d, 1s the hydraulic diameter of the sub-channel

This effect, which may not be taken into account in some thermo-hydraulic code predictions,
causes a very significant lowering of oxide film thickness downstream of the fuel grids However, at
mid-span positions (midway between adjacent fuel gnids) the effect on oxide thickness should be
neghgible

7 2 2 Two phase coolants

In PWRs the majority of fuel rods are exposed to single phase coolant, but a small number of rods
may be exposed to two phase flow along the upper parts of the fuelled region, particularly in plants
with high inlet temperatures and high heat fluxes

When the wall temperature exceeds the local (wall) saturation temperature, T_, the bulk coolant
remaining below the saturation temperature, vapour bubbles begin to nucleate on the walls (sub-
cooled nucleate boiling) When the nucleate boiling regime 1s first entered, the bubbles stay attached
to the walls, but as the heat flux increases, bubbles become detached and collapse 1n the sub-cooled
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bulk flow. The wall temperature exceeds the wall saturation temperature by an increment (superheat),
AT

T, =T, + AT, (74)

For nucleate boiling AT may be calculated using several different correlations. Two such correlations
[327] are the Jens-Lottes correlation:

AT, =25.0-9° “exp(-P/62) (7.5)
and the Thom correlation:
AT, =22.65-¢" ‘exp(-P/67) (7.6)

where ¢ 1s tn MW m * units and P 1s the pressure in bar. For typical values of ¢ = 0.7 MW-m > and P
= I50 bar, these give a AT of 2.0°C and 3.4°C, respectively, showing a small difference n
calculated values. The Thom correlation 1s recommended 1n [327]. Since values of AT, are not great,
and do not vary greatly with heat flux, the wall temperature does not vary greatly with axial position
along those portions of the fuel rods experniencing sub-cooled nucleate boiling. The pressure drop 1s
higher 1n two phase flow than in single phase flow under the same conditions.

The value of the void coefficient, a, (fraction of the flow cross-section occupied by steam) 1s of
relevance to two phase flow, particularly in relation to lithium hydroxide hideout effects. (Lithium
hvdroxide effects may be relevant to single phase coolants as well). In two phase flow calculations,
the vapour content 1s normally predicted as the water quality (mass of vapour per total mass), for
which several different correlations may be used. The void fraction may then be obtained from the
water quality using a relationship which assumes either that the vapour moves at the same velocity as
the water, or that there 1s some slip between the two phases. Again, there are alternative expressions
depending on the degree of slip assumed Unfortunately, at the low values of voidage which may be
encountered during normal operation (up to a few percent), large fractional differences in void
fraction may be obtained using different methods (e.g. Bowning model, Levy models etc.). This can
hinder comparison between two phase corrosion results obtained 1n different establishments. This 1s
particularly relevant to the question of determining the void fraction at which hthium hydroxide
hideout begins to cause a rapid escalation 1n corrosion rate.

7 2 3 Oxide thermal conductivity

The temperature of the oxide-metal interface may be calculated from a knowledge of oxide
thermal conductivity:

T=T, +¢Sk (7.7)
where

T 1s the temperature of the oxide/metal interface (K);
T, 1s the temperature of the oxide/water interface (K);
¢ = heat flux (W-m °);

K 15 the oxide thermal conductivity (W m K ');

S 1s oxide thickness (m).

As shown n Table 6.9, a very wide range of oxide thermal conductivity values have been measured.

A narrower range of values (between approximately 0.8 and 2.0 W-m ‘K ') have been assumed in
Zircaloy corrosion codes. In some cases values are assumed to be independent of oxide thickness and,
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in others, to decrease with increase in oxide thickness This narrower range 1s still sufficient to cause
considerable variability in predicted corrosion rates For example, for a heat flux of 0 7 MW m , the
temperature drop across an 80 um oxide 1s 70°C for a thermal conductivity of 0 8 Wm ' K ' but 31°C
tor a value of 1 8 Wm 'K ' This difference 1s sufficient to cause roughly a four-fold increase 1n post-
transition corrosion rate in some corrosion models, based only on the temperature coefficient of
oxidation The difference could be greater 1f lithium hydroxide effects were exhibited

An example of calculated differences 1n oxide thicknesses versus time, using constant thermal
conductivities of 12 and 18 Wm 'K ', 1s given in Figure 72, which shows predictions using
Nuclear Electric's ZIRC code (section 7. 3 2 5) It 1s seen that the temperature feedback effect
causes an escalation in corrosion rates, giving very different predicted behaviour for thermal
conductivities within the range of uncertainty Thus, 1t 1s very difficult to separate the normal
consequences of the temperature feedback effect from the consequences of other effects which are
postulated to increase corrosion rates Examples of such effects are lithium hydroxide, a separate
effect of heat flux on the diffusion of oxygen through the oxide (section 6 6 ), and the amorphization
and structural transformation of intermetallic particles [324] (section 8 1 3 3 3)

The temperature feedback effect in Figure 7 2 causes predicted oxide thicknesses to increase to
infinity after a finite time, at a rapidity which depends on all the assumed model conditions The
predictions in Figure 7 2 were for a fixed oxide thermal conductivity, but oxide thicknesses escalate
even more rapidly if the thermal conductivity 1s assumed to decrease with increase 1n temperature
The precise predictions of any model should be viewed with caution, particularly for thick oxides
The predictions 1n Figure 7 2 were for a model with a multiplicative irradiation enhancement factor
which 1s independent of temperature (section 7 3 2 5) If irracdiation enhancement reduces with
increase in temperature [328], this may reduce the rate at which oxide thicknesses escalate at long
exposure times A further cause for caution in viewing predictions for thick oxides 1s the possible
effect of spalling and blistering on the measurements

7 3 SEMI-EMPIRICAL MODELS FOR ZIRCALOY CORROSION IN PWRs
Semi-empirical models are usually based on-

1) Fits to laboratory autoclave data obtained in the absence of a heat flux and in the absence of
radiation

2) Fits to laboratory loop data in the presence of a heat flux but in the absence of radiation

3) Re-normalisation to plant data in order to accommodate trradiation enhancement, and other
possible in-plant effects

With regard to 3), the models should be best fits to oxide thicknesses in both the axial direction
(as a function of height along the fuel rod, see Figure 7 3) and 1n the radial direction (for different
rods with different exposure histories)

There 1s considerable variation n the data available and, hence, considerable variation in the
models which have been developed Most models for Zircaloys were developed for standard cladding,
prior to the production of ‘optimised’ or ‘improved’ cladding with tighter controls on composition
(Sn, C and S1) and on heat treatment Such models are expected to over-predict corroston of
optimised/improved cladding, since few models currently appear to incorporate alloy composition or
heat treatment as variables More new models for optimised/improved cladding are likely to become
available shortly

Some models incorporate effects such as coolant hthium hydroxide and hydnide formation
(section 7 3 3), etther from a particular set of laboratory data or from a statistical analysis of reactor
data However, no consensus presently exists on the presence, or absence, of hithium hydroxide
effects at normal in-reactor concentrations of hithium hydroxide in primary coolants (sections 4 2 5
and 9 2 1 1) There 1s little evidence of a consistent and significant effect either from Halden n-
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pile loop data in a coolant containing 4 ppm hithium and 1,000 ppm boron (section 7 3 2 2) or from
elevated lithium operation in PWRs (section 7 3 2 5) Accurate quantification of the accelerating
effects of hydride formation (section 5 2) 1s difficult with the lmited data presently available

)

Present uncertainties 1n the ‘true’ values of prnimary factors (activation energies, thermal
conductivities, etc ) enable simuilar predictions to be made, with and without. incorporating additional
effects (lithium hydroxide, hydndes etc )

7 3 1 Generic formulation for semi-empirical models
Most models assume cubic kinetics in the pre-transition region 1 e

S'=C,exp(-Q/RT) t (78)
where

S 1s the weight gain or oxide thickness,

t 1s the tume,

Q, 1s the pre-transition activation energy,
C, 1s the frequency factor and

R 15 the Universal Gas Constant

[329] gives the following relationship between oxide thickness and weight gain
1 pm~ 14 7 mg dm
For numerical calculation 1n time steps, the time differential is required
AS/At = C exp(-Q,/RT)/3S’ = [C,exp(-Q,/RT)]' /3(t') ' (79

where time, t', lies somewhere within the n" time step Owing to the cubic nature of the kinetics,
assuming t' to be 1n the middle of the time step can lead to inaccuracies unless small time steps are
chosen The most accurate position of t' within each time, as a function of time step number, can be
determined by calculation

After reaching a certain transition weight gain or oxide thickness, S, (of the order 2 um), linear
kinetics are assumed

AS/At = Cexp(-Q,/RT) (7 10)
where

C 1s the post-transition frequency factor and
Q 1s the post-transition activation energy

S, 1s assumed to be constant in some models, but dependent on temperature in others Some
models do not model the cubic pre-transition region since, for reactor applications, only relatively
thick oxides are of interest This implies that, on a graph of oxide thickness versus time, back-
extrapolation passes through the origin Most data show this to be a not unreasonable approximation
The frequency factors and activation energies may be assumed constant or dependent on temperature
or on other vanables In some models, the post-transition corrosion rate 1s assumed to increase above
a certain critical weight gain In-core exposure 1s assumed to increase the corrosion rate by a
multiplicative fitting factor, f, often referred to as the ‘irradiation enhancement factor’ This 1s
assumed either to be a constant or to depend on temperature or neutron flux In some models, an
wradiation enhancement factor 1s applied in the pre-transition region, either to equation (7 8) or (7 9),
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in other models no irradiation enhancement is assumed in this region. All the models reviewed here
(section 7. 3. 2.) assume that there is irradiation enhancement in the post-transition region.

Most published model descriptions specify values of oxide thermal conductivity but in many
cases, few details are given of clad wall temperature calculation, which is an important consideration
(sections 7. 2. 1. and 7. 2. 2.).

7. 3. 2. Individual models of simple generic form

Published details of several models are given below. Details of several other models do not appear
to have been published in the open literature.

7.3.2. 1. MATPRO model [268.330]

This is one of the older models, having the following parameter values:

Pre-T Frequency Factor C, =4.976x10° um>d"'
Pre-T Activation Energy Q/R =15,660 K™

Post-T Frequency Factor C, = 8.288x10" pm-d”
Post-T Activation Energy Q/R = 14,080 K™’

Trans. Oxide Thickness S = 7.749exp(-790/T) um
Irradiation Enhancement  f = 120.3exp(—0.007118xT,)

Note that the irradiation enhancement factor is dependent on the oxide-coolant interface temperature,
rather than on the oxide-metal interface temperature. f is applied to equation (7.8) in the pre-
transition region, as well as to equation (7.10) in the post-transition region, thus enhancing the
corrosion rate in the pre-transition region by the cube root of the enhancement factor. MATPRO was
used by Van Swam and Shann [268] for analyzing oxide thicknesses on a range of Zircaloy-4 rods of
different cladding types (compositions and heat treatments). It was found that a further dimensionless
parameter, E, was needed to account for irradiation enhancement, i.e.,

Irradiation enhancement factor = E-f

where, E, was a constant ranging between 2.07 and 4.87 for the nine cladding types investigated, with
a mean value of 2.95.

The thermal conductivity was:
k=173 Wm"K"
and the COBRA thermalhydraulics code was used to predict clad wall temperatures.

The same type of analysis was applied to investigating the possible effect of elevated lithium
operation on Zircaloy-4 corrosion in the St. Lucie-1 PWR [331]. The corrosion parameter, E, required
for fuel exposed to elevated lithium operation was found to be 10%-15% higher than for rods exposed
to normal chemistry (<2.2 ppm Li). This difference in corrosion rate was said to be statistically
significant. However, the difference is small compared with the effect of cladding type (heat
treatment and composition) as shown above, although the effect of cladding type was apparently
taken into account in the analysis.

7.3. 2. 2. EPRUKWU/C-E model [320]

The form of the model was derived from fits to literature data, from data obtained in German tests
and from appraisals of relationships proposed previously. The model parameters are:
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Pre-T Frequency Factor  C, = 1.89x10" pm"d"

Pre-T Activation Energy Q/R=16250K"

Post-T Frequency Factor C =8 04x10" um-d'

Post-T Activation Energy Q/R =13,766 K '

Trans Oxide Thickness S, =2.14 x 10" exp (-5417/T—- 0.0117T) um
Irradiation Enhancement  f = 1 + 3.22(M¢)"*

Thermal conductivity k=1520Wm"K'

The constant tn the equation for the irradiation enhancement factor, f, 1s°
M =746 x 10 * m*s-neutron '

for a fast neutron flux, ¢, (greater than 0 8-1 MeV) in units of neutrons'm s ' f was applied to the
post-transition region but not to the pre-transition region. f values are 1n the range 3 to 4 for typical
core neutron fluxes

Model predictions were compared with data from four KWU plants. Good fits were obtained to
data from the two lower temperature plants (observed/predicted = 0.98 and 0.94) which provided the
bulk of the data, but the model significantly over-predicted values for the two higher temperature
plants {observed/predicted = 0 5 and 0 74).

The heat transfer correlation for predicting wall temperatures was:
Nu = 0.023-Re"*Pr"" (711)

This 1s designated the KWU corrélation 1n Figure 7 1: out of five correlations, this gave the best
agreement with sample data obtained from a KWU tube bundle The thermal hydraulic model was a
simplified model given 1n Appendix B of [329]

The EPRI/KWU/C-E model was used recently to analyse data from high lithium (4 to 4 5 ppm
hthium, 1,000 ppm boron) exposure of Zircaloy-4 fuel rods in the Halden PWR test facility [332]
There was generally reasonable agreement between measurements and predictions. In one of the
upper (hot) rods, measurements were higher than predictions at the top (hottest) part, whereas in the
other upper rod the reverse was the case Thus, there was little evidence for a consistent and
significant hithium hydroxide effect [nterestingly, these particular results showed httle sign of
corrosion acceleration for thick oxides (40 to 90 pum), even In the presence of temperature feedback
across the thick oxide layer (section 7 2 3 ) and of a high lithium hydroxide concentration in the
coolant

Sheppard et al [333] fitted the EPRU/KWU/C-E model to four plants of three designs
(Combustion Engineering, Babcock and Wilcox and Westinghouse) for oxides of intermediate
thickness (up to 40 pm). The agreement was described as good. the mean error 1n the peak oxide
thickness ranging from —18.8% to + 6.5% 1n the four fits The thermal conductivity used was x = 1 5
W m K ' and the irradiation enhancement factor. f, was applied to oxides of thickness > 5 um, rather
than to the whole of the pre-transition region The heat transfer correlation was that given 1n equation
(7 11), clad wall temperatures being calculated using a single channel thermo-hydraulic model This
included fuel gnd effects and the influence of neighbouring rods, albeit only from the eight nearest
neighbours

7 3 2.3 FErench COCHISE model

The parameters for the version of this model which was developed 1n the late 1980's by the CEA,
are as follows [321,334]
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Pre-T Frequency Factor C,=11.4x 10° pm*d’
Pre-T Activation Energy Q/R=17,171 K !
Post-T Frequency Factor C,=4.0x 10" pm-d'
Post-T Activation Energy Q/R = 18,391 K"

Time to Transition t, = 8857 x 10" exp(921/T-0.035T) d
Irradiation Enhancement  f included in the value of C,
Thermal conductivity k=16 Wm"K"

Note that the transition 1s specified as a particular time, rather than a particular oxide thickness The
activation energy 1n the post transition region 1s much higher than in the MATPRO and
EPRI/KWU/C-E models. Both the post-transition activation energy and the time to transition were
obtained from comparisons of oxide thicknesses on rods at different axial positions [321].

The clad wall temperatures were predicted with a CEA multi-channel model which treats cross-
flow and utilises a different correlation for the heat transfer coefficient than those 1n Figure 7.1

The COCHISE model predictions, together with those from the EPRI/KWU/C-E and ABB Atom
models, were compared with Zircaloy-4 data from seven plants [334]. It was concluded that
irradiation enhancement was independent of fast neutron flux (>10" neutrons'm *s '), contrary to
assumptions in the EPRVKWU/C-E and ABB Atom models, and operated from the transition
thickness, rather than from some critical thickness greater than at transition, as assumed 1n [333] and
in the ABB Atom model (section 7 3 .2. 4.). Although the irradiation enhancement factor, f, was not
given explicitly, [334] states that compansons with data from loops and reactors gave a value of 2.5-
3

Subsequently a more complex version of the COCHISE model was developed, incorporating
lithium hydroxide and heat flux effects, as described 1n section 7 3 3.2

7 3 2 4 Swedish ABB Atom model

The oniginal model was described 1n [335], but numerical details of the wrradiation enhancement
factor were not given. Recently, the model has been revised [336], resulting 1n alterations to some of
the parameters, which are now as follows for Stress Relief Annealed (SRA) Zircaloy-4 cladding

Pre-T Frequency Factor ~ C, =7 05%x10" pm’d ' for 1.5 w/o Sn
C,=4.95x10" um' d ' for 1.3 w/o Sn
Pre-T Activation Energy Q/R =16,250K"

Post-T Frequency Factor C,=2 0x10" um-d ' for 1 5 w/o Sn
C,=1.6x10" pm-d" for 1.3 w/o Sn
Post-T Activation Energy Q./R = 13,766 K '

Time to Transition t = 7.98x10° exp(13.150/T) d
Irradiation Enhancement £ =1 + 1.7x10 *x(S - 6)x¢
where ¢ 1s in neutrons m “ s ', S 1n um
™ =242

1

Thermal conductivity Kk=2.0Wm" K"

It 1s seen that some account 1s taken of the tin content in the alloy, based apparently on a
comparison between two rods only. The trradiation enhancement factor, f, 1s linearly dependent on
both fast neutron flux (> | MeV) and on oxide thickness above 6 um, thus causing a continuous
acceleration 1n corrosion. However, relative to some models, this acceleration 1s offset by use of a
higher value for the oxide thermal conductivity (20 W m “K ') Below 6 pm, f 1s unity f 1s capped
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at a value of £ = 2.42 at high oxide thicknesses. The linear dependencies of f on oxide thickness
and neutron flux are very different from most other models. The activation energies, C, and C., are
the same as in the EPR/KWU/C-E model.

The model has been fitted to a range of PWR data (e.g. Figure 7.3). The clad wall temperature is
calculated with either a closed subchannel model or, more accurately, with a multi-channel model
consisting of a 3x3 matrix of rods with the rod of interest in the middle. The single phase heat
transfer correlation is a modification of the Dittus-Boelter equation:

Nu = [0.042(Y/d) — 0.024]Re"*Pr"* (7.12)
where

Y 1s the rod-to-rod pitch and
d 1s the rod diameter.

Thus correlation gives higher heat transfer coefficients than the standard Dittus-Boelter correlation,
equation (7.2), at least for some assembly designs. The Thom relationship, equation (7.6), is used for
two phase heat transfer.

7. 3. 2. 5. Nuclear Electric (UK) ZIRC m

The model parameters for this model are [337]:

Pre-T Frequency Factor C, = 1.6x10" pm™d '
Pre-T Activation Energy Q/R = 16,250 K™

Post-T Frequency Factor C,=1.50x10" um-d ', S <25.9 um,
C.=1.94x 10 pm-d”, S > 25.9 um
Post-T Activation Energy Q/R = 14,172 K"

Trans. Oxide thickness S = 1.98 um

Irradiation Enhancement  f = 1.1xPre-trans., equation (7.9)
f = 2.5xPost-trans.
Thermal conductivity k=15Wm"K"

The VIPRE thermalhydraulics code was employed to predict clad wall temperatures, utilising the
Dittus-Boelter heat transfer correlation, equation (7.2).

The above parameter list is the revised formulation after fitting to data for Zircaloy-4 cladding
from the North Anna | and Millstone-3 PWRs [337]. Autoclave tests showed an increase in corrosion
rate above 26 um, hence the 29% increase in the frequency factor, C,, above this oxide thickness. Fits
to test data from a European reactor were obtained using irradiation enhancement factors f of 2.5 in
both the pre- and post-transition regions, and using thermal conductivity values which declined
hinearly from 1.5-0.8 W-m ‘K ' over the range 48-65 um. However, these parameter values were
subsequently found to over-predict oxide thicknesses in the Ringhals-3, Millstone-3 and North Anna-
I PWRs and a pre-transition factor of 1.1 and a fixed thermal conductivity of 1.5 W-m “K ' were
found to give an optimum fit.

The code incorporates a correlation for the effects of recrystallization of the Zircaloy on corrosion

rate. However, normally the fractional recrystallization is not quoted, and is usually assumed to be
zero for SRA material utilised for most commercial Zircaloy cladding.
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When ZIRC was used to analyse data for exposure to two cycles of elevated lithium chemustry at
Millstone 3, oxide thicknesses were found to be generally lower than those for exposure to co-
ordinated pH, 6 9 chemistry [337-339] and this was concluded to be due to batch-to-batch differences
in the cladding An example of one comparison 1s given in Figure 74 Therefore, 1t was concluded
that elevated hithium had not significantly increased corrosion

7 3 2 6 Earlier models

In 1985 Cox reviewed four earlier models by Asher, Dalgaard, Hillner and Dickinson, together
with the EPRI/KWU/C-E and MATPRO models [340] Figure 7 5 shows a comparison between
predicted post-transition rates for the various models reviewed

7 3 2 7 Summary of simple semi-empirical models

Clearly, there 1s some diversity 1n the form of the various models and there 1s considerable
diversity in parameter values This is partially reflected in the comparison of predicted post-transition
corrosion rates shown in Figure 7 6, which differ by up to a factor of three The curves designated
‘MATPRO Min’ and ‘MATPRO Max’ are for the extremes of the material-dependent irradiation
multiplier, E, in Van Swam and Shann's work (section 7 3 2 1) The MATPRO values are for thin
oxides, since the wall temperature has been taken as the temperature of the oxide/metal interface For
the EPRI/KWU/C-E and ABB Atom models, the fast neutron flux was taken as 6x10”" nm*s' The
NE-ZIRC values designated ‘thin’ and ‘thick’ were for values less than, and greater than 25 9 um,
respectively The ABB Atom values destgnated ‘Max’ and ‘Min’ were for irradiation enhancement
factors of 2 42 and 1 0, respectively, and for matenial with tin contents of 15 w/o and 13 w/o
respectively

Figure 7 6 should not be taken as a definitive companison of the models, owing to differences in
the methods by which oxide-metal interface temperatures are calculated and to differences in the
matenals on which the codes were benchmarked Table 7 1 presents a comparison of transttion
thicknesses and times to transition, again showing very significant differences in the predicted values
Figure 7 7 presents a comparison of oxide thickness predictions versus exposure ttme for the models
described 1n section 7 3 2 The MATPRO predictions were for an E parameter value (multipher for
the irradiation enhancement factor) of 2 95, the mean of the values quoted 1n [268] (section 7 3 2
1) ABB Atom values were for a tin content of 1 4%, from the mean of parameter values for 1 5 and
13 % tin contents (section 7 3 2 4) For the ABB Atom and EPRIVKWU/C-E models, the
predictions were for a fast neutron flux (> 1 MeV) of 6x10" neutrons m s ' The implementation of
the EPRI/KWU/C-E model was the same as that by Sheppard et al (section 7 3 2 2 [333]) Thus,
these comparisons are only examples for particular choices of those parameters values which are
variables 1in some of the models but not in others In addition, as stated above, the comparisons are
not definitive due to differences between the various models 1n the methods used for calculating clad
wall temperatures

With respect to the use of code predictions as an aid in investigating elevated hthium effects, the
conclusions on corrosion in Millstone-3 and St Lucle-1 (sections 7 3 2 5 and 7 3 2 1) were
based on cross-comparisons of measurements with and without high lithium hydroxide concentrations
in the coolants The measurements were normalised to code predictions (measured/predicted ratios) in
order to factor out, as far as currently possible, the dependencies of corrosion on temperature, heat
flux and time The conclusions were not, therefore, based on absolute comparisons between
measurements and predictions, which 1s a less reliable method for investigating special effects such as
those due to coolant lithium hydroxide

In most models, the relationship for the transition oxide thickness (or transition time) is a function

of temperature There may be problems in specifying an appropnate temperature 1n these
relationships, when analysing plant data in which the temperature varied with time Such vanations
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chemistry in North Anna-1 PWR and elevated lithium chemistrv in Millstone-3 PWR Measured
values scaled to NE ZIRC Code predictions

are common durning the first fuel cycle, when many plants operate at variable power levels
considerably less than 100% for significant periods.

TABLE 7.1. Comparison of oxide thicknesses at transition and times to transition

Model Transition Thickness (um) Time to Transition (d)
300°C 350°C 300°C 350°C

MATPRO 1.95 2.18 562 125

EPRI/KWU/C-E 2.06 2.44 953 165

COCHISE 2.12 2.64 862 150

ABB Atom

1.3% Sn 1.80 2.09 739 117

1.5% Sn 2.03 2.35 739 117

NE-ZIRC 1.98 1.98 755 78
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7 3 3 Individual models incorporating additional effects

7 3 3 1 Westinghouse model

A brief description of a model incorporating lithum hydroxide effects was published by
Westinghouse in 1994 [248]. A standard equation for the post-transition corrosion rate, equation
(7 10), obtained from laboratory data was modified by factors for lithium and fast neutron flux in-
reactor enhancement as follows.

AS/At = [AS/At] [A + L] (7 13)
where
torS< 102 um A=1, L=0
for S > 10.2 um A =b¢’, L = dxSx[Li]
with

b,p.d constants
[L1] = lithium concentration

This model was derived from statistical fitting to a large body of Westinghouse plant data The
ithium dependence was derived partly from an analysis of elevated lithwum chemistry in the
Millstone-3 PWR However, as stated in section 7. 3 2 S an independent analysis of elevated
lithium chemistry 1n the Millstone-3 plant concluded that 1t was not possible to demonstrate a ithium
hydroxide effect [248,337,338]

7 3 3 2 Anew COCHISE model

A revised version of the French CEA COCHISE model, incorporating the effects of hthium
hydroxide, boron and heat flux. has been presented [341-343] Suggested behaviour in the pre-
transition and post-transition regions was of the following form:

dS'/dt (pre) or dS/dt (post) = exp(a + b[L1]}{1 + C[L1]S¢/xRT*}F.__exp{—(c + d[L1])/RT} (7.14)

boron
where

[L1] 1s coolant lithium concentration,

¢ 1s heat flux,

K 1s oxide thermal conductivity;

F.... 15 a factonal reduction from the presence of boron 1n the coolant;
a,b,c,d and C are constants (different for the pre- and post-transition regions).

The heat flux dependence was derived from a theoretical treatment predicting an increase n
vacancy flux in the presence of a heat flux {334] (section 6. 6 ) The lithium and boron dependencies
were dernived from static autoclave experiments. The boron dependence appears as independent of the
lithium dependence.

7 3 3 3 Anew EPRI model
The elements of a new EPRI model have been presented 1in [344]. This takes into account the tin

(F,,) and the 1ron contents (F_) of the alloy, heat flux (F,). the effects of hthium (F ), fast neutron
flux (F) and hydnding (F,,) in the post-transition region:

ds/dt = C,F,F,F, (1 + F,, + F, + Fy)exp(-Q/RT) (715)

2L
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The dependencies of the various parameters were based on a literature survey, although there
appeared to be httle justification advanced 1n the particular case of a lithium hydroxide effect The
activation energy, Q,. was calculated from plant axial oxide thickness profiles, rather than from
laboratory data

7 4 MECHANISTIC MODELS

A number of workers have produced mathematical expressions for proposed mechanisms n order
to explain certain aspects of corrosion behaviour. Some of these are presented in section 7 3 3
above For example, French workers have addressed the influence of stress and heat flux on the
diffusion of oxygen through oxide films {334} French workers have also mnvestigated a new rationale
for irradiation enhancement, proposing that this 1s due, at least in part, to lithium recoiling into the
oxide after production in the coolant by the "B(n,a)’L1 reaction [342] Other examples are given
elsewhere 1n this document It appears, however, that a complete understanding of all aspects of
corrosion has not yet been attained

7 4 1 Cox's model

The elements of a new type of model, potentially applicable to both PWR and BWR water
chemistry, have been elucidated by Cox, based on a re-evaluation of the mechanisms by which
corrosion 1s enhanced by 1rradiation and by high concentrations of lIithium hydroxide [118]

Irradiation enhancement 1s attributed to the generation of additional oxide porosity by dissolution
of damage spikes 1n the oxide caused by primary knock-on atoms after fast neutron collisions (Figure
7 8) New oxide then grows at the base of the pore at the oxide-metal interface The effect of lithium
hydroxide 1s also attributed to the generation of additional porosity, via preferred dissolution of inter-
linked tetragonal or cubic ZrO_ sites in the lattice, with recrystallization of monoclinic oxide on the
surface

The resulting relationship for the post-transition corrosion rate 1s
/S"=K/AKp+ S +8 ) +K/S (7 16)

where

S' 1s the 1n-reactor corrosion rate, dS/dt,

S', 1s the rate of ox1ide regrowth at the pore base.

S' , 1s the rate of oxide growth from pores created by dissolution in hithium hydroxide,

K,. K, K, are constants and

S' 1s the corrosion rate for metals with the approprate irradiation induced structure, given by the
out-reactor rate multiplied by a constant to account for the effects of irradiation on the structure

S’, = ConstantxC_exp(—Q./RT) (717)
It was suggested that S’ should be linearly proportional to lithum hydroxide concentration

The model thus contains additive terms for the effects of 1rradiation and lithium hydroxide, rather
than multiplicative terms used in semi-empirical models discussed n section 7 3

At the time of writing, values for the constants in the equations had not yet been derived
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7 4 2 Russian models for Zr-1%Nb cladding [345,272]
7 4 2 1 Model for post-transition uniform corr

The 1nitial oxidation stage obeys parabolic kinetics producing a protective dense black film At
approximately 3 um a transition to linear kinetics occurs (Figure 7 9), charactenised by the growth of
a porous white film on top of the black pre-transition oxide Following Johnson [197], two
components of corrosion growth, are assumed

dS/dt = dS_/dt + dSy/dt = k., + kg (718)
where the first term 1s the thermal component and the second term 1s the component due to radiation
The thermal component 1s of the same general form as equation (7 10)

k, = k,exp(Q,/RT) (719)

Mechanistically, the Russian model for post-transition growth 1s based on an oxide dissolution
mechanism 1n which dissolved zirconia 1s transported along fine pores in the dense thin oxide film
next to the oxide-metal interface The transported zircoma 1s re-precipitated at the pore exit,
increasing the width of the outer porous oxide layer Dissolution of the dense layer 1s balanced by
formation of new dense oxide at the oxide/metal interface and. hence, the width of the dense layer
remains approximately constant and corrosion 1s approximately linear At equilibrium, the thermal
component can be described by Fick's First Law for diffusion of dissolved zirconia down the pores

k, D(Am/l)(Sq/V) (720)
where

D 1s the diffusion coefficient of the dissolved zircomum solubtlity products 1n water (m’ s '),
Am 15 the concentration difference 1n the dissolved species over the pore length (mole kg '),

1 15 the pore length, (m),

V specific volume of oxide (m’ kg ),

S, unit surface area (m’)

The diffusion coefficients of the various species are not known and are approximated to the self
diffusion coefficient of water, D, The maximum possible value of Am 1s equal to the solubility, m
Substituting these approximations in equation (7 20) and summing over the vanious dissolved
zirconium 10ns (1n particular Zr(OH),", Zr(OH), ) and taking logarithms yields

In(k,) = In(Zm ) + In(D,) + In(Constant) (721)
Some support for the model 1s given in Fig 7.10 which shows that the corrosion rate behaves 1n a
similar manner to the solubility as the pH i1s vaned Similar models have also been presented in

Russia for corrosion of iron- and copper-based alloys

The activation energy for the radiation component 1s expected to be low 1€ Q4~0 It 1s assumed
that the radiation component 1s dominated by the dissolving effect of H O formed by radiolysis

ke = f{H,0,]. (722)

where [H O ], 1s the stationary concentration of H,O 1nside the pores
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For two phase conditions in RBMK reactors, solving the matenal balance equation for the
simplified radiolysis scheme and simphfying the resultant expression yields [272]

ke o [H,0.], x ¢"(K" /p)ac (723)
where

is fast neutron flux, n=05-1,

1s Henry's Law Constant for H, dissolved 1n the coolant,
1s the partial pressure of hydrogen,

1s the void fraction

R T xe
P

For single phase flow i1n WWERSs the radiation component, ky, 1s presumed to be zero since the
H O concentration 1s suppressed by reaction with the hydrogen dissolved in the coolant

7 4 2 2 Model for nodular corrosion in WWERs and RBMKs

Nodular corrosion in RBMKs occurs as result of localised deposition of iron-based corrosion
products on the cladding at locations 1n the upper parts of fuel assemblies where the heat flux,
neutron flux and rate of steam generation are most mntense By analogy with equation (7 18) the local
corrosion rate n the linear region 1s assumed to be composed of a thermal component, k™, and a
radiation component, k', The thermal component 1s given by an expression similar to equation
(7 19) but with the temperature increased due to the temperature rise across the deposit It 1s assumed
that this temperature rise 1s proportional to the mean concentration of 1ron-based corrosion products
in the coolant, C, The radiation component is assumed to be given by equation (7 23) but with the
local void fraction increased by the presence of the localised deposit From these assumptions the
following equation for the localised increase in corrosion rate can be derived [272]

dS"™/dt = k™, + k™ = kexp{—Q/R[T + q, KC, /x ]} + N¢"(K"™ /p)a,, (1 + MC'" ) (724)
where
k, and N are constants,
T the mean temperature at the oxide/metal interface,
q,. the mean heat flux through the cladding,
K the distribution coefficient for the deposition of corrosion products on to the cladding
at the location,
K, the thermal conductivity of the corrosion product deposit,
and where
M = (I/nd)(axK/x )" (7 25)
where
a 1s the cladding thickness,
K 1s the thermal conductivity of the zirconium alloy oxide,
d 15 the cladding diameter

In connection with the void fraction dependence in equation (7 24), Figure 7 11 shows
comparisons between corroston rate and void fraction 1n various environments
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For WWERs k™, 1s assumed to be zero since the dissolved hydrogen in the coolant suppresses the
hydrogen peroxide produced by radiolysis Thus, for WWERs the second term 1n equation (7.24) 1s
put equal to zero. For examples of this phenomenon in WWERs see section 6. 4. 3. and Figures § 24
and 8.26

The predictions of these models of nodular corrosion have been compared with plant
measurements of oxide thickness (Figures 7.12 and 7.13)

7 5 SUMMARY OF PWR CORROSION MODELLING

As stated n section 7. 3. 2. 7., a large number of simple models of generic form have been
produced These vary in parametrical values. More recently, the number of available models has
further increased due to the appearance of mechanistic and semi-mechanistic models which have very
little in common with each other. Many models have been fitted to plant data and, therefore, should
give reasonable overall predictions for past operating conditions. However, different models are
likely to predict significantly different parametrical dependencies and may give significantly different
predictions when extrapolated to new conditions (e.g. high burn-up). This 1s not surpnising in view of
the lack of a consensus in the mechanistic understanding of corrosion processes and in view of
variations 1n experimental data and the manner in which the data have been interpreted by different
modellers
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8. IRRADIATION EFFECTS ON CORROSION
8 1 IRRADIATION DAMAGE

The term “uradiation damage” 1s a common description of very different phenomena Any
process that could induce a change 1n the crystallographic and chemical structure of any matenal
under irradiation could be considered as inducing irradiation damage Usually the damage taken into
consideration is only that which remains after normal thermal recovery Under classical irradiation
conditions, some of the damage 1s indeed recovered on a very fast time scale an electron ejected from
an atomic cloud induced by an energetic photon 1s recovered in a few picoseconds 1n metals due to
the delocalized nature of the electrons The same process in largely 1onic matenal, like zirconia, may
not recover at ambient temperature until after a few hours, leaving a localised charge defect around a
given atom [346]

For irradiation by massive particles like neutrons, the energy transfer from the particle to the
target atom may be sufficient to allow the particle to move away from its site, giving birth to a pair of
defects (vacancy plus interstitial) In addition, this pnimary knock-on atom may have enough energy
itself to induce another displacement Thuis 1s the so-called “collision cascade”

8 1 1 Fast neutron damage in the metals

In reactors, fast particles include neutrons, primary recoil atoms and Compton electrons
created by gamma rays Indeed, above 700 keV, Compton electrons will transfer up to 40 eV to a
metallic atom, enough to induce 1its displacement, but an order of magnitude analysis gives them a
negligible contribution to the total wradiation damage by atom displacement In a sumilar way. the
recoil energy in either of the o or the B emission processes may be high enough to induce
displacement of the recoiling atom, however the contribution of those processes to the total damage 1s
also negligible, except 1n very specific cases.

In the case of metals, most of the structural damage induced during neutron irradiation n
power plants 1s due to elastic interactions with fast neutrons Usually the experiments reported on the
eftect of 1rradiation on microstructure are scaled with the total fluence recerved by the matenal In
order to compare material irradiated under various conditions (1 e various neutron spectra) a common
procedure 1s to compute the damage 1n terms of displacements per atom (dpa)

The number of scattered zirconium atoms (per target atom) for a given fast neutron flux 1s
expressed bv

N =o¢
where
o 1s the elastic scattering cross section and

¢ the fast neutron flux

The incoming neutron transfers part of its kinetic energy to the target Zr atom by elastic
interaction This latter will receive, for a 1 MeV incident neutron, a maximum recoil energy of

(E,) max =40 keV
and a mean value of
(E,) mean = 20 keV

These energies are much higher than that necessary for the atom to escape from 1its site and
the displaced atom 1tself will displace other atoms, inducing a collision cascade This process induces
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a high density of elastic interactions, in the so-called nuclear stopping regime (i.e. a regime where the
loss of energy of the ion in the matter is due to Coulombic interactions with the nuclei of the target).
This region of energy loss is mainly controlled by screened Rutherford scattering [347]. Secondary
ions will then interact with target atoms until the energy transferred is below a critical value needed
for displacement: the displacement energy, E,. In the case of Zr, the value of this energy threshold has
been measured to be slightly dependent on orientation [348,349]:

E,=25t027 eV.

The number of secondary ions induced by the primary atom can be deduced from hard
sphere collision cascade analysis [350]:

<n>=kE /(2E,)
The value of k, an efficiency parameter, is usually taken to be close to 0.8.

Immediately following this cascade displacement event, most of the interstitial atoms will
anneal with vacancies in the surroundings, by elastic recombination. The diameter of the volume in
which this recombination occurs is of the order of a few atom diameters. After this athermal
annealing, a typical value of <n> = 300 displaced atoms is found in a typical collision cascade [351].
Figure 8.1 gives a typical example of such a displacement cascade for a 20 keV Zr recoil atom in
zirconium using the TRIM computer code [352]. The net result is the creation of many pairs of
interstitials and vacancies. The vacancies are mostly located at the centre of the cascade, while the
interstitials are ejected at the periphery. After the elastic spontaneous recombination, thermal motion
will induce diffusion and the possibility of recombination of the point defects. Thus a time dependent
evolution of the concentration of the point defects will occur. The fraction of the number of displaced
atoms to the number of atoms per volume, leads to the quantity used to measure the irradiation
damage, the displacements per atom (dpa). A recent review of these mechanisms has been written by
Robinson [353]. The availability of powerful computers has led to a better knowledge of the cascade
history and of the relation between primary recoil energy and surviving defect number. For typical
metals, the number of surviving defects is roughly 1/10 for a 10 keV primary recoil, as computed by
molecular dynamics [354). As the neutron elastic interaction cross section is neutron energy
dependent, the relationship between neutron flux and damage rate is a function of the neutron flux
spectrum. Very few complete computations are available on the correspondence between fluence and
damage for different types of reactors [355,356]. Typical values of correspondence between fluence
(E >1 MeV) and dpa are:

d = bt
where
d is damage (dpa);
¢ is fast neutron flux (n'm™s™);
b is 2x107 for most power plants, and
t is time (s).

giving a value of a few dpa per cycle in typical light water nuclear power plants (PWR or BWR).

8. 1. 2. Displacement damage in other structures

8. 1. 2. 1. Damage in intermetallic precipitates

This computation of neutron damage for Zr atoms in a Zr matrix has to be extended to other
atoms or other structures, in particular for the intermetallic precipitates and the ZrO, oxide layer. This
is in principle possible, if scattering cross sections and displacement energies are available. For the
metals, neutron scattering cross sections are available and are independent of the chemical state of the
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FIG & 1 Displacement cascade formation in an intermetallic compound The blue atoms are
shghtly displaced from then normal latuce siutes, the vellow atoms are knocked out, forming
vacancies, and the red are the resulting interstuinial atoms

target atom [357] Thus the transferred energy 15 a quantity easy to compute In order to know the
damage, displacement energies E, have to be known precisely In the case of intermetallics,
measurements or molecular dynamics (MD) computations have been made in a few cases As
reviewed 1n [358], various results can be obtained Using MD computations, 1t has been found that,
for the CuT1 compound, the displacement energies differ by a factor of 1 6 for Cu and Ti, while, n
the VSi, phase, they are the same for St and V In addition, E, for Cu has been found to be the same
whatever might be the phase in the series Cu, CuAu and CuAu, In addition, in the case of the
tntermetallic compound Zr,Al, no significant changes of the displacement energies have been
reported when compared with the pure metal [359] In the absence of any measurements for the
intermetallics 1n the current Zr alloys, a value of 25 eV would be a fair estimate for all the chemucal
spectes (Fe, N1, Crand Zr) in the Zr,(Ni, Fe) and Zr(Fe, Cr), phases

Therefore, the extent of the damage can be considered to be the same for any Zr atom,
regardless of 1ts onginal location in the metallic alloy A specific consideration should be given to the
case of intermetallics for these ordered alloys, the annihilation of an interstitial on a vacant site will
not always lead to the disappearance of a defect Indeed in some cases the atom will move to the site
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of a stmilar atom (displacement), but 1n a large number of cases (depending on the stoichiometry), the
interstitial will return to the normal location of another species (replacement) This leads to an “anti-
site defect” A sketch of the different types of irradiation defects in intermetallics 1s found in Figure
8 2 [358]

8§ 1 2 2 Damage 1n the oxide

In the oxide, the values of the displacement energies have to be measured for both atoms O
and Zr In addition, due to the largely 1onic nature of the bonding, the defects are charged and of
higher energy than 1n metals In the case of magnesium oxide (MgO), the values obtained for E, for
the metal 10n are more than twice as large in the oxide as in the metallic phase [360] Therefore, the
relationship between neutron flux and damage will be quite different in the oxide phase compared to
that in the metal In the case of UO,, displacement energies have been measured using high voltage
electron microscopy A large difference was found for the two types of atoms 40 eV for U atoms and
20 eV for O atoms This leads to similar contrasts in the number of displaced atoms 1f U or O atoms
are taken into account [361] As another example, for alumina, the oxygen displacement requires
more than twice the energy needed for the aluminium atom (79 and 24 eV, respectively) [346] For
zircona, neither of the two displacement energies are known, but a similar contrast should be
expected

In the case of an oxide, as reviewed recently [346,362], the mechanism of radiation damage
generation 1s more complex than in metals In such matenals atomic displacements can be produced
either by nuclear interactions, as in metals, or as a consequence of the electronic interactions, induced
by charged secondary 1ons

In non-metals, electronic damage can be more efficient per unit of energy deposited than are
knock-on displacements The electronic losses along fast charged-particle trajectories far outweigh
the energy transferred by mechanical collisions Therefore, most of the incident particle energy 1s
eventually available to generate radiolytic displacements Moreover, dunng the electronic stopping
process of the secondary knock-on 1ons, some damage may occur 1n this 1onically bonded material
Indeed, although 1n this regime the electronic perturbation 1s relaxed 1n a very short time 1n the metal,
due to the nature of the free electrons, this will not be the case for ceramics, since the electrons are
localised Recent expenments on superconducting ceramics, irradiated with high energy 1ons, showed
structural damage during the electronic stopping regime, while nothing was observed 1n metals [363]
Similarly, the very high sputtening yields of oxides mrradiated with energetic 10ns 1n the electronic
stopping regime can only be explained by the assumption of severe damage induced by this process
{364] In general a much higher damage rate should be expected in the zirconia than tn the matnx
nearby

Dunng the recombination step after displacement, defect mobility may be appreciably
enhanced under irradiation as a consequence, not only of the mechanisms operating 1n the metal
(irradiation enhanced diffusion), but also due to the alteration of the electronic states of the defects
and to the different mobilities of the defects created, such as F or H centres Figure 8 3 gives an
example of these charged defects in 1onic crystals Long range electrostatic interactions of the defects
will influence their aggregation and recombination properties [346] In the case of 1onic materals,
direct 1onisation due to photons has to be considered For an irradiation by gamma-rays at an intensity
of 10° G h', the displacement production rate 1s of the order of 2x10° dpah' [365] This value,
although small compared to the damage induced by neutron or primary recotls, has to be considered
when analysing the corroston behaviour after irradiation duning intermediate storage

In the case of 1onic nsulators, such as zirconia, a specific phenomenon, which could be
relevant to corrosion under irradiation, has to be considered the radiation induced conductivity
(RIC) Any source of irradiation with a high energy deposition rate will induce 1n a ceramic insulator
a temporary electron conduction The energy transferred to some electrons can be high enough that
they will move from the valence band to the conduction band Most of them will recombine with the
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associated hole within a few 107" s. However. some will escape the recombination process and
diffuse under the applied electrical field. No specific studies of RIC have been performed in zirconia,
but for alumina, the electrical conductivity has been found to increase linearly with energy deposition
rate, between 0.1 and 10’ Gy's"' at 350°C [366]. For the other ceramics measured, the conductivity
was also found to be roughly proportional to the energy deposition rate and for typical power reactors
would give, for a pure zirconia, an electrical conductivity in the range of 0.1 to 10 mS-m™' [346].

In addition to the RIC, a radiation induced electrical degradation (RIED) has been observed
in several cases of ceramics irradiations [346]. In these cases, the displacement damage induced by
irradiation leads to a permanent loss of electrical insulation behaviour. When the process was
observed, it occurred for doses lower than 107 dpa. In reactor the doses are larger (a few dpa) and if
this phenomenon exists in ZrO,, it could enhance the electron conduction of the zirconia, having thus
an effect on the oxidation rate under irradiation, if electronic conduction is rate limiting. However,
some controversy exists on the exact nature of the phenomenon [346].

8. 1. 3. Effect of irradiation on microstructures

8. 1. 3. 1. Zirconia microstructure

Few observations are reported on the effect of irradiation upon the structure of bulk
zirconia. Y.,O,-stabilised zirconia has been irradiated at different temperatures (up to 1,025 K) to a
fluence of 4.4x10” n'm’ and a small swelling was observed (about 1.5%) at intermediate
temperatures (~1/3 T ) that could be attributed to dislocation loops observed by TEM [367]. An
irradiation-induced monoclinic to cubic phase transformation of zirconia was obtained at 370 K and a
fluence of 10° n'm™. The irradiation permitted the observation of a phase transformation from the
low temperature stable monoclinic to the high temperature cubic phase. A proposed explanation was
based upon the internal stresses developed around the point defects that could stabilise the cubic
phase. This irradiation induced cubic phase transformation remained stable up to 1,070 K [368].
Subsequent work attributed this phase transformation to fission spikes associated with traces of fissile
material contaminating the samples [369].

Recent STEM observations have been performed on trradiated oxide layers. It was found
that the microstructure of the zirconia had a tendency for a higher grain size when grown in reactor,
and that in that case no strong epitaxial relationship could be found between the base metal and the
oxide. In addition, the oxide layer grown in reactor was much less stable and had a higher tendency to
recrystallise during moderate heating by the electron beam [370]. There are no new reported
microstructural observations of bulk zirconia irradiated in reactor and observed afterwards.

Close to the precipitates, the zirconia grown in reactor can have various forms, depending of
the state of the precipitates after irradiation [80]:

o In the case of an oxide layer grown on a metal where the precipitates were not fully amorphous,
(1.e. early in life or, at least, before the end of the second irradiation cycle), then when trapped in
the zirconia layer, the precipitates were rich in Fe and the surrounding zirconia was doped
afterwards with Fe (up to 4-6 %). This high Fe content of the zirconia can be explained by a fast
neutron-induced ballistic diffusion that will lead to Fe concentrations in ZrO, above the solubility
limit, since such a local effect is not observed during autoclave testing. The effect of this doping
is a chemical stabilisation of the tetragonal phase of the zirconia surrounding the former
precipitate.

e Foran oxide grown later in the in-reactor lifetime, the precipitates have lost all their Fe due to the
amorphous transformation and, when trapped in the zirconia layer, they will not be able to
contribute to any Fe doping of the zirconia. No tetragonal phase can then be found surrounding
these precipitates. This effect of irradiation on the phase transformation is not directly due to the
flux, but seems to be controlled by the presence of the precipitates and their delayed oxidation.
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Figure 8 4 descrnibes the different morphologies obtained for those precipitates incorporated
in the zirconia layer for increasing irradiation times 1n a power reactor [80]

Anodic dissolution of the oxide, and reprecipitation on the free surface, has been observed
in specially designed experiments (high UV photon flux), leading to a porous oxide with a high
corrosion rate at low temperature [128] These conditions, when transposed to power reactors, could
give an explanation for local dissolution of the zircoma enhanced by the high electrical field due to an
irradiation photocurrent

In the case of corrosion-grown oxide layers, experiments using replicas or thin foils of
iradiated or unirradiated Zr alloys, showed that the layer 1s porous with cylindnical pores of radn in
the range of 3-5 nm [98] and that the grain size of the zirconia 1s very small, of the order of 20-40
nm, with small holes at triple grain boundaries [81]

8 1 3 2 Zrmatrix microstructure

Unless noble gases are intentionally added to zirconium alloys, no bubble formation under
irradiation by neutrons 1s reported [371,372] This difference in behaviour, compared with the
stainless steels 1n fast reactors, 1s attributed to a reduced efficiency of edge dislocations to trap the
interstitial atoms Other reasons are given, such as anisotropic diffusion in the hcp lattice or internal
residual stresses, following thermo-mechanical processing, due to the anisotropy in the expansion
coeffictent and Young's modulus

As recently reviewed by Gnffiths [372,373], vanous investigations have been performed on
the nature of wradiation defects induced in Zr alloys [374,375] It i1s usually reported that after an
irradiation to a fluence of 2 to 3x10” nm ’, interstittal and vacancy loops are observed They are of

a/3 <1120> type in planes close to (101 0) (pnismatic planes) The ratio between interstitial and
vacancy loops 1s uradiation temperature dependent Higher irradiation temperatures increase the
number of interstitial loops [376,377] The simultaneous occurrence of the two types of dislocation
loops (interstitial and vacancy) 1s 1n contradiction with the standard theory of point defect diffusion
and recombination The residual stresses induced by the anisotropy in the thermal expansion
coefficients of Zr following thermo-mechanical processing, or the anisotropic differences in point
defect diffusion behaviour, could be the reasons for this discrepancy This phenomenon remains an
open question

Several recent observations have reported recrystallization and grain growth 1n the matrix at
high fluences and moderate temperatures this was the case for Alloy E - 635 irradiated to 4x10” n m
" at 310-320°C [286] or Zircaloy 2 after 8x10™ n m * at 288°C [378] At high temperature (above the
temperature used 1n power reactors) full recovery occurs dunng irradiation

For very high fluences in the range of 3 to 8x10” nm *, <¢> component dislocation loops
are observed [379,380] These <c¢> type loops are only of vacancy type and their growth seems to be
induced by a 2-D precipitation of the Fe released from the amorphous precipitates in a way similar to
stacking faults [381] Indeed these large <c¢> loops are found at a higher density close to those
precipitates [382] A strong correlation between the formation of these loops and a significant
increase of mrradiation growth rate (breakaway) was noticed Growth 1s defined as the fuel rod, or
pressure tube, elongation under irradiation caused by the amisotropic formation of interstitial loops on
specific crystallographic planes The strong texture of the cladding tubes, or of the pressure tubes,
then leads to an increase 1n axial length Detailed mechanisms are still under discussion [383,384]

The growth may have an effect upon corrosion kinetics The consequence of growth
has to be considered on two different scales
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«  The corroded cladding may be considered as a composite material for which any dimensionai
change in the metallic part (cladding growth) will induce tensile stresses in the outer oxide layer.

* On a microscopic scale, as the growth of Zr alloys is the result of individual grain geometry
changes (shrinkage in <c¢> direction), grain to grain strain incompatibilities will induce high
tensile stresses in some specifically oriented grains. According to the various models of growth
kinetics, stresses have been computed up to values of 25 Mpa [385].

The effect of tensile stresses upon corrosion kinetics has been studied in a limited number
of cases [386] and no effect was reported. In the case of a very high Li content of the coolant, it was
found that the corrosion rates were increased at 350°C under hoop stresses of 66 MPa, but this did not
occur in steam and it was concluded that the higher corrosion rate was due to the high H pick-up and
to the high concentration of hydrides near the metal-oxide interface in Li rich water [387]. Changes in
irradiation conditions may lead to a renewed interest in this area, since enhanced corrosion kinetics
could be expected from these effects.

8. 1. 3. 3. Second phase precipitate microstructure

8. 1. 3. 3. 1. Types of Precipitates

The types of precipitates usually present in Zr cladding are described in detail in section 2.
2. and are briefly summarised below:

Due to the very fine scale of Zr-alloy microstructures, the second phase particles have been
analysed in detail only recently [388-391]. A general review of second phase particles was performed
by Charquet [9]. Table 8.1, taken from this review, gives a list of these secondary phases. For
Zircaloy-4, after a standard heat treatment (stress relieved or recrystallised) the most common
precipitate is the Laves phase ZrCr, in which some Fe is substituted for Cr. The Fe/Cr ratio is
dependent upon the temperature of the final heat treatment and is usually found to be close to 2.
These precipitates usually have a hexagonal crystal structure but an fcc structure has been reported
after fast cooling rates. A typical appearance of such a precipitate in recrystallised Zircaloy-4 is
shown tn Figure 2.3. The orthorhombic Zr.Fe phase can be observed at the inter-plate boundaries of
the original beta structure, for high Fe/Cr ratios after a beta quench heat treatment [392] or at
equilibrium for very low Sn alloys of high Fe content [378].

In Zircaloy-2, the main types of precipitates are variations around the tetragonal Zr Ni and
hexagonal ZrCr, phases. In these alloys the Fe/Cr ratio is usually below 1. All these precipitates for
Zircaloy-2 and -4 have been listed in detail in a review in connection with the corrosion behaviour
[393]. Other impurity-induced precipitates include ZrC, Zr,Si, Z1Si,, ZrP and Zr,P [9). There are also
reported observations of mixed precipitates containing Si and Fe/Ni.

In the case of the alloy E635 (Zr-1%Sn-1%Nb-0.4%Fe) developed in Russia. the
precipitates have been analyzed in detail using extraction replicas [286]. It has been found that, after
an anneal at 580-590°C, the second phase particles are mainly hexagonal Zr(Nb, Fe), with a lower
density of orthorhombic (Zr, Nb),Fe or tetragonal Zr(Nb, Fe),. Thus the chemical behaviour of Nb is
rather variable as it can substitute for either Zr or Fe.

For zirconium-niobium alloys, the solubility limit of Nb in Zr is about 0.6 wt% at 500°C
but high temperatures lead to the complete dissolution of Nb in the stabilised beta phase and,
depending on the thermal treatment, either “single phase” or “two phase™ alloys can be obtained for a
Nb content >1.5 wt%. Thermal treatments in the o+ region will lead to a more complex structure,
since the Nb rich B-Zr phase may decompose into o'+w during the cooling process.
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8 1 3 3 2 Effect of iradiation on precipitates

Although the role played by the precipitates in the behaviour of the fuel cladding 1s
recognised (e g n the case of stress corrosion cracking [394] or corrosion behaviour [395]), 1t 1s clear
that the effect of irradiation on the precipitates themselves has not been analysed in detail until
recently The first reports [396,397] showed that after irradiation an amorphous transformation can be
observed 1n the second phase precipitates of Zircaloy-2 and -4 Depending on the irradiation
temperature, the relative stability of the amorphous transformation can be expressed as follows At
low temperatures (<80°C) both Zr,Ni and ZrCr, types of precipitates become amorphous at low
fluences (below 5x10°* n'm’) At intermediate temperatures (250°C) a progressive amorphous
transformation is observed in ZrCr, precipitates (the transformation starts from the matrix - precipitate
interface), while Zr,N1 precipitates remain stable in their crystalline form [398] Figure 8 5 shows the
appearance of this amorphous transformation 1n a recrystallised Zircaloy-4 cladding tube 1rradiated up
to 8 dpa in a power plant It was found that this amorphous layer was growing from the precipitate-
matrix interface at a constant rate, proportional to the neutron flux [355] At the same time the
amorphous zone was found to be depleted in Fe The mechanism of this transformation, where linear
time kinetics are found, can be explained by the contnibution of ballistic mixing induced by the
neutron flux [537] The released iron 1s found 1n various places in the matnx, some of this Fe 1s
trapped on the <c> loops The formation of very fine precipitates 1s a common observation after (or
without) heat treatment 1n this irradiated structure [397] The Zr,Fe precipitates obtained in low Sn
alloys with a very high Fe/Cr ratio were shown to remain very stable under irradiation {399]

At high temperatures (T>400°C) no amorphous transformation has been reported 1n any
precipitates under the conditions of neutron irradiation, but release of Fe from the precipitates usually
occurs, for the standard type of precipitates present before 1rradiation

In the quaternary E635 alloy, the Zr, Nb, Fe - bearing precipitates dissolve and release Fe in
the Zr matnix [286]

One corollary of the impact of temperature on the amorphous transformation of the
precipitates under 1rradiation, 1s that during the history of the fuel rod, the build up of oxide causes an
increase 1n cladding temperature Thus, there are points in the cladding where the temperature will
change significantly during irradiation 1t may vary from low enough for amorphization at the
beginning of 1rradiation to high enough to induce recrystallization at the end of rradiation Indeed, as
the oxide builds up and, as a consequence, the temperature increases, the limit for amorphous
transformation 1s surpassed and the precipitates return to their mnitial crystalline form and recall the
dissolved Fe back into them [400], 1f 1t has not precipitated

Following these observations, detailled analyses of the evolution of precipitate
microstructures under 1rradiation were performed following two main directions

» Detailed analysis of the amorphous transformation with chemical analysis using a STEM
equipped with EDAX [401,402)

e Experimental work under simulated 1rradiation

1) In the first case, the observations lead to the conclusion that the amorphous transformation and
precipitate re-solution are, 1n many nstances, not directly linked The amorphous transformation
1s induced by the irradiation only, while the Fe, Cr and N1 re-solution 1n the matrix 1s due to
irradiation-enhanced diffusion and thermal activation which can be observed in the absence of the
amorphous transformation In the case of Fe, the fast diffusion behaviour of this species should be
noted It has been observed that the release of Fe from the amorphous precipitates occurs early 1n
the amorphous transformation and 1s usually linked with the occurrence of <¢> type dislocation
loops Both phenomena are connected to a sharp increase in irradiation growth rate A link
between these observations has been proposed [401] the loops should be vacancy type loops, with
a Burgers’ vector 1/6<2023>, located in the basal plane The nucleation and growth of these
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FIG 8 5 Amorphous transformation of a Zr(Fe, Cr), precipitate after wrradiation in a power reactor
to 8 dpa

1)

loops are connected to high concentrations of interstitial impunties such as C. O. Fe or Cr
Therefore, the re-solution of the alloying elements of the precipitates under irradiation increases
the development of <¢> type dislocation loops and the collateral accelerated growth A recent
experiment has been performed with recrystallised Zircaloy-4 doped, by 1on implantation, with Fe
to a supersaturated sohid solution Subsequent high voltage electron irradiation has been performed
to induce rradiation damage It has been shown that the excess of free Fe promotes the formation
of <c¢> loops and that the Fe segregates at the stacking faults corresponding to those loops, by a
kind of Suzuki effect [381]

For a better understanding of the mechanisms involved, simulated trradiations have been
performed using high voltage electron microscopes or heavy 1on accelerators [398,403,404] It has
been shown that amorphous precipitates can be obtained (at much higher trradiation damage rates)
in Zircaloy-2 and -4 without any composition change These observations have led to the
conclusion that the amorphous transformation 1s not induced by the composition change due to a
possible irradiation-induced diffusion of alloying elements, but to the high density of point detects
induced by neutron damage This stored energy gives the driving force for a phase transformation
from crystalline to amorphous The chemical potentials of the alloying elements in the amorphous
precipitates are then no longer equal to those n the matrix and re-solution ts necessary for a return
to chemical equilibrium [405] The final situation may be a complete re-solution of the alloving
elements of the initial precipitates in the matrix [402]
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In the case of zirconium-niobium alloys, recent work [12] shows that both the a and the B-
Zr phases appear to be unstable Some precipitation of B-Nb is observed in the o phase and also a
decomposition of the B-Zr filaments 1s reported However, the Zr-Nb alloys seem to have a
microstructure more stable under irradiation than the Zircaloys, as the irradiation nduced
transformation 1s observed at a much higher fluence

In the zirconia layer the effect of wradiation would be very difficult to analyse recent
observations on the microstructure of the oxide layer after corrosion testing without irradiation lead to
the conclusion that, during corrosion, the chromium tends to leave the precipitates and also that the
precipitates may transform to an amorphous structure once the oxide layer has grown thick enough
[406]

The oxide grown 1n reactor has been investigated only in the last few vears using STEM n
hot laboratories and, up to now. very limited understanding 1s available It is found that in general the
grain size of the zirconia grown under wrradiation 1s smaller and that there 1s a much lower tendency
to develop epitaxy on the former metallic Zr grains [407) In addition, the oxide layer formed in
1eactor 18 less stable and minor thermal treatments lead to its recrystallization. The tendency for
increased stability due to Fe doping described above may be due to the irradiation only indirectly
The fast neutron flux induces this doping, but when oxidation occurs later, no Fe remains available in
the precipitates and it was found that the surrounding zirconia had no tendency to transform to the
tetragonal phase under 1rradiation [370].

5 1 3 3 3 Impact upon corrosion kinetics

The crystalline-to-amorphous transformation of these precipitates, and any changes n
microstructure under irradiation, have important impacts upon the mechanisms of zirconum alloy
corrosion by the coolant The exact mechanism of precipitate incorporation by the growing oxidation
layer under 1rradiation 1s currently being studied 1n detail and the exact location and chemical state of
Fe C1. N1 or Nb in the ZrO 1s subject to ongoing investigations A change in the detail of these
mechanisms 1s expected due to the change from crystalline to amorphous or other irradiation-induced
changes 1n microstructure

During the amorphous transformation a strain field develops around the precipitates due to
their change 1n density The role played by the induced stress field remains to be analysed, but due to
the mismatch n the lattices between Zr and ZrO and the related stress state of the Zr-ZrO nterface,
a significant effect 1s expected If a change in the size and composition of the precipitates alters the
corosion kinetics, as 1s observed for unirradiated materals, it 1s expected that the changes induced bv
irradiation on the microstructure may have a similar effect In the same way. changes in the matrix
composttion due to re-solution or trradiation-induced precipitation may also be of importance In
addition, interaction of the zirconia with the coolant leads to a change in structure and a transition
from tetragonal to monoclinic 1s obtained after several days 1n a static autoclave [99] Attempts to
obtain a basic understanding of all these effects are strongly recommended

8 1 3 3 4 Oxidation without irradiation of irradiated matenal

If prolonged wrradiation causes dissolution of small precipitates and loss of Fe preferentiallv
over Cr from larger precipitates (with amorphization of the residual precipitates [355,372,408,409)),
then highly wrradiated cladding may have a different intrinsic corrosion resistance to that of as-
1ecetved cladding Since in-reactor corrosion rates are always compared with laboratory results on as-
1eceived matenal, any differences observed cannot be ascribed to a direct instantaneous effect ot
irradiation, but may incorporate effects resulting from the redistribution of the alloying elements bv
iradiation This concern has yet to be addressed by post-irradiation laboratory testing of highly
irradiated matenial Early results showing no post-irradiation effect on the corrosion of irradiated, but
unoxidized. Zircalov specimens were based on lLightly wrradiated matenial, not wradiated highlv
enough to cause precipitate amorphization and dissolution [410], nor was the corrosion testing
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performed on oxide layers thick enough to see a strong effect Post-irradiation corrosion of samples
from nradiated LWR cladding [320] showed an increasing duration for the memory-effect with
increasing oxide thickness formed under irradiation (Figure 8 6) Only the highest irradiated sample
did not return to the expected out-reactor rate after long post-irradiation exposures, and the remaining

increment over the expected rate for an unirradiated specimen may be the result of changes to the
precipitate structure in the matrix

In early experiments, tests were performed on material irradiated with heavy 1ons to induce
the amorphous transformation of the precipitates [43,411] It was found that increasing corrosion

rates were obtained 1if the corrosion tests were performed for a time long enough to pass the
transition A twofold increase was easily found

In addition, the effect of microstructural changes, induced by urradiation, on the corrosion
behaviour s clearly illustrated by the tests performed on material nradiated in power reactors
(cladding or coupons) from which the oxide was removed by machimng or etching and tested in
autoclaves without 1rradiation Several experiments have been performed with that aim
(370,392,411} For short corrosion tests, 1e before the transition, no major changes between
rradiated and unirradiated materials are reported But a very noticeable change 1s seen for long
corroston tests It 1s found that indeed an irradiated Zr alloy has a much higher corrosion rate than the
same unirradiated material The increase in uniform corrosion rates was found to be roughly
proportional to the fluence, reaching a maximum value of almost three for an irradiation dose of 10
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FIG 8 6 Corrosion enhancement during post-irradiation autoclave testing [320]
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n'm °. This enhanced corrosion rate after irradiation is presented in Figure 8.7. However, in the case
of nodular corrosion, the tendency for nodule formation was drastically reduced in tests performed in
steam at 793 K. However the exact reason is far from being understood and may not only be the
irradiation damage: some effects of the former oxidation may remain and, for instance, the hydrogen
content may, in part, be responsible for this high corrosion rate. Indeed the dissolved hydrogen cannot
be removed by machining as is the case for the oxide.

8. 2. RADIATION CHEMISTRY
8. 2. 1. Radiolysis in the bulk water

When water molecules are irradiated with ionising radiation, the ionising particle interacts
intermittently with the molecules along its pathway and produces ionised and excited water
molecules. The electron ejected in the ionisation process loses its energy by further ionisation and
excitation processes of the water molecules, becoming thermalized and yielding a hydrated electron if
it escapes the geminate recombination process. On the other hand, excited water molecules may
dissociate to vield radicals, though there has been no explicit evidence to show that the excited water
molecules play an important role. Overall, this leads to the formation of small spherical domains
called “spurs” along the pathway of ionising species where radicals and ionic species are distributed
in locally high concentrations. This situation is illustrated in Figure 8.8. The size of the spurs is
inferred to be mostly 1-2 nm. The active species diffuse and partly react with each other to give some
molecular and radical products as shown below.

6w + e —H, + 20H (8.1)
ew + H—>H,+OH (8.2)
e. + OH'>OH (8.3)
e +HO —>H +H,0 (8.4)
OH’ + OH'—»H,0, (8.5)
OH' + H'—H,0 (8.6)

Thus, the initial process of water radiolysis is expressed for y-rays or high energy electrons
by:

H,0—>¢, ., H'. OH', HO, H, H,O' (8.7)

as a result of the intra-spur reactions. The G-value, which is usually used in the field of radiation
chemistry to give the yield of a radiolysis product, is defined as the number of species produced or
consumed per 100 eV of radiation energy absorbed by the medium. In the case of water radiolysis the
vields of the primary species shown in equation (8.7) are normally given as primary G-values,
defined as the G-values at the time when the intra-spur reactions are completed. The primary G-
values for water radiolysis at ambient temperatures by y-rays or high energy electrons have been
measured by many workers and are well established on the basis of the large data base [412].

On the other hand, when water molecules are irradiated with neutrons in nuclear reactors,
the neutrons lose their energy mainly by their elastic scattering on hydrogen atoms to yield recoiled
protons. The recoiled protons lose their energy again by ionisation and excitation of the water
molecules. However, the ranges of the recoiled protons are very short in water (compared with either
high energy electrons or y-rays) because of their larger cross-section for interaction. For instance, a 2
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MeV proton has a range of only 70 wm 1n water when compared with the I cm range of a 2 MeV
electron In addition fast neutron G-values are not the same for light and heavy water since the energy
ot a tast neutron transferred to a hydrogen or a deuterium atom differs by a factor of two and since the
secondary damages are also different

High energy heavy particles are usually called “high LET (linear energy transfer) radiation”,
since they have larger deposition rates of energy along their tracks It 1s known that the G-values of
the primary products are greatly affected by the LET of the radiation. and this phenomenon 1s called
the “LET effect”

In the case of high LET particle irradiation, the spurs produced are formed very near to each
other, leading to the formation of cylindrical spurs or tracks Consequently, the contribution of the
intra-spur reactions s larger for high LET radiation Therefore, the yields of the radical species such
as ¢..» H and OH' are relatively higher for low LET radiation, while the yields of the molecular

products increase for high LET radiation The primary G-value data available for fast neutrons are not
0 abundant at present, and, hence, the reliability of the data 1s [ower than that for y-rays

In Table 8 2 are shown the G-values of the primary water radiolysis products by y-rays at
ambient temperatures in comparison with those for radiolysis by fast neutrons from nuclear fissions

Table 8 2 [, v and neutron G-values at ambiant temperature

G values
Radiation
Type
eag H30° H202 OH HO2 H Ha
B8 r 2.7 2.7 0.72 2.7 0 0.55 0.45
fast
neutrons 0.93 0.93 0.99 1.09 0.04 0.50 0.88

in reactors It 1s to be noted that the G-values for fast neutrons depend, in principle, on the energy
spectrum of the fast neutrons

A matenal balance consideration gives the following relation for low LET radiation,
G(-H 0)=2G(H ) + G(H") + G(¢,, ) = 2G(H O ) + G(OH") (8 8)
which gives G(—H O) = 4 2 at ambient temperatures on the basis of the values in Table 8 2

There has been some controversy over the temperature dependence of these prnimary G-
values for water radiolysis W G Burns et al [413,414] reported a marked difference between the G-
values at ambient temperatures and at high temperatures of 300 to 400°C. indicating decreased yields
tor ¢,, and HO, G(e, ) =04 and G(H O) = 0, and increased yields for OH" and H, G(OH") =47
and G, =2 0 Extensive work has been carried out to measure the G-values of the pnmary products in
the high temperature radiolysis of water, and the results obtained are summarnised in Table 8 3 The
values reported by Bumns, especially the low yield for ¢,, , were inconsistent with the data reported by

other workers [408,409.415-419] Due to the lack of a consistent set of G-values available for the
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primary species at high temperature, careful analytical work has been undertaken using pulse
radiolysis 1n a pressurised vessel. The early experimental results obtained indicate a significant
increase 1n G(g,, } and G(OH") with increasing temperature, but some uncertainty still remains with

G(H") and G(H,0,) [420]. This tendency was further confirmed and the G-values obtaned are
consistent and confirm the increase of G(OH") and G(e,, ) with temperature. These value are plotted

in Figure 8 9 for OH, ¢,,, H., H  and H,O, in the temperature range of 20 to 300°C [421]

Table 8.3 Summary of the primary G-values measured at temperature.

,bystems pH Observed values at  References Observed values at
B 200°C _300%C (421

{1) Pulse Radiolysis

pure water neutral Ge, 335 [415] Ge,=32

Ccd nearly neutral Ge,=35 [415]

benzonitrile (EtOH) neutral Ge,, =34 [416]

methylviologen (t-BuOH)  nearly neutral Ge,, =34 (419]

H 12 Gew =35 (409]

HCOQ- (O.-saturated) 4492 Ge., =G, =3 4 [418]

HCO- (O.-saturated) 2 Ge,, =G,,=27 (418]

(2) Scavengers

Fricke strongly acidic G e 7G,=3 9 [417]

Fricke strongly acidic G+ Ge,, =495 [536]

KBr neutral G,=044 [536] G=03
KNO nearly neutral G,=0 46 [420] G,=0 0l

W G. Bumns et al. also reported [412] that the LET effect in water radiolysts disappears at
high temperature and the primary yields by fast neutrons are the same as those by y-rays at high
temperature. A high temperature experiment of fast neutron irradiation 1n acidic solutions [422],
however, seems to show that a LET effect still exists at 200 to 250°C. More data are required in
relation to the high temperature G-values of the primary products, especially for neutron irradiation.

The primary products shown 1n equation (8.7) react with each other in the bulk of the water
when the water contains no solutes which are reactive with those products There are many possible
reactions involved, as shown in Table 8.4. The rate constants of all these reactions at ambient
temperatures are well established. based on the abundant data from pulsed radiolysis experiments
The situation, however, 1s very similar to the case of the high temperature G-values, and there have
been very limited data available for the rate constants at high temperatures The consequences are
important for the ability to control the effect of the radiolytic species on the corrosion of the cladding
and on the wall of the pressure vessel. As discussed 1n [423], one has to consider the effect of
temperature on both the G-values and the rate constants for the recombinations. Hence, an empirical
evaluation 1s usually made by estimating the high temperature rate constants of the reactions in the
absence of experimental data [151,424]. These experimental and evaluated values are compared in
Table 8 4. Recent work [425] has been done with the purpose of analysing the effect of temperature
on these rate constants. It has been shown that the rate constants cannot be simply described by an
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Arrhenius equation, but correspond to the contribution of two independent processes. one linked with
the diffusion of the reacting species and the second to the reaction rate constant The net balance 1s a
Noyes type equation*

1k, = 1/k,, + l/k

react

The diffusion controlled term being described by a Smoluchowski equation

where

216

K, =4n(r, + XD, +D,)

r,, r, are the radu of the reactant species;
D,, D, are their diffusion coefficients;
and the rate term has a classical Arrhenius form

= Aexp(-E_/RT)

react




The new values are given 1n the last column of Table 8.4 The changes are 1n most cases
within an order of magnitude but mduce significant differences in the computation of the radiolytic
species concentrations

As inferred from Table 8.4, the radiolysis process in bulk pure water (remote from
surfaces) 1s rather complicated, with many competing reactions. Therefore, computer simulations
[151.426-428] based on the G-values of the primary products and the rate constants have been used to
analyse the process by solving a set of differential rate equations involving the chemical species
shown 1n Table 8 4 The result of a typical calculation 1s shown for the radiolysis of pure water by y-
rays at high temperature in Figure 8.10 As seen from the figure, continuous irradiation brings the
system to a steady state where all the species reach constant concentrations which are determined by
the kinetic equilibria and depend on the dose rate.

In Figure 8 11 a calculated result 1s given showing the effect of a hydrogen addition to a
radiolytic system It 1s seen that the addition of hydrogen reduces markedly the steady state levels of
oxidising spectes such as O,, OH’, HO,, and O, A higher concentration of hydrogen would be
necessary to reduce the level of hydrogen peroxide significantly The reduction of O. and the other
oxidising radicals 1s what 1s expected for hydrogen additions to the prnimary system of a PWR, and
also for hydrogen water chemistry in a BWR. The situation, however, is rather complicated for
radiolysis n nuclear reactors. One factor contributing to the complexity 1s the botling of water 1n the
reactor core, which i1s more vigorous in BWRs. The boiling of water 1n the core region forces the
transfer of hydrogen and oxygen into the steam phase, and consequently, makes the hydrogen
additions less effective for reducing radiolysis in the aqueous phase

Another important factor 1s the effect of any impunties which are very reactive with the
primary products of water radiolysis and affect the overall scheme of the reactions In the case of the
reactor coolants of LWRs which do not contain reactive additives, impurities at a very low level may
cause a significant effect One such impurity in relevant systems 1s considered to be copper or nickel
10ns released to the coolant by corrosion processes.
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FIG 8 10 Tvpical result of a computer sumulation for radiolvsis of pure water at 250°C' (G-values
from Burns’ data and dose rate 4 5x10°R h')
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In addition, in PWRs, the control of the reactivity of the core by boric acid in solution 1n the
primary water adds other sources of radiolysis the a and Li recoils from the B (n,a) L1 reaction
For a typical PWR, the contribution 1s a maximum at the beginning of cycle, when the B
concentration 1s between 1,000 and 2,000 ppm Under those conditions, a 40% increase n radiolytic
species concentration can be obtained {429]

8 2 2 Radiolysis near metal surfaces or in the pores surrounded by metal oxides

Water radiolysis near metal surfaces, or in small pores surrounded by metal oxides such as
ZrO , may be different from that in the bulk water described 1n the previous section, being affected by
the materials in contact with the water The radiation energy absorbed by water inside the pores
surrounded by metal oxides 1s larger than that absorbed by bulk water, because the flux of the back-
scattered electrons (arising from substances with high atomic number) increases and contributes to the
absorbed dose [430-432] This effect will be more important in small pores than at metal-water
intertaces, since the surface to volume (S/V) ratio 1s larger in the former The extent of the increase in
the absorbed dose depends on the geometry of the pores, the materials surrounding the pores, and the
direction of the incident radiation From early work, it may be inferred that an increase of up to 250%
or more, relative to the absorbed dose 1n the bulk water, occurs when this surface effect 1s taken into
account [430] Thus, the local concentrations of the chemical species produced by radiation mav be
significantly higher in the pores than in the bulk

Recent detailed computations have been performed on the local energy deposition rate at the
water-zirconia interface It was shown that, due to the large difference in electron density between
those two media and to the contribution of photo-electrons from the dense medium, the energy
deposition rate in water, 1n the vicinity of the interface, increased by a factor (a function of the energy
of the photon) that could reach a value of 50, compared to the EDR induced by the same photon flux
in the bulk of the water [433] For a typical PWR gamma spectrum, the average value 1s only an
increase 1in EDR by a factor of 2-4
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Table 8.4. Rate constants of reactions involved in water

Reaction Rate constant at 25 °C Rate constant at 280 °C
dm’.mol” sec’ dm’.mol " .sec”

e +HO=H+OH 1.6 E +1 1.65E +2
e+H =H 23E+10 1.5E+11

e + OH = OH 3.0E+10 4.05E +11

e +HO =0H +OH 1.3E+10 1.3E+11
2H =H, 2k=1.0E +10 1.6 E+11

e + HO.'= HO 2.0E +10 206 E +11
e+0,=0. 1.9E +10 2.7E+11
2HO+2e =H, +2O0H 2k=5.0E +9 30E+7
20H =H.0, 2k=84E+9 8.6 E+I10

OH+H =e +H,0 20E+7 6.63 E +8

HO+e +H =H,+OH 2.5E+10 6.22 E +9
HO+e +HO =0H +2O0OH 3.5E+9 8.7E +8
H +OH =H.0O 2.0E+10 6.0E +11
OH +H, =H +HO 40E +7 1.3E +9

H +HO=0H +H, 1.04 E -4 8.14 E +2

H + O, =HO, 1.9E +10 1.96 E +11

H +HO. =HO, 20E+10 206 E+11

H + 0O, =HO, 2.0E +10 2.06 E+11]

HO+e +0, =HO, + OH 1.3 E+10 1.04 E+10
H +HO,=0H +H,0 9.0 E +7 1.2 E+9
OH '+ H.O.=HO,+H.O 30E +7 3.7E +8
OH +HO,=0,+H.0 1.2 E+10 2.5E+10
OH + HO,=HO, +H,O 1.8 E +8 5.97E +9
HO. + HO=0H + H.,0, 5.7E+5 1.89 E +7

H + O, = HO, S.0E +10 S.I6 E +11

HO =H +0, 8.0 E +5 34E+7
HO,+ 0, =0,+ HO, 1.5E +7 44 E +8
2HO+20,=HO,+20H +0, 2k =17 E+7 327E+5
2HO. =H,0, + O, 2k =2.7E +6 5.2E+7

H + OH =H.O 1.4 E+11 149 E +12
HO=H +OH 2.6 E -5 1.33 E -1
OH + 0. =0, + OH 1.2 E+10 7.7E+10
H.O, =2 OH" (first order, sec-1) 23E-12 1.2 E -1

In this table the electrons and the protons are assumed to be solvated.

Another important factor will be the significant contributions of surface reactions to the
kinetic scheme of the radiolytic reactions in the pores, or at the interface, where the S/V ratio is high.
The importance of the surface reactions in systems with high S/V ratios has been pointed out by W.
G. Burns et al. [434], who followed the corrosion reactions in sealed stainless steel containers, with
an S/V ratio of 9.1 dm™, under y-ray irradiation by measuring the amounts of hydrogen and oxvgen
evolved. They observed larger radiation-induced accelerations of oxygen removal and of hydrogen
formation in the presence of mild steel coupons in the containers, and interpreted these effects on the
assumption that the radiolysis products. such as ¢,,, OH", HO, and H,O,, are removed on the surfaces

at diffusionally limited rates. The detailed mechanism of the surface reactions involving the radiolysis
products has not been established so far, but it may be possible that the surface reactions, rather than
the bulk reactions, control the overall radiolysis process at interfaces, especially in pores with a high
S/V ratio. Hence, any specific recombination capabilities of ZrO, surfaces also needs to be
considered.
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Some species of radiolysis products are significantly oxidising and may be involved in the
cathodic reactions which are expressed overall in equations (8.9)~(8.11).

e + OH"-»O0H (8.9)
2e + H,0,»20H (8.10)
3e + 0, +2H,0»40H (8.1

These cathodic reactions may take place under irradiation in addition to the usual ones
expressed by equations (8.12) and (8.13). However, the relative importance of their contributions and
the microscopic reaction mechanisms are not well known at the moment.

4e + 0O, + 2H,0—-»40H (8.12)
2e +2H >H, (8.13)

Henglein et al. [435] followed the interaction of OH" radicals with the platinum surfaces of
a microelectrode by the pulsed radiolysis technique, and directly observed that OH" radicals react
with the Pt surfaces following equation (8.14), finally yielding platinum oxide.

Pt (surf) + OH'—PtOH (surf) (8.14)
PtOH (surf)—>PtO(surf) + 1/2H, (8.15)

On the other hand, ¢,, and H" are strongly reducing radicals, and are inferred to interact
reductively with metal surfaces or metal oxides by analogy with other strongly reducing organic
radicals. Colloidal Fe,O, was found by G. W. Buxton et al. [436] to be dissolved rapidly by the
propan-2-ol radical, produced in aqueous solution by radiolysis through the one-electron reduction
reaction shown by equation (8.16).

(CH,),C"OH + Fe”'(colloid)—>Fe™ + (CH,),CO + H (8.16)

Henglein et al. [437,438] observed that reducing organic radicals such as the propan-2-ol
radical transfer their electrons to colloidal particles of silver or gold as shown by equation (8.17).

m(CH,).COH + Ag.— Ag" + m(CH,),CO + mH’ (8.17)

and store electrons on them, which are finally discharged by the decomposition of water molecules,
yielding hydrogen.

Hydrogen peroxide is one of the key species among the radiolysis products in nuclear
reactor cores and is known to have a large effect on the corrosion of some materials. Currently, its
behaviour in the coolant and in sampling systems has drawn attention, especially for BWRs in
relation to hydrogen water chemistry, but is not well understood because of its instability at high
temperatures. It is known that hydrogen peroxide decomposes catalytically on the surfaces of various
types of materials at ambient temperatures. Various analytical studies [439-443] have shown that
oxidised surfaces of stainless steels or Zircaloy catalytically enhance the decomposition of hydrogen
peroxide at high temperature. It should be noted that hydrogen peroxide is not stable even in the bulk
water at high temperatures and is considered to decompose homogeneously, probably yielding OH or
O radicals.
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However, production of OH" radicals 1s 1in doubt since the reaction route for the catalytic
decomposition of hydrogen peroxide on surfaces 1s believed [444] to be expressed by equation (8 18).
giving molecular oxygen but not OH' radicals, though no direct experimental evidence has yet been
obtained

2H,0,50, +2H0 (8 18)

It 1s reported [439,440] that the catalytic hydrogen peroxide decomposition rate is
proportional to the area of the surface in contact with the water, and that the surface decomposition
predominates over the concomitant bulk decomposition at high temperatures in high S/V regions,
such as within small diameter pipes and narrow channels or 1n the crevices and pores surrounded by
metal oxides This means that enhanced recombination rates of radiolytic species on ZrO surfaces
also needs to be considered and would sigmificantly change the dynamic balance of the recombination
of radio-chemical species

It 1s known that water adsorbed on some adsorbents, such as Zeolite or alkal halides. 1s
effectively decomposed by radiation at ambient temperatures [445-447], and 1t 1s usually assumed
that energy transfer from the adsorbents to the water molecules promotes the decomposition
reactions There are no data available on the radiolysis of water adsorbed on metal oxides at hugh
temperatures If the amount of water adsorbed on the surfaces 1s relatively much lower than the
amount of the bulk water, 1t may not contribute significantly to the whole process

As already mentioned above, the radiolysis of water yields both oxidising and reducing
species, including transient ones, and these species are considered to contribute in several ways, via
the redox reactions, to the electrochemical processes related to the corrosion of the relevant matenals,
though the detailed mechanisms are not well understood These processes are represented by changes
in the electrochemical potentials of electrodes during irradiation The total balance of the redox
reactions determines the direction of the potential shift, and some additions, or the accumulation ot
specific species, may change the balance of the redox reactions For instance, the corrosion potential
of stainless steel shows a positive potential shift during y-ray irradiation at high temperatures under
normal water chemistry conditions in BWRs, but gives a negative one, for the same irradiation, under
hydrogen water chemistry conditions as shown 1n Figure 8 12 [448] This 1s considered to result from
the fact that hydrogen additions convert the oxidising radiolysis products (including oxygen) to
reducing species according to the following reactions which will be discussed in more detail later

H,+ OH'>H,0 +H’ (8 19)
H' + H,0,-H,0 + OH (8 20)
H'+ 0,»HO, (8 21)
H' + HO,">H,0, (8 22)
e. +H,0,-»0H +OH" (8 23)

8 2 3 “Thick oxide film effects”

It has been realised [196,197] for more than twenty years that there exists a peculiar effect
on the corrosion behaviour of Zr alloys 1n high temperature water under uradiation with low oxygen
(PWR-like) conditions This effect was imitially explained by the “thick oxide film hypothesis” [449]
This hypothesis 1s based on in-reactor experiments on Zircaloy-2 specimens and may be summarised
as follows After the oxide layer on the Zircaloy surface reaches a threshold thickness, the subsequent
corrosion rate of the Zircaloy 1s controlled by water radiolysis in oxide cracks and pores and 1s mainly
independent of the water chemistry outside them [449] Many, but not all, of these experiments were
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performed in LiOH bearing environments without boric acid additions. There have been attempts to
discount the experiments based on possible accelerating effects of LIOH However, two of the key
experiments were conducted in water dosed with NH,OH [449, 528], with L1IOH absent, so effects
with LiIOH cannot offer a valid explanation for the onset and propagation of the thick film
phenomenon

It has been claimed, frequently, that the radiation enhancement of Zircaloy corrosion in the
aqueous phase arises from the synergistic interaction of radiation and water chemistry It has been
argued that 1n the early stages of Zircaloy corrosion an apparent acceleration by reactor radiation, is
usually observed in oxygenated water, which is suppressed 1n the presence of excess hydrogen in the
aqueous phase.

However, the formation of non-uniform (“nodular”) oxide films 1n oxygenated water has
made 1t difficult to compare true pre-transition rate constants for identical batches of Zircaloy under
oxygenated and hydrogenated water conditions. Beyond a threshold oxide thickness Zircaloy
specimens exposed to low-oxygen water corrode at accelerated rates under irradiation, as if they were
immersed 1n oxygenated water. However, these early observations have not yet been reconsidered in
the hight of the possible effects of LIOH concentrated in the oxide film beyond a cntical thickness,
and the extent to which this might become trapped 1n thick porous oxides following a change 1n bulk
water chemistry

The radiolysis of water produces several types of primary species shown in equation (8 7)
and descnibed previously. Among these, OH" and H,O, are oxidising reagents like oxygen, one of the
final products of high temperature water radiolysis, while ¢,, and H' are strong reducing reagents
Approximately the same numbers of oxidising and reducing species are produced 1n the radiolysis of
pure water In oxygenated water ¢, and H' are converted very rapidly to O ,and HO,', respectively,
which are weak oxidising reagents.

e + 0,0, (8 24)
H* + 0,—»HO (8 25)
HO 5H + 0. (pK =4 7) (8 26)

HO " and ( are less reactive than OH" and have relatively longer lives

The oxidising species produced by radiolysis may take part 1n the cathodic reactions 1n the
aqueous corrosion processes of Zircaloy under irradiation, though the detailed mechanism of the
cathodic reactions by transtent species 1s not well understood and surface electrochemical reaction
1ates on Zircalov surfaces are not known to be rate imiting under any conditions in water Thus, this
tacilitation ot the cathodic reactions might make a contribution to a synergistic interaction and
acceleration by radiation n the Zircaloy corrosion under reactor conditions if there was any evidence
for ettects ot surface reaction There is, however, no evidence of the reversibthty of the zirconium
electrode with respect to these reactions to permit a conclusion on this pomnt Nor 1s there any
evidence that surface electrochemical reactions are ever shown to be the rate controlling steps during
the oxidation of Zr alloys to form a barrier oxide Many observations on gaseous oxidation point to
surtace reactions not being rate determining This point remains to be confirmed in the case of a
dense medium like pressurised water

On the other hand, when excess hydrogen 1s present the steady state concentration of the
oxidising species such as O, OH' or Q. are markedly reduced under 1rradiation as already shown 1n

Figure 8 11, while very limited changes are observed after short irradiation times, and may be higher
tor 10 to 100 sec (Fig 8 10) The most important reaction involved in a hydrogen-containing system
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1s reaction (8 19), converting the oxidising OH" to the reducing H® In hydrogenated systems the
consumption of OH", a major reactant to HO and ¢, . by hydrogen makes the contribution of

reactions (8 20) and (8 23) relatively more important, and reactions (8 19) through (8 23) result n
back-reactions retorming water molecules reducing the final yields of the oxidising species It has
been widely accepted that the accelerating effects of radiation on Zircaloy corrosion are greatlv
reduced by hydrogen additions under PWR conditions, which 1s not the case in BWRs

The detailed mechanism of the “thick oxide film” effect ts not understood at the moment,
and some possible mechanisms are discussed here One hypothesis 1s that, when the thickness of the
oxide layer 1s beyond a threshold value, the rate of supply of hydrogen into the pore through diffusion
1s insufficiently large to maintain the radiolytic suppression effect by hydrogen under irradiation (in
the absence of corrosion hydrogen) and, therefore, that the cathodic reactions occurring at the bottom
of the pore are facilitated because the radiolytic products escape reaction with hydrogen Then, the
corrosion rate of Zircaloy might be accelerated by this facilitation of the cathodic reactions, if the
surface reaction were the rate controlling step In order for this hypothetical mechanism to occur
excess hydrogen 1n the cracks or pores has to be consumed by some mechanism Hydrogen molecules
are consumed by reaction (8 19) under irradiation to yield H™ atoms 1f they are present 1n an excess
amount beyond a threshold value Therefore, only 1f 1t 1s assumed that most of the H® atoms produced
are dissipated or consumed there (by some mechanism such as hydrogen pick-up by the metal), s 1t
possible to show that when the oxide layers of Zircaloy have deep cracks or pores, the diffusion rates
of hydrogen nto the cracks or pores 1s not high enough to maintain a hydrogen concentration at the
bottoms of the cracks or pores above the threshold value (see Appendix) However. this situation mav
not occur readily because the recombination reaction

H' + H'>H (827)

of hydrogen atoms 1s fast enough to yield hydrogen molecules and the net consumption ot hvdrogen
molecules 1s not so large

Another possible mechanism for hydrogen consumption may be boiling of the water inside
the cracks or pores When Zircaloy has very thick oxide layers, 1t may restrict heat conduction and
cause local boiling of water If the boiling takes place inside the cracks or pores, this would lead to
stripping of hydrogen molecules into the vapour phase and thereby reduce its concentration in the
cracks or the pores [450] Again the thick oxide layers may cause a restriction of hydrogen diffusion
from the bulk water However, this explanation cannot be applied to nodular corrosion in non-heat
transfer surfaces such as channel boxes. and the only experimental evidence for a “thick film effect”
was on unheated sheet specimens in an in-reactor loop

However, 1t should be noted that, 1f the cathodic reaction (8 13) concomtantly occurs at the
bottoms of the cracks or pores, then there exists excess hydrogen arising from the corrosion reactions
of Zircaloy This prevents the above sequence of reactions from occurring for long reaction times In
summary, the “thick oxide film” effect, 1f 1t has been correctly 1dentified as such, would need to be a
1ather complicated phenomenon including surface reactions of chemical spectes produced bv
radiation Such surface reactions are not otherwise known to affect Zircaloy corrosion mn high
temperature water

In addition, specific consideration should be given to the fact that the computations
described above assume the bulk recombination of the various radiolytic species However, the roots
of the pores of the thick oxide layer are sinks for the oxidising species and the list of chemical
equations 1n Table 84 has to be extended with some surface reactions More research work 1s
necessarv for the elucidation of the mechanism, and should take into account the fact that some kev
experiments were conducted with LiOH pH control while others were conducted with NH,OH pH
control Therefore, concentration of L1OH 1n the oxide does not offer a defensible explanation
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& 2 4 Localised corrosion and dissimilar metals

A number of phenomena with increased localised corrosion have been reported that are
connected with the presence of dissimilar metals adjacent to Zr alloys They appear mostly in botling
water conditions

s The appearance of “shadows” of the control blade handles in the nodular corroston distribution on
the adjacent fuel channels [451]

o The preferential formation of nodules on fuel cladding under the stainless steel spacer gnds used
in some fuel bundles The same effect 15 not seen under zirconium alloy grids [144]

e The formation of ndges of thick oxide on the pressure tube adjacent to the stainless steel grids of
the fuel cladding in SGHWR and RBMK reactors [452]

e The local spots of thick white oxide at pomnts of contact with the Inconel springs in Zircaloy
spacer grids [453]

e The thicker oxide on plena of segmented rods 1n the high flux region compared with the fuelled
region of the same rod. or the higher corrosion rate of the Gd bearing fuel rods [150]

e The high corrosion rate of Zr alloys coupons under irradiation 1n front of platinum inserts and 1n
the vicinity of Inconel strips [449]

Various analyses have been proposed for a general understanding of these phenomena They
are based upon either electrochemical or radiolysis phenomena Since no definitive experiments exist
to divide the two approaches, they will both be discussed

8 2 4 1 Galvanic analysis

In general the extent of good electrical contact between the various components of the
svstem 1s not known. since the degree of insulation provided by oxide films on the contacting
surfaces 15 difficult to predict in the high radiation fields that are present However, 1f we assume that
oxide films become tolerably good conductors under these conditions, and that even high purity water
has a reasonable conductivity in reactor (thought to be close to that of a pH 5 solution) then a
galvanic effect becomes possible The observations that can plausibly be ascribed to galvanic contact,
combined with a short current path through the water, have already been noted in the introduction to
this subsection

Taken together, these observations indicate a major effect of galvanic coupling on the
corrosion rate, and sometimes on the hydrogen uptake rate alone [454], even though no actual
measurements of potentials, or polarisation by stainless steel, have been made in-reactor in BWRs
where nodule nucleation may be occurring during the first one hundred days (or less) of in reactor
exposure, the use of an autoclaved cladding surface may provide an mmtially oxidised surface that 1s
less susceptible to local effects (e g of water chemistry) if the operating conditions depart
significantly from the norm at the start of a reactor cycle The abandoning of pre-autoclaving as a
routine surface preparation may, therefore, leave fuel cladding more susceptible to water chemistry
transients at the start of a cycle, until a normal oxide film has grown in-reactor Oxide film resistivity
measurements on oxidised Zircaloy 2 specimens [455] suggest that an average oxide thickness of ~1
pm must be reached before the intermetallics are oxidised enough to give a resistivity greater than 10°
Qcm While this thickness 1s close to that reached during a pre-autoclaving at 400°C, 1t would take
>100 days to reach the same oxide thickness on a freshly pickled surface at 280°C [59] Thus
susceptibility to nodular corrosion could last for a hundred days or more because of this much slower
formation of the protective oxide at 280°C than at 400°C (the usual autoclaving temperature)
Additional considerations, of electrochemical behaviour, are given tn section 8 4 2
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8 2 4 2 Local radiolysis

As descnbed at the beginning of this section, the strong irradiation flux induces a change n
water chemistry, with the presence of radiolytic oxidising species This effect 1s more complex n the
case of a reactive interface, like the water zirconia-interface where oxidising species can be trapped,
and the energy deposition rate is increased due to the photoelectrons emitted by the metal In the case
of dissimular metals, in addition, the 1rradiation flux 1s locally increased by an intense flux of short
range B particles emitted by activated nucler A detailed analysis has been presented recently [456] It
was found that in all of the reported cases of local enhancement of corrosion rate under irradiation, 1t
1s possible to find 1n the vicinity an activatable species, the activation cross section and the B energy
of which are high enough to induce a local energy deposition rate higher than the bulk EDR For
stainless steels, this process 1s effected through the activation of “Mn leading to a B emission of most
frequent energy 2 8 MeV This explanation has been accepted as the major contrnibution for the
tormation of the “shadows” [451]

8 3 CRUD DEPOSITION AND HEAT TRANSFER EFFECTS
8 3 1 PWR crud deposition

8 3 1 1 _Introduction

Deposits on the cladding of corrosion products (crud), mainly generated by the release of
constitutive elements from all the steel surfaces of power reactors, increase the barrier to heat transfer
Consequently, extensive programs have been carried out in order to investigate the impact of crud
deposition on the increase 1n the metal/oxide interface temperature, leading to an enhancement of the
Zircaloy-4 waterside corrosion The possible inclusion of mineral impunties (Cu, Ca, Mg, Al, S1)
which decrease the thermal conductivity of the crud eventually aggravates the importance of this
process, see Figure 8 13 [457,458] In addition, crud deposition data from a large power reactor
survetllance program, together with loop test data, have provided clear information concerning the
appropriate chemistry control required in a PWR primary coolant (both Li/B chemistry and impunty
control) to minimise crud deposition on the fuel

A review of international practices and recommendations 1s available n a recent technical
report from the IAEA [459] (see also section 6 4) The specifications for chemical control of the
pnmary coolant are now hmiting enough to avoid excessive deposition of crud in PWRs during
normal operation Thus, the chemical control of impurities 1n the primary water 1s nowadays no
longer an operating problem, except in choosing optimum hthium levels now that many plants are
moving to extended cycle operation The potential consequences of any diminishing of attention paid
to this control could lead to technical consequences of high enough concern that some details of crud
deposition mechanisms and their consequences are presented 1n this section
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FIG 8 13 Thermal impact of crud deposition

8 3 1 1 1 Chemistry control during power operation

For a PWR during normal operation the nuclear reactivity control of the core 1s obtained
by changes 1n boric acid concentration An alkalising agent (the most often used 1s lithium hydroxide,
LiOH) 1s added in order to mamntain a moderately high pH. Hydrogen additions mitigate the
radiolytic formation of oxygen and other oxidising species These additives, which determine the
system pH and redox potential, are controlled by the chemical control unit of the plant as described 1n
section6 4 1

8 311 2 Corrosion

The mmmum concentrations of additives 1n the pnimary coolant were originally spectified
by the fuel vendors Operational experience has shown that these specifications were adequate for
maintaining the general corrosion rate of materials of the PWR primary circuit at a very low value
As long as lithium 1s greater than that required to give a pH at T, of 6 9 (Figure 6 26 ) [281] and
hydrogen greater than 15 cm' (STP)'kg ', the integrity of the various components 1s ensured for the
whole life of the PWR Upper concentration limits are also specified

* For mmpunties such as chloride, fluoride and sulphate 1n order to prevent stress corrosion cracking
(SCC) and inter-granular attack (IGA) of austenitic materials (Inconel, SS) (Table 6 6)

e For hthium hydroxide 1n order to minimise the corrosion of the fuel cladding There is indeed
evidence that at high lithium hydroxide concentrations the rate of Zircaloy corrosion accelerates
(see sections 4 2 3 2 and 6 4 1 3) There 1s also some concern that increased lithrum might
Increase the stress corrosion cracking of certain stainless steel components
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8 3 1 2 Surface potential effects and transport and deposition mechanisms

During the corrosion process, at the same time that oxidation takes place in situ, metal 1ons
are dissolved at corroding metal surfaces and carred out through the oxide pores, the sublaminar
laver and finally the bulk coolant

These 10ns are transported throughout the circuit Because of the temperature gradient
present in the circuit, one has to consider (when steady-state conditions are reached) that precipitation
will take place at some locations, depending on chemistry and solubility laws This precipitation
leads to the formation of fine particles of oxide which coalesce and grow to a size limit imposed bv
the turbulence of the fluid. or precipitation occurs directly onto the cladding Precipitation occurs on
the hot fuel cladding when the temperature coefficient of solubility s negative and this occurs at a
pH,, value below about 7 0-7 4

When, at the location of the deposit, the fluid 1s saturated in the main elements. no
dissolution will take place Particles will reach the wall and the thickness of crud will then increase
The erosion forces applied to the deposited crud by the turbulent coolant will remove some of them,
leaving on the cladding only the most adherent ones

From this brief description of the main phenomena. 1t 1s understandable that the first
chemistry specifications that were designed to limit the general corrosion rates in reactors might not
have been sufficient for minimising crud butld-up rates In addition a reduction of deposits 1s stronglv
related to a decrease 1n the radioactive contamination of the circuit Thus specific experiments were
undertaken 1n out-of-pile loops

Out-of-pile loops have been used extensively to study the effects of crud deposition, and ot
traces of mineral impurities, on cladding corrosion under single-phase and nucleate boiling heat
transfer conditions [127,460]. As 1n an actual reactor, corrosion product release rates from the loop
wall depend on the specific chemistry of each test Furthermore, thicker crud can be obtained through
the injection of crud precursors These consist of soluble forms of Fe and N1 in deoxygenated
solution percolated into an anion exchanger at the time of injection

Typical axial vanations of the thermal hydraulic parameters 1n those loops can lead to three
successive regions with specific heat transfer characteristics (Figure 8 14)

(1) Single phase convection,
(2) Subnucleate boiling,
(3) Bulk boiling

The void fraction, a, 1s defined as the ratio of the volume of vapour to the total volume
across a sectton. The experimental procedure includes qualitative and quantitative analyses of the
crud deposit, examination of the zirconium oxide layer and examination of the clad metal In the
boiling experiments 1t 1s possible to assign to crud build-up an increasing slope in the three
successtve thermal-hydraulic regions as shown in Figure 8 14 A sharp increase in deposition appears
in the detached boiling zone (o ~1 or 2%) The maximum crud level was approximately 30 mg dm

Over the pH range recommended for PWR coolant operation. the influence of pH on core
crud touling was found to be neghgible This s probably because fouling under nucleate botling
conditions 1s more influenced by local concentration effects and increases 1n mass transfer than bv
small changes in pH

The morphology of the crud deposit results from the nucleation and growth of vapour
bubbles at preferred sites on the metal/coolant interface These sites remain crud free, but mass
transfer associated with boiling produces deposition of particles around the sites, and chimneys are
formed Thus the crud obtained under boiling 1s more dense. with the appearance of chimneys as
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shown in Figure 8.15. The deposits consisted of particles ~1 um in size; the diameters of the
chimneys were about 1-5 pm. The composition of the crud measured by X-ray dispersive analysis, is
given in Figure 8.16 for samples with no chimneys (A: non-boiling zone) and samples with chimneys
(B: outside a chimney and C: very close or inside a chimney). The iron to nickel ratio was constant,
but a consistent enrichment in chromium was observed in the zones with chimneys. Thus. the crud
deposited consisted of a (Fe, Ni, Cr),0, spinel, while zeolite-forming impurities with extraneous
impurities (Ca, Mg, Al, Si) were negligible.

Some tests were carried out with daily replacement of 10% of the loop water (feed-and-
bleed) by injection from a feed water tank and mineral impurities (calcium, magnesium, aluminium
and silica) were introduced in concentrations typical of current specifications. In this case, light
deposits (1-2 um) were obtained, with magnesium and calcium vs. iron ratios shown in Table 8.5 at
different axial elevations. According to these data, enrichment starts in the two-phase zone at a void
fraction of 1.5 to 2%.

In one case, accidental calcium contamination (up to 40 ppb measured in the loop water)
formed white spots identified as a zeolite in the detached boiling zone. Dramatically increased clad-
corrosion was then encountered after 120 EFPD. A photograph of this unique event is displayed in
Figure 8.17.

In the case of heavy crud deposition, the appearance of a flaky texture is indicative of a
strong concentration of zeolites underneath the flakes. As shown on Figure 8.18, part of the white
deposit could not be separated from the zirconia film by scraping with a scalpel blade. Figure 8.19
shows an SEM view of the inner surface of such a flake turned upside-down. Crystallisation in the
shape of needles is characteristic of magnesia. Chimneys running through the crud flake are also
easily identified.

8. 3. 1. 3. Thermal conduction effects

The cladding of rods has been subjected to oxide thickness measurements after various
times of operation under nucleate boiling conditions.

In the areas under “single phase convection” and partially under “developed nucleate
boiling” (void fraction less than 1-1.5 %), corrosion rates were in agreement with theoretical thermal
models which take into account the heat transfer through the oxide and the crud layers. In the areas
with “detached boiling” (void fraction more than 2%), there was evidence of accelerated corrosion.
The axial evolution of the corrosion film is shown in Figure 8.20 for a rod after 456 EFPD. Starting
at the 160 cm elevation on the rod. the water/oxide interface (wall) temperature was constant (343°C).
As the sub-saturation of the bulk water decreases, a greater fraction of the energy is spent on
vaporisation. In this constant wall temperature region. the zirconia thickness increased from 6 to 16

pm,

The acceleration factor for corrosion rates in the boiling zones was approximately equal to
two, compared with regions under single-phase heat transfer at the same temperature. The
acceleration of clad corrosion in the boiling mode cannot be readily explained by a temperature
increase at the metal/oxide interface due to the heat transfer barriers through the oxide film and the
crud, or by a decrease of thermal conductivity of the zirconia or the crud. In these tests, the situation
did not appear consistently worse on the rods with heavy deposits (~10 to 20 pm) than on those with
light deposits. Only a slight increase in temperature at the metal/oxide interface was observed as a
result of an accelerated rate of crud build-up. (The thermal conductivity of the crud was assessed to
be about 0.1 W-cm '-°C™"). However, it has been demonstrated that the intrinsic corrosion properties
of Zircaloy are affected under conditions where lithium is incorporated into the lattice of the oxide
[461] or into micro-cracks in the post-transition film [108]. Lithium enrichment is a consequence of
boiling conditions leading to a local super-concentration of lithium hydroxide at the wall of the
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FIG. 815 Chimneys in crud.

cladding and in the pores of the crud deposit and of the oxide films. This was confirmed by the
detection of lithium ions incorporated into the deposits and in the zirconia layers [321]. Figure 8.21
shows a lithium profile (SIMS) across an oxide layer which has undergone an acceleration of the
oxidation process. In more recent work, a good correlation has been found between the accelerated
oxide growth due to LiOH and the higher retention of Li in the oxide layer [127].

Generally, crud deposition on the fuel rods of power reactors is very light or non-existent, at
least under single phase heat transfer conditions. Crud scraping campaigns. visual examinations or
activity build-up measurements have been performed in several reactors showing that the co-
ordinated (pH,,,, = 6.9) Li/Boron chemistry seems to be efficient [462.463], but the modified Li-B
chemistrv regime, used more recently, is believed to be even better (section 6. 4. 1. 4.). Nevertheless,
some examples of tenacious crud were found to have developed as a result of bad chemistry control
of the primary coolant of reactors such as in the Saxton reactor. Coolant permeating through the crud
and containing dissolved lithium hydroxide, is believed to vaporise in the chimneys of the type
described above. resulting in an excessive concentration of lithium at the base of the chimney. Local
coolant pH levels in excess of about 11.0 can readily develop by this mechanism (due to lithium
hvdroxide concentration), and cause subsequent excessive corrosion of the Zircaloy cladding. The
failures observed in the Saxton reactor were believed to have been initiated by this mechanism. Direct
image mass analysis (DIMA) of the heavy waterside corrosion films on the Saxton rods confirmed
the presence of high levels of lithium in the oxide. As the oxide thickened, because of the high heat
fluxes, the temperature at the oxide-metal interface increased rapidly causing thermal corrosion to
accelerate. Thus by a mechanism of accelerated corrosion, due initially to lithium hydroxide hide out.
and later due to thermally activated corrosion, failures developed rapidly under thick tenacious crud
lavers in the Saxton test rods.
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Table 8.5. Nickel ferrite composition and mineral impurity enrichments in crud.

Ca/Fe x 102 Mg/Fe x 102 Ni/Fe

Elevation
cm run 1 run 2 run | run 2 run 1 run 2
69-73 4.6 1.3 0.9 1.5 0.18 0.12
154-158 2.2 2 0.4 1.5 0.16 0.21
194-198 5.5 4.4 1.2 3 0.47 0.20
264-268 4.1 5.3 0.9 5.7 0.35 0.30
289-293 9.5 7 2.0 8.5 0.25 0.32
343-347 124 17 8.1 15 0.32 0.34

FIG. 8.17. Accidental localised corrosion for very high crud deposition.
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FIG 8 19 SEM view of the inner side of crud removed from the cladding described in Fig 8.18
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FIG 8 21 Li concentration profile (SIMS) in a zircoma layer grown in a loop simulating PWR water
chemistry
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FIG 8 22 Crud build-up on Trojan fuel assemblies during the first three cycles of operation

In modern PWRs excessive crud build-up in the core 1s usually avoided with a carefuily
operated coolant chemistry control. Optimisation of the lithium hydroxide, pH, and dissolved
hydrogen combine the objectives of reducing the sources of radiation fields and crud build-up. These
requirements can be obtained simuitaneously (since activated crud deposits in the core are the
primary contributors to radiation fields) by maintaining the pH in the desired range in order to
maintain a positive temperature coefficient of solubility for nickel fernite crud 1n the core. and at the
same time by maintaining a zeta potential at a level which prevents the attraction of colloid species to
the cladding surface [464]. It was demonstrated [465-467] that a pH, above 6.8-6.9 is sufficient to
avoid the presence of a thick deposit 1n the hot part of the fuel. The effect of low pH (low Iithium)
operation on fuel and crud deposition was tested in the Trojan PWR during cycle 1 Heavy crud was
observed, which persisted on the mitial fuel throughout cycles 1, 2 and 3 Co-ordinated chemustry
operation during cycles 2 and 3 gave low crud on new fuel (Figure 8 22). Experiments 1n the MIT in-
pile loop have shown that crud deposition and the production of radioactive corrosion products are
minimised at a pH of about 7.3 [468]. However, the effect of LiIOH 1n accelerating zirconium alloy
corrosion requires limiting the concentration of LiOH 1n water to that used in the Modified L1-B
chemistry regime (Figure 6 27) [281].

In contrast. a low pH corresponding to a low lithium hydroxide 1s responsible for the
formation of thick in-core deposits The same effect may be observed with hydrogen concentrations
below the limit required to suppress radiolysis. or more generally, with the presence of oxygen 1n the
primary coolant [467]
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8 3 2 WWER crud deposition

The WWER-440 and WWER-1000 reactors are provided with horizontal steam generators
with straight stainless steel tubing, while most other PWRs have vertical steam generators with U-
shaped tubes made of Inconel 600, Inconel 690 or Incoloy 800 The fuel element cladding of WWER-
440s and WWER-1000s 1s made of zirconium-niobium alloy H-1 containing 1% niobium, while the
fuel elements of the other PWRs are clad mainly with Zircaloy<4 The temperature and pressure, as
well as the heat flux, are lower in WWER-440 reactors than in other PWRs WWER-440 reactors use
KOH and NH, to alkalise the reactor water (see Table 6 7, section 6 4 3 ) The water quality
specifications for WWER reactors also permit only rather small varnations 1n reactor water pH values,
through a correlation between the concentration of the alkali and the boric acid in order to maintain
the specified pH No information 1s available to assess WWER fuel surface crudding levels
Nevertheless, due to the low coolant and wall temperature (at least in WWER-400s with coolant
temperatures of approximately 267-297°C, significantly lower than WWER-1000s of 290-325°C and
modern PWRs of 290-325°C), the reduced heat flux and the appropriate applied chemistry, the
thickness of the depostted crud layers is expected to be low

8 3 3 BWR crud deposition

8 3 3 1 BWR feed water chemistry specifications

The water chemistry of BWRs 1s described 1n section 6 4 2 Due to the continuous boiling
ot the coolant, crud formation 1s a matter of high concern and very tight control of the non-volatile
species 1s mandatory In addition, a specific feature of BWR water chemistry 1s that water radiolysis
in the core 1s not suppressed Unlike PWRs, water radiolysis suppression, obtained by maintaining a
certain H concentration, 1s difficult because the hydrogen added i1s removed continuously with the
steam from the core Reactor operation at a given capacity leads to water radiolysis at a constant
level In most cases the O level in the recirculating coolant due to radiolysis 1s between 0 1 and 0 3
ppm and the O level in the steam produced, ranges between 15 and 30 ppm It 1s known that even
small amounts of oxygen (n the coolant induce deleterious effects due to intergranular corrosion of
the recirculation piping It has turned out that the addition of hydrogen reduces the oxygen level in
the recirculation lines through the radiolytic recombination reaction in the downcomer Therefore
hvdrogen 1njection to the feed water system of BWRs has been proposed as a remedy piping
corrosion This water chemistry regime 1s called "hydrogen water chemistry” and 1s now operated n
a number of PWR power plants [469] (see section6 4 2 1)

In BWRs the coolant pH cannot be controlled even with the relatively non-volatile KOH or
L1OH because of the danger of local increase 1n the concentration of these alkalis 1n the core Under
these circumstances, the minimisation of circuit corrosion processes in BWRs requires both the use of
highly corrosion-resistant construction materials and of high-purity water throughout the cycle

The corroston products released from the large surface areas of the matenals must be
continuously removed Condensate demneralisers, installed after the turbine condenser and before
the flow re-enters the reactor vessel, are used for this purpose However, the corrosion products
released downstream of the condensate demineraliser are not removed The oxygen concentration 1s
very important for minimising corrosion product release to the feed water system Therefore, the
oxygen level must be controlled in the feed water In this way fuel surface deposits are minimised and
flow and radioactivation problems reduced The reactor water 15 also highly demineralised, the
amounts of the respective impurities being in ranges such as to guarantee the reliable operation of the
fuel elements and the stainless-steel equipment and pipes as well as guaranteeing adequate purity of
the steam produced The specifications generally allow for a maximum of 100 or 200 ppb chlonde,
while the cnitical concentration 1s 350 ppb The silica concentrations are specified primarily to avoid
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deposits on the heat exchange surfaces in the core A silica concentration of 1,000 ppb 1s sufficiently
low to avoid this However, for demineralized make-up water (specific conductivity about 0 1 uS/cm)
the maximum silica concentration 1s usually between 20 and 30 ppb Thus, silica from make-up water
i1s rarely the source of high coolant levels of $10,

8 3 3 2 Water reactor fuel surface crudding levels

The thickness and composition of the deposited crud layers contribute not only to the
problem of radio-activation but also influence core heat transfer and pressure drop Porous haematite
deposits on stmulated fuel rods do not cause large increases in cladding temperature Laboratory tests
on open-textured haematite of less than 100 pm thickness at a heat flux of 100 W c¢m * showed less
than a 10°C degrees alteration of cladding temperature under BWR conditions. however, a similar
deposit (but impregnated with the salts normally associated with hard water) showed a cladding
temperature increase of up to 92°C degrees The surface friction factor for a crudded rod in these tests
exceeded that of a clean rod by a factor of 33 Both of these observations have parallels in early
BWR experience when crudding levels on fuel surfaces were high In the first year of SGHWR
operation, for example, copper infilling of the Fe,O,-based deposit occurred leading, 1n some cases, to
fuel cladding failures due to steam blanketing and overheating Subsequent operation of SGHWR
with considerably reduced Cu and N1 levels in feed water and lower overall crud input rates then led
to no further fuel cladding failures up to final shut down, although the fuel crud thickness peaked at
about 25 um corresponding to 15 to 20 mgcm ’ of deposit Porous deposits have been found to
assist heat transfer by what has been termed “the wick boiling mechanism”

In the case of heavy crud deposition the resultant increase in temperature enhances the
cladding corrosion rate, possibly leading to Crud Induced Localised Corrosion (CILC) failures This
phenomenon 1s promoted by the conjunction of a relatively high copper content in the coolant (due to
copper bearing condensers), a power history with high end-of-cycle power (due to reactivity control
bv Gd bearing rods) and the use of a cladding susceptible to nodular corrosion [150] In reported
cases of CILC, the thickness of the crud was in the range of 40-60 um, and was mostly composed of
pure CuO The corrosion of the Zircaloy underneath was accelerated and led to a large number ot
cases of through wall oxidation during the early 1980s Correction procedures included the
replacement of the condensers by titanium or stainless steel tubes, installation of deep bed condensate
cleanup systems, and improved water chemistry [470] In addition the development of Zircalov
processing with improved resistance to nodular corrosion has had an important contribution to the
solution of this problem and no new CILC failures have been reported [471] It should be noted that
In the case of improved water chemistry and removal of Cu, the crud composition 1s almost entirelv
pure haematite, with an estimated thickness of 10-12 um Since 1n this case, no CILC was found, the
heat rating does not seem to be the only factor to be considered, since no degradation in heat transfer
would have taken place This point will be discussed in section 9 2 1 1 for the possible
contribution of Cu In a sumilar way, heavy crud was obtained 1n a WWER 1000 due to the failure ot
the graphite bearing of a main circulating pump This resulted 1n thick graphite crud (170 um) and the
occurrence of localised thick oxide spots of nodular appearance [472]

In second-generation BWRs, with reduced 1ron levels in the feed water (<10 ppb) and with
little or no use of copper alloys, few fuel defects have occurred due to crudding Deposition levels
still vary considerably depending on design, materials and operating factors, e g, the type of feed
water purification plant and its location or the addition of oxygen to the feed water An indication of
the improvement 1n deposition levels 1n the more recently commissioned BWRs 1s 1llustrated by
comparing data from the SGHWR and the Swedish reactors 1n the summary of fuel crud deposition
levels for various BWRs given below

BWR Reactor Typical Fuel Crud Deposition
Levels, mg cm
SGHWR 1to?2
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Swedish BWRs 01to05

US BWRs <] to 10
German BWRs 0S5to76
Japanese BWRs 05t03
RBMK 2

8 4 METALLURGICAL AND CHEMICAL VARIABLES

& 4 1 Behaviour of alloying additions

§ 4 1 | Incorporation in the oxide film

+  Solute elements It 1s generally believed that both the segregation and the uniform incorporation
ot alloying additions that has been observed for various different species in the laboratory will
persist unchanged in reactor Virtually no work has been done to support this contention Indeed,
differences 1n solubility and oxidation potential should be considered for incorporation in the
oxidation front as it grows The hydrogen trapped by the metal is insoluble in ZrO and 1s
expected to be repelled during zirconia growth, Sn should have an intermediate behaviour. while
Nb should behave as Zr Experiments on the oxidation of RXA Zircaloy implanted with Fe have
shown that the motion of the oxidation front through the implantation profile induced a
broadening without displacement of the imitial Fe profile, gtving no clear conclusion on any
transport of species like Fe, ahead of the oxidation front [113]

« Precipitates The precipitates are embedded unoxidized in the oxidation front due to the low
oxvgen potential in the dense oxide layer, as described 1n section 4 2 2 During irradiation,
several physical phenomena have to be taken into consideration [113]

- At the beginmung of irradiation the precipitates remain in their crystalline form and are embedded
in the zircoma 1n a similar way as in the unirradiated material Once in the zircomia layer, the
neutron flux induces a ballistic doping of the zirconia 1n the surroundings of the precipitates By
this process, the local Fe concentration can be much higher than the solubihity Iimit and reach up
to a few % This doping leads to the stabilisation of the tetragonal phase of the zircoma
However, this stabilisation of the tetragonal phase only lasts up to the complete amorphous
transformation 1n the precipitates (see section8 1 3 1)

- When the precipitates have lost all of their Fe by complete amorphous transformation, there 1s no
easv way to introduce Fe into the zirconia from the Fe-free precipitates

Thus the mechanisms of corrosion under irradiation change as the time goes on Not onlv
the change in microstructure affects the corrosion behaviour, as shown in section 8 1 3 |, but also
the neutron flux enhances the transport mechanisms

In the case of Zr-2 5%Nb alloy matenial in the commonly used cold worked condition, the
a-Zr matrix 1s supersaturated in Nb Indeed, the equilibrium concentration 1s 1n the range of 0 2 to 0 3
4 at operating temperatures, while after processing above 450°C, the matrix may have up to 0 6-
0 7%Nb This structural state 1s metastable, and ageing occurs during operation at temperature This
can be reproduced 1n the laboratory, even without iradiation, at temperatures down to ~300°C, albeit
slowlv at T<400°C [275] Irradiation enhances this ageing, which also comprises some diffusion of
Zr out of the B-Zr(Nb) phase to leave precipitates of f-Nb with a higher Nb content This has been
argued to be the cause of the often observed better corrosion resistance of Zr-Nb atloys in reactor than
in laboratory autoclave tests [196] Corrosion resistance 1s indeed observed to increase with
prolonged low temperature ageing in the laboratory [473] Testing of pre-irradiated Zr-Nb specimens
in the laboratory has confirmed the validity of this hypothesis [12,474] However, the mechanism
imvolved seem to be an increase 1n corrosion resistance of the matrix with a lower solution content ot
Nb 1n the a-Z1 matnix
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8 4 1 2 Transmutation effects

Prolonged irradiation, even of low neutron capture cross section elements, can produce
significant quantities of new impurities by transmutation of the pre-existing components of the
system Irradiation of zirconium results in small quantities of niobium and molybdenum being
produced. and wrradiation of Zr-2 5%Nb alloy specimens produces enough molybdenum during the
litetime of a pressure tube for the alloy to become a Zr-2 4%Nb-0 2%Mo alloy It 1s not known at
present whether such end of life effects can have a significant impact on the corroston resistance of
the alloy, but there 1s sufficient concern for investigation of such effects to be in progress
Transmutation of zirconium to molybdenum by the sequence

“Zr(n, y)-"Zrp - Nb B —-""Mo

may reach 0 2%Mo n a Zr base alloy pressure tube after 20 years (~1 3x10° n m *) None of the
possible transmutations of alloyng additions in Zircaloy (“Cr—>"Mn, "Fe—"Co, *N1—-"Co, *Ni—
“'Cu, or ' "Sn—""'Sb) will produce enough product to be of concern

8 4 2 Electrochemical effects

The electrochemistry of zirconium alloys in high temperature water (or dilute solutions) has
not been studied extensively Thus, 1t 1s not known whether, and to what extent, polarisation affects
the corrosion rate, nor do we know anything about the electrochemical surface reactions that
participate 1 the overall oxidation process Since they do not appear to be rate limiting, studies of
these reactions are notable for their absence, although some early room temperature electrochemical
studies have been performed Polarisation experiments in fused nitrate melts in the laboratory at
300°C [29] show little effect of either anodic or cathodic polarisation on the oxidation rate,
confirming the supposition that 1t 1s largely controlled by processes within the pre-transition oxide
laver {Figure 8 23)

With this experience in the absence of irradiation, 1t has been surprising to find that repeated
examples of apparently electrochemical and galvanic effects on corrosion rates in BWR conditions
are appearing as previously described and referenced 1n section 8 2 4

All of these phenomena can be fitted into a single mechanistic framework 1f these effects are
related to local electrochemical (redox potential) or galvanic conditions However, no supporting
evidence or experimentation 1s available at present The various effects that might be involved will be
discussed separately

8 4 2 1 Redox potential of aqueous systems

The redox potential of an aqueous system in a laboratory test 1s determined primarily by the
hydrogen to oxygen ratio derived from over-pressures of these species, 1n the absence of dissolved
variable-valence (or easily reducible) 1ons In a BWR, where these effects seem to appear primarily,
the equivalent redox potential of the water 1s also affected by the radiolytic production of species with
difterent oxidising or reducing properties, and by the partitioning of volatile molecular species nto
the steam phase The net effect 1s that the equivalent redox potential of the reactor water can be
expected to vary along the length of the core from inlet to outlet, and to be different again in the
downcomer and external piping where recombination of radiolytic species can be expected Thus, we
might expect electrochemical effects to show as peaks 1n nodular corroston that follow the calculated
peaks in concentration of some of the prominent radiolytic species

The difficulties of inserting stable electrodes into a system operating in high temperature

water at 300°C, let alone nto the high flux region of a reactor, has meant that few such measurements
have been reported Some measurements in the downcomer and recirculation piping of BWRs do
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show significant variations with location (Table 8 6) and from plant to plant, together with the
expected effect of hvdrogen additions (HWC). However, measurements 1n core show that the
effectiveness of HWC may not extend throughout the core region of the reactor [475.476].

8 4 2 2 Irradiation induced currents

When considering the local potential of the Zircaloy cladding and other adjacent
components we should not 1gnore the induced currents caused by the irradiation fluxes In many wavs
a reactor fuel pin 1s like a large self powered flux detector The UO, 1s the emitter and the cladding 1s
the collector However, to the extent that charged particles (B and primary knock-on particles) pass
through the cladding, or its protective oxide film, from either side they represent an electrical current
that must be factored into the overall polarisation currents experienced by the oxide film. In addition
to this primary flux of charged particles induced by the fast neutron flux flowing outward from the
centre of the fuel rod, there are several sources of secondary current Recoiling protons from the water
provide a significant flux through the thin oxide films (proton energies can be up to ~3 Mev), and,
although the quantity of hydrogen injected as a fraction of the total hydrogen absorbed from the
corrosion reaction 1s negligible, the current represented by this flux cannot be immediatelv dismissed
as neghgible A further source of polarising current 1s the flux of Compton electrons resulting from v-
rav absorption 1n the Zircaloy. the oxide film and the adjacent water Because of the different
densities, and absorption cross sections of the phases. these fluxes will not be equal and there will
probably be a net flux of electrons out of the cladding surface which would be equivalent to an
etfective anodic polarising current
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Tabie 8.6 Electrochemical Potentials (Volts - SHE) of 304 SS n recirculation line as a function of feedwater concentrations for seven BWRs [476]

Hydrogen Concentration (ppm) | Duane Arnold | Fitzpatrick | Nuclenor | Pilgrim | Nine Mile Point 1 | Peach Bottom 3 | Hatch
0.0 +0.07 +0.02 +0.01 +0.10 +0.06 - +0.13
0.5 —0.59 —0.55 —0.44 -0.07 —0.02 - +0.02
1.0 —0.61 -0.57 —0.48 —0.40 —0.19 -0.27 —0.34
1.5 —0.64 —0.59 —0.50 —0.59 ~0.51 -0.37 —0.37
2.0 - - —0.50 - —0.55 -0.43 —0.37
2.5 - - - - - -0.46 —0.37




Although we cannot accurately assess the magnitude, or even the direction, of the overall
polarising current on the basis of present evidence, we can conclude in a qualitative manner that the
current will vary with the local flux spectrum Thus, changes in the balance between B, y and neutron
fluxes, as for instance over a plenum or over Gd/UO, pellets compared with over UO pellets, would
be expected to cause small differences in the surface potential of the oxide at these locations This
offers a possible explanation for the observed differences 1n nodular corrosion coverage and thickness
that occur at the various locations cited above (e g high nodular coverage of plena in high flux
positions compared with the adjacent fuelled region) In order to assess the order of magnitude of
these effects computations are mandatory on detailed components of the radiation induced currents
including the B decay from neutron activated nuclei, the Compton and the photoelectrons induced by
the y fluxes

8 4 2 3 Effect of intermetallics

Although nucleation of nodules at a subset of the intermetallic particles present in the
cladding surface has been postulated, other sites for nodule nitiation have been proposed, and there 1s
no evidence that currently distinguishes these possibilities 1n any unequivocal fashion However, the
absence of nodular corrosion of alloys, such as Zr-2 5%Nb, that are free from Zr,Fe precipitates
(when 1ron mmpunty levels are low), and the appearance of nodular corrosion n alloys where
progressively larger volume fractions of iron/chromium intermetallics were present, strongly
suggested nodule nucleation at intermetallics [276] This 1s only circumstantial evidence, however,
and work to resolve the question 1s 1n progress However the disappearance of the nodular corrosion
observed on 1rradiated matenal (section 6 2 1), as a result of 3-quenching treatments, supports the
influence of microstructure on nodular corrosion If this work should conclude that nodular corrosion
nucleates at intermetallics, we would still need to establish a mechanism by which this might occur
and would require selection rules to predict why only a small fraction of intermetallics nucleate
nodules in conventional stress relief annealed (SRA) tubing, and why no intermetallics are capable of
nucleating nodules in B-quenched tubing

8 5 CORROSION OF Zr-1%Nb CLADDING

In WWER-440 and WWER-1000 fuel rods operate under conditions of ammonia-boron-
potasstum-water chemistry at the maximum outer surface temperature of 320 and 350°C respectively
(see Table 6 7, section 6 4 3)

The maximum life-time of the WWER-440 fuel rods investigated 1s five fuel cycles after an
operating time of 4-5 years [477] Under WWER-440 conditions at the average burn-up of 40
MWd kgU ', the corrosion of the cladding 1s normally accompanied by the formation of a uniform 3-
S um thick oxide film firmly adhering to the base metal (Figure 8 24) The hydrogen content of
claddings 1s within the range 30-60 ppm The cladding retains a high ductility factor, 1 e uniform and
total elongation at 20°C 1s > 4% and >15%, respectively

The in-pile corrosion of Zr-1%Nb cladding 1s significantly affected by oxygen available in
the coolant as well as by conditions of not fully suppressed radiolysis of water in a core In the pilot
research reactor MR, fuel rods tested under conditions of strong alkaline water chemistry (no boric
acid) for 12,000 h at the average fuel bum-up of 45 MWd kgU ' the oxide film thickness measured up
to 400 um [72] With this extensive oxidation in the presence of free oxidation radicals and oxygen 1n
the core no significant hydrogenation of cladding took place (H, < 60 ppm)

After 626 days of operation 1n Novovoronezh-1 NPP (WWER-440) at the maximum fuel
burn-up of 24 MWd kgU ' under conditions of high alkaline water chemistry (pH < 9-10, ammonia,
O =0.015 mg kg ') the oxide film on the cladding reached 10-30 um and increased at the centre of
the core For testing times of the fuel rods prolonged up to 1,400 days, the oxide film thickness
increased to 100 pm [478,479] The oxide film was locally damaged, 1 e 1t showed white oxide areas
under which a higher hydnde concentration was observed (Figure 8 25)

242




eve

100

50
20
g
4
Q
:g 10
E
9
»
© 5
2

i,

Nodular Corrosi@_

®- WWER-440 (NWAES

T,., = 290-310°C, [O]< 5 pg/kg)

o -WWER-1000 (MR
T, = 320-350°C, [O}< 5 pg/kg)

© -WWER-1000 (MIR

H, = 0.005-0.013%

H, = 0.001-0.006%

R

T = 320-350°C, [O]< 20 ug/kg) _

Time, h
FIG. 8.24. Corrosion of Zr-1%Nb cladding:

10°




- . . .
S . . . -
LT - “ ) « .
N - - -
’ - . -
a
Al %A
T ’#.Jfé
S
C Hng
‘ <

FIG. 8. 25. Kinetics of local film oxidation after irradiation during 496 (a), 745 (b) and 1370 (c)
effective full power days.

244



Under the water-chemistry of WWER-1000s at a coolant oxygen content <5 mg-kg™. even
when the maximum fuel burn-up 90 MWd-kgU™' is reached the cladding corrosion of test fuel rods is
accompanied by the formation of a rather thin oxide film and an insignificant hydrogen uptake
(Figure 8.26 and Table 8.7) [477].

Table 8.7. Conditions of experimental fuel rod testing and results of corrosion studies

Parameter Magnitude | Cladding corrosion and hydrogenation
Thickness of oxide film Hydrogen
at the outer surface, pm content, ppm

Coolant pressure, MPa 16.0

Coolant rate, m's™' 5.5

Coolant temperature, °C

inlet 305 3 30-60
outlet 320 (in one case a 15 pm film )

Maximum linear heat

generation rate, W-cm™'

at the start of irradiation 490

at the end of irradiation 200
Fuel burn-up, MWd-kgU"'

average 70.0

maximum 92.9
Time of testing at 40,164
different power levels, h

When the oxygen content of the coolant is increased to 20 mg-kg™' the cladding corrosion
becomes more intensive and, in individual cases, nodular corrosion was observed (Fig 8.26).
However, in the course of those tests cyclic power changes took place which could also influence the

cladding corrosion intensity as a result of cyclic straining and, hence, damage of the oxide film.

In RBMK boiling water reactors (Table 8.8), where the water chemistry gives no control of
the radiolytic gases, the corrosion of Zr-1%Nb cladding is more severe than in WWERs. After 1.048
effective days of operation in the Leningrad-1 NPP (RBMK-1000) the uniform oxide film on the
cladding was 10-30 um thick (Table 8.9). In some areas of the cladding, nodular corrosion was
observed having oxide films at nodule sites up to 140 um (Table 8.10). There was no nodular
corrosion at the fuel-free sites of the plenum [480]. Similar corrosion of Zr-1%Nb cladding was also
observed when testing pilot fuel rods in research reactors. After testing under boiling reactor
conditions the hydrogen content of the cladding reached 0.02% by weight.

Table 8.8. Fuel rod operating conditions in RBMK-1000s (LNPP)

Parameter

Magnitude

Coolant temperature, °C

Inlet, 270; Outlet 284

Coolant pressure, MPa 6.7
Steam content of coolant, % mass 14.5
Maximum heat flux density, kW-m™ 560

Fuel burn-up, MWd-kgU"'

Average, 18.8: Maximum 27.0

Time of testing, effective days

1,048
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Higher oxidation and hydrogenation of Zr-1%Nb claddings 1n boiling RBMK-1000 reactors
does not restrict the service hife-time in operating reactors. However, increased service life and fuel
operation under load following conditions can limit the life-time of Zr-1%Nb cladding because of
corroston In Russia a group of Zr alloys have been developed that under boiling conditions have a
higher corrosion resistance than those of Zr-1%Nb or Zircaloys The most studied of this group 1s a
multicomponent Zr alloy containing 1.0%Nb, 1.2-1 4%Sn and 0.3-0 5% Fe Cladding made of this
alloy has a high resistance to nodular corrosion (Figure 8 27) [286,480].

Table 8.9 Thickness of oxide on fuel cladding in an RBMK-1000 operated for 1,048 EFPD

Thickness of Oxide thickness 11z local areas, pm

Distance from

bottom of FA, cm

uniform oxide, pm

adjacent to

below spacer

spacer grids grids*
500-800 10.0 40 60
1,.500-3,500 300 140 380

*Stainless steel spacer grids.
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9. PRESENT STATUS OF THE MECHANISTIC UNDERSTANDING

The extent of our understanding of behaviour under irradiation 1s still imited by the unknown
factors that influence oxidation and hydrogen absorption 1n the laboratory Before discussing the
irradiation behaviour, therefore, 1t 1s approprnate to summarise the status of the mechanistic
understanding of behaviour 1n the laboratory

9 1 CURRENT UNDERSTANDING OF THE OUT-REACTOR OXIDATION MECHANISM

9 1 1 Mobile species

It 1s generally accepted that oxygen is the most mobile species in the zirconium oxide film
formed on commercial alloys [481], and that at low temperatures diffusion of oxygen along crystallite
boundaries predominates over lattice diffusion [19,20] It 1s usually assumed that O” 1s the diffusing
species, and evidence for the mobility of OH 1s presently lacking The evolution of the oxide
microstructure, described 1n the next section, clearly requires that there be some mobility of the
zirconium 1ons However, no successful measurement of this quantity has been reported [482], and 1t
1s presumed, therefore, to be very low

The mobility of hydrogen 1n the zirconia lattice 1s now, generally, conceded to be very low
[189] Early reports claiming high diffusion coefficients for hydrogen in zircoma films almost
certainly studied migration through major flaws or cracks in the oxide that were induced by the
experimental techniques Recent work using nuclear reaction techniques [170], and implanted
hydrogen, confirm the low diffusion coefficients for hydrogen in zircoma that have been deduced
from hydrogen uptake rates This low diffusivity of hydrogen in zirconia s supported further by the
low jump frequencies shown in nuclear magnetic resonance studies (NMR) of oxide films formed n
steam [483] However, SIMS results show that deuterium does not migrate in the expected way. as a
function of time, 1f the process were diffusion [167], and H and D in the oxide can be exchanged
rapidly without further deepening of the overall profile In addition, some specimens implanted with
deuterium lose a significant fraction on annealing without the peak broadening [484] There is,
therefore, still much to be learned about the migration of hydrogen 1n oxide films, and the state of
implanted hydrogen 1n an oxide should be established before further use of this technique 1s
considered

The nature of any mobile hydrogen species 1n zirconia remains to be established, but proton
hopping between OH groups appears to be the most probable Early arguments for H and other
possible species can probably be discounted because of the basic methodological flaws n this early
work [169.485] Nevertheless, 1f hopping between OH groups i1s the mechanism then the
concentration of such species identified by SIMS [167] appears to be much higher than the
concentration of OH measured from OH frequencies 1n the infra-red spectrum [486], even when
using the most recent (FTIR) Founer transform infra-red techmiques This implies a low OH
concentration in zircoma films in conflict with the high H or D concentrations that have sometimes
been measured 1in such oxides by Secondary-ion mass spectrometry (SIMS) or nuclear reaction
analysis (NRA) techniques [231,487] The failure to continue to diffuse as a function of time suggests
that hydrogen 1s part of some tmmobile complex that can nevertheless be exchanged easily So tfar, no
experiment has demonstrated that the hydrogen measured 1n the oxide 1s capable of diffusing into the
metal, or that 1t 1s other than surface OH groups on the walls of pores or cracks in the oxide If 1t
were merely the latter, however, the stability of trittum (introduced by oxidation in T,O into the ZrO )
against exchange with the atmosphere 1s surprising [189] There 1s still much scope, therefore, to
improve our understanding of the form and mobility of hydrogen tsotopes in zircoma films Not the
least of our areas of 1gnorance 1s whether hydrogen migrates generally through the oxide film, or
locally at oxide crystallite boundaries or at intermetallic sites The absence of intermetallic particles
from CW Zr-2 5%Nb alloy matenal (with a low Fe impunty level) has been argued to be one reason
for the very low hydrogen uptake rates observed during the aqueous corrosion of this alloy [98]
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The mobility of electronic defects (electrons and holes) is also important to the oxidation
process because of the high intrinsic electrical resistivity of zirconia [33,75]. The cathodic current
during oxidation has been shown to flow principally at the sites of the intermetallic particles in the
Zircaloys [488]. Bulk hypostoichiometric zirconia has been shown to be an n-type semiconductor
[489]. However, there is a little evidence that the outer layers of the zirconia may become
hyperstoichiometric in highly oxidising environments [161], resulting in a thin surface layer with p-
type conductivity. Evidence for both electron and hole conduction in zirconia has been found,
especially when layers of iron oxides are present on the surface [33]. A similar situation might be
expected in the oxides formed over the intermetallics in the Zircaloys, which are very different from
the bulk oxide film because of the high concentrations of Fe, Cr and Ni present in the intermetallics.

Since the oxide over the intermetallics is the primary conduction path for the cathodic
component of the oxidation current, and since the proton discharge reaction on the surface of this
oxide provides the primary source for hydrogen that ultimately finds its way into the metal. the
conditions within, and at the interfaces of, these oxides on intermetallics are clearly of great
importance (Figure 9.1). At present, however, we have virtually no knowledge of the precise nature
of these oxides, although this area is slowly being explored (Figure 9.2) [76,491]. Oxide films on
intermetallics typically show more, and larger pores in electron microscope replica studies than the
oxide on the alloy matrix (Figure 9.3), only at prior metal grain boundaries are similar large pores
typically seen [63]. The characteristic contrast of a pore seen by replica electron microscopy is
evident in this figure, and the basis for its development is illustrated in Figure 9.4.

9. 1. 2. Evolution of oxide morphology

Zirconium specimens initially carry a thin air-formed oxide film that is usually 2-5 nm thick
[492,493]. The thickness obtained depends on the technique used to measure it. Electron microscopy
of these air formed films initially suggested that a large fraction of this film was amorphous.
However, opinion now generally [494] supports the idea that it is microcrystalline with crystallites
near the resolution limit of the transmission electron microscope (i.e. about 2-3 nm diameter for the
diffraction conditions in such a film). Early reports of essentially amorphous films and completely
ring-type diffraction patterns were probably the result of the surface preparation techniques that were
used [495].

When thermally activated oxide growth ensues, the new oxide is formed below the air-formed
film by inward migration of oxygen. In the thickness range 10-100 nm the oxide appears to be almost
fully crystalline when formed thermally in oxygen or steam and the average crystallite size increases
with increasing oxide thickness [53]. Although the oxide crystallites are not equiaxed during this
period, there is probably only a single layer of crystallites present. The question of whether this film
forms by the preferential growth of some orientations of crystallite from the air formed film or
whether a new layer of crystallites nucleates under the air formed film has not been completely
resolved. However, the evidence favours the latter as signs of the persistence of an unmodified air
formed film on top of the main oxide have been found [496].

Above about 100 nm additional layers of oxide crystallites grow as evidence of Moiré fringes
becomes more common when the oxides are viewed in transmission in the TEM (Figure 9.5). With
turther thickening successive layers of crystallites develop even in the pre-transition oxidation period
tor unalloyed zirconium. However, in water and steam at 350-400°C on the Zircaloys there is a strong
tendency for preferential growth of some orientations to give a generally columnar crystallite
morphology [497]. Deliberate fracturing of these pre-transition films (at about the transition point)
can reveal a number of these layers of oxide crystallites (Figure 9.6) [496], although it is not thought
that lateral cracks were present between these layers prior to the fracturing of the film [65]. With the
successive layers of crystallites formed in these films the mean crystallite size. and the degree of
crystallinity appear to increase, and this may result in some highly crystallographic features within
the oxide [496]. These features do not necessarily represent individual large crystallites (see later).
Also present in these specimens were highly crystallographic pores that have been shown to be voids
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FIG 9 6 Muluple lavers in a post-transition oxide on zircomum revealed by fracturing the oxide
[496]

by comparing the fractography of both sides of a fractured layer of oxide (Figure 9.7) Such
observations clearly have relevance to the onset of breakdown in oxide films, since these
crystallographic voids appear to have been present before any surface signs of breakdown were
apparent

During the early stages of growth (up to about 200 nm) the oxide remains parallel sided and
uniform over any metal grain, as shown by the umiform interference colours on any grain n
recrystallised matenal. In stress-relieved material the local residual stresses lead to variations in
interference colour over individual grams The oxide thickness on grains of different orientation
differs at any time for thermal oxides, although 1t does not usually for anodically formed oxides The
smoothness of the interfaces and the uniformity of thickness indicates that the electric field is
important i this penod of oxidation At ~200 nm a motthng of the interference colours spreads
across individual grains and eventually the whole surface It usually starts at a gramn boundary and 1s
caused by the development of roughness at the oxide-metal interface (Figure 9 8) [50]. In mottled
areas the film soon becomes grey and then black and the interference colours disappear at a much
lower thickness than for anodic oxides which remain much more transparent. This effect 1s thought to
indicate the development of the vacancy concentration gradient in the oxide, as 1t 1s the vacancies
acting as colour centres that render the oxide opaque in visible light. The thinnest oxides on slow
growing grains m unalloyed zircontum can remain transparent and uniform 1n interrerence colour
even when most of the surface has become black [91]. A small inflection 1n the oxidation kinetics
marks this change in oxide appearance and indicates the change from an electric field controlled
growth process to vacancy diffusion control [59] Beyond this pomnt the cusping of the oxide/metal
interface becomes more pronounced as the oxide thickens and may be related to the interfacial oxide
crvstallite size. although this has not been confirmed [50]
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FIG. 9. 7. Highly crysialline porous structure in the inner lavers of a posi-transition oxide on
zirconium. Revealed bv fracturing off the overlving lavers [496].

FIG. 9. 8 Inner interface of a thin oxide film (~150 nm) showing roughness spreading across the
prior metal grain. The straight ridges of thick oxide are along twins and the curved ones are along

grain boundaries. Mean oxide thickness ~0.4 pm [50].
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With increasing oxide thickness beyond about 2 um we are usually in the realm of the post-
transition oxide, except during the high temperature oxidation of unalloyed zirconium in oxygen
However, whether or not the thick films are porous, both on zirconium and its alloys a strong texture
develops in the oxide by the preferential growth of some oxide onentations [24,25]. This texture is a
fibre texture (1 e the preferred orientations are always perpendicular to the free surface (Figure 9 9)
urespective of the metal grain onentation) and commonly in unalloyed zirconium (and sometimes 1n
the Zircaloys) leads to the formation of large columnar features in the oxide [23,497,498] These
columnar features appear to be single crystal, based on the similanty in size between the columnar
features seen 1n the replicas of oxides formed on Zr at 650°C and those seen in transmission 1n oxide
secttons (Figure 9.10) from oxides formed on Zircaloy at 600°C. The large columnar crystallites can
be typically >10 pm longx0 2 um diameter when formed at high temperatures such as 600°C, but are
much smaller when seen 1n oxides formed 1n water at 300-360°C Thus, the dimensions of these
columns are a function of the oxidation temperature, for zirconium, increasing in size with
temperature For the Zircaloys they are evident but small at reactor temperatures, are not always seen
at 600°C (compare References [23,78,96,498]), but become very evident (Figure 9 11) during
oxidation at high temperatures (e.g above the o/ transition temperature) that are relevant to LOCA
conditions [499] At these temperatures all the intermetallic particles are in solution, which suggests
that one factor limiting the formation of columnar oxides on the Zircaloys at lower temperatures may
be a mod:fication in the local oxide morphology resulting from the presence of the intermetallic
particles That the presence of iron from the intermetallics does influence the stability of t-ZrO
adjacent to them has been shown recently [43,57].

The onientations of crystallites that preferentially form the fibre texture, seem to be those that
ate best adapted to minimise the compressive stresses in the plane of the specimen surface [24,25]
From this 1t 1s deduced that the dniving force for the development of this fibre texture s the
compressive stress that has already been generated during the growth of thin films {57,78,500,501]

9 1 3 The development and nature of oxide porosity

At the transition m the oxidation kinetics, for the Zircaloys the oxide film becomes
demonstrably porous After this transition it 1s possible to observe the capillary nise of aqueous
electrolytes into the previously impervious oxide [57,502-504] and to force mercury into the same
features under pressure [85]. Electron microscopy reveals a variety of features on the oxide surface
that can be correlated with the other forms of measurements The porosity nucleates at a hmited
number of sites and spreads laterally over the surface For Zr-2.5%Nb alloy specimens that follow a
paralinear oxidation curve (without a distinct increase 1n oxidation rate [98] corresponding to a

transition point) 1t 1s sumilarly possible to 1dentify the presence of porosity from an early stage in the
oxidation

The above techniques identify two primary types of defect that appear in the oxide film
Firstly, cracks which have a high aspect ratio and show up clearly 1n electron microscope replicas,
and secondly, pores having a nearly equiaxed cross section and a range of effective diameters that
show up most clearly in the mercury porosimeter traces, but, except for the larger pores, are difficult
to image clearlv n electron microscope replicas Early evidence suggested that both types were
usually present, but that the relative proportions of each were dependent upon the oxidation
conditions Thus, in water or steam at < 400°C, where the post-transition kinetic curves are highly
cvclic 1n nature, early replica studies showed that cracks were very common. and porosimetry showed
that small pores were also present in considerable numbers. Recent studies [84] on belt ground
surtaces have shown that, although cyclic oxidation was observed, few cracks were observed at the
outer oxide surface Internal cracking that does not penetrate the oxide surface could explain the
cychc oxidation In steam at high temperature and low pressure, where the kinetic transition 1s
smooth, with no abrupt discontinuities, cracks i the oxide are few and small, whereas the
porosimeter showed a wide spectrum of pore sizes [63.85] It has been concluded, therefore, that the
discontinuous cyclic post-transition curves result from repeated episodes of extensive oxide cracking
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FIG. 9. 9. Columnar oxide structure in thick oxide formed on zirconium in air at 650°C. Revealed by
Jracturing the oxide [23].

that short-circuit the more regularly developed pore structure of the post-transition oxide films but
without necessarily penetrating the oxide surface. At low pressures of oxidant the pore structure
develops, but without the succession of cracking episodes. There 1s no unequivocal evidence for
reformation of a thick barrier oxide iayer once the pore structure has developed in post-transition
oxide films on Zircaloys The barmer layer on Zr-2 5%Nb alloy surfaces appears to be significantly
thicker than on the Zircaloys [98]

It 1s noteworthy that the low pressure studies often result from continuous oxidation
measurements using microbalances, whereas the discontinuous curves typically arise n autoclave
testing which 1s by nature discontinuous and involves repeated thermal cycling This has led to the
proposition that the episodes of cracking may arise from thermal stresses induced during autoclave
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shutdowns and start-ups. [f this were the case then the shapes of the kinetic curves that are measured
would, to some extent be artefacts of the oxidation techniques used. A recent experiment monitoring
oxide growth continuously by impedance techniques has shown that cyclic oxidation occurs in the
absence of thermal cycles [67].

The information obtained from porosimetry and electron microscopy does not permit us to
establish the extent of interconnection of the pores that are formed. Some BET surface area
measurements have permitted estimates of the extent of porosity [78.494,495] and give values 1-3%
pore volume for thick oxides. However, the discrepancy between metallographic oxide thickness and
that calculated from the weight gain can be >5% for thick oxides formed in 360°C water or 400°C
steam. Mercury porosimetry can also measure pore volumes, but the maximum pressure of
commercial porosimeters of this type is insufficient to fill the smallest pores believed to be present in
zirconia films. Only by using a porosimeter that measures oxide impedance as a function of pressure
can the closeness of approach of the pores to the oxide-metal interface be established [85]. Oxide
impedance measurements using the capillary rise of an electrolyte, even if done in vacuo, cannot give
this information because of the interfering effects of the double-layer impedances of the pore walls,
and associated alternative conduction paths (Figure 9.12). In addition the use of the whole specimen
area, rather than the area of the pores, to interpret the data can lead to gross overestimates of barrier
oxide thicknesses. A resolution of this question is vital to an acceptance of the nature of the “barrier
layer” at the oxide metal interface. The simplest definition of this barrier layer would be “that layer of
impervious oxide remaining at the oxide-metal interface when the closest approach and the spacing of
the crack/pore network to this interface are considered”. During pressure change experiments in both
oxygen [90] and steam [91] it is evident that some pores penetrate right to the oxide/metal interface,
at least momentarily. Such a layer is unlikely to be uniform in thickness, but could be described
either by an average thickness or by a minimum thickness. It is a dynamic phenomenon. By virtue of
the inward migration of oxygen that determines the oxide growth rate, today’s barrier layer is part of
tomorrow’s porous outer oxide.
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FIG. 9. 12. Equivalent electrical circuit for an oxide with a dense and porous sublayer used in
analysis of impedance data [7§].
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Our lack of understanding of the processes creating the pores and cracks in the oxide film 1s
reflected 1n the number of conflicting hypotheses that are still unresolved These hypotheses can be
grouped 1nto three classes according to whether the cracks and pores are thought to originate from the
outside, from within, or from the inside of the oxide film

Initiation at the outside of the oxide 1s considered because the compressive stress within the oxide 1s
a maximum at the oxide/metal interface and decreases as one moves out through the oxide, possibly
becoming tensile at the outer oxide surface, especially during cooling from the oxidation temperature
This has led to two of the hypotheses below

1 Rapid crack growth initiating at the outer surface as a result of tensile stresses at this location,
accentuated by thermal stresses during cooling, especially on curved surfaces such as fuel
cladding [89]

2 Slow development of small cracks at oxide triple points, once there 1s a tensile stress there,
which propagate inwards as the stresses 1n the oxide readjust to the presence of surface cracks
[502]

3 Localised dissolution and reprecipitation of ZrO, starting at the surface (as in thick anodic
alumina films) may initiate (or enlarge pre-existing) pores [128] This has been shown to be the
operating mechanism 1n L10H solutions [73,110,505] and probably 1s also operating in-reactor
where primary knock-on spikes in the oxide may provide additional sites for dissolution
[117,118,128]

Initiation within the oxide may be demonstrated by the observation of the crystallographic voids
already mentioned There are at least two mechamisms by which this could occur

4 Preferential growth of some crystallite orientations leads to the formation of crystallographic
voids in the inner layers of the oxide which become interlinked and propagate to the surface
[496]

5 The observation that the restricted set of monoclinic ZrO, orientations present in oxide films is
that which would be expected if the crystallites formed first as cubic or tetragonal ZrO leads to
a mechanism by which cubic/tetragonal ZrO, 1s stabihised by the hagh compressive growth
stresses and transforms to monoclinic, initiating small cracks that interlink, once the crystallites
have moved far enough from the oxide-metal interface that the compressive stress 1s no longer
high enough to stabilise the high symmetry phase [57.87]

Initiation from below the oxide has been observed in high temperature oxidation where a deep,
brittle oxygen diffusion zone 1s formed [506] Thermal stresses may then initiate cracks in this layer
that will run outwards through the oxide to the specimen surface This would be hypothesis 6

At present there 1s insufficient evidence to distinguish among these hypotheses Effects of
discontinuous weighing techniques and thermal cycles on the kinetics would argue for hypothesis | at
least as the mechanism for forming the high aspect ratio cracks in the oxide The observation of
crystallographic voids 1n oxides on unalloyed zircontum may argue for hypothesis 4 as the
mechanism for forming an interconnected pore network The dissolution and reprecipitation
hypothesis 1s well established in concentrated L1OH, but needs more study for application to low
concentrations of LiOH and in-reactor water. Nevertheless, more work needs to be done before an
understanding of oxide breakdown can be achieved As a first step the detection (or otherwise) ot
porosity, within the pre-transition oxide films, that was not connected to the surface, would help to
eliminate some of the possibilities

9 1 4 Oxide barrier layers
Post-transition oxtdation rates on zirconium alloys are often similar to the pre-transition rate

at an oxide thickness of about 1 pm, leading to the impression that a post-transition barrier layer of
about thus thickness 1s present [91,100,507] This argument has been justified by pointing to
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impedance measurements on the post-transition oxide (by the capillary-rise technique) that seem to
confirm this thickness. However, the impedance measurements need correction for the cross-sectional
area of the pores and for the double layer impedance, at the surfaces of the pores, that is in series with
the barrier layer impedance and this cannot easily be achieved. In addition the argument that matches
post-transition rates with a selected tangent to the pre-transition curve is flawed because the fractional
area of the surface accessible to the oxidant at the bottoms of the pores in the post-transition oxides is
very much less than the area through which oxygen transport occurs during pre-transition oxidation.
Thus, the effective barrier layer thickness must always be much less than is indicated by merely
matching the slopes of the pre- and post-transition kinetic curves. We need to know how much
thinner than this the barrier layer is.

Measurements with a mercury porosimeter, designed to resolve this question by measuring
the impedance of the oxide during impregnation with mercury, confirmed that the minimum
thicknesses of barrier layers present in post-transition oxides on the Zircaloys are in fact much thinner
than the above comparison indicates [85]. The conclusion reached from these measurements was that
the residual impervious oxide layer at the bottom of the pore appeared to be no thicker than the air
formed oxide on a fresh surface {502]. The fact that the post-transition oxidation rate of the specimen
was so much less than the initial oxidation rate of a freshly pickled specimen arises then from the
small cross-sectional area of pores that approach this close to the oxide metal interface. It is of course
impossible to measure the fractional area of the pores by determining the initial oxidation rate and
comparing this with the post-transition rate, since the initial rate could only be determined by
extrapolation of short term kinetics to the origin, and theoretical fits to such kinetics will extrapolate
to infinite rate at zero time. It is possible to bring specimens up to temperature and measure an initial
rate very quickly in a microbalance. Measurements of the initial oxidation rates (as performed above)
(Figure 9.13), when compared with post-transition rates under the same conditions (Table 9.1) permit
an estimate of the fractional area of the pores. If the minimum barrier layer thickness at the bottom of
a pore is the same as the initial air-formed oxide thickness then at their points of nearest approach to
the oxide/metal interface (at the lowest temperatures represented in Table 9.1) the pores represent
about 2-3% of the interfacial area [158]. This is comparable to what would be expected from the 1-
3% porosity that seems to be present in thick post-transition oxide films [78], and suggests that most
of the pores approach the oxide-metal interface closely. The apparent increase in pore volume with
increasing temperature seen in the data in Table 9.1 is thought to be more probably a result of
increasing errors in measuring initial oxidation rates, as the temperature increases, than of a real
increase in porosity. Other data [320,498] tend to indicate a lower porosity for specimens oxidised at
high temperatures.

Table 9.1. Initial and post-transition oxidation rates for Zircaloy-2 (batch Z8006) [158]

Temperature, °C Initial rate Post-transition rate Ratio
(from microbalance curve) (in | atm steam)
\\\\\\\\\\\\\\\\\ megdmday'  omgdmiday'
450 3.03x10’ 8.01 2.7x10°
500 1.27x10° 32.2 2.5x10°
550 2.10x10° 115 5.5%10°
600 4.68x10" 360 7.7x10 "

The barrier layer, however, must be a residual entity of very variable thickness, and the local
situation must change continually as fresh oxide forms, pores continue to grow, and occasional cracks
or pores propagate right up to the interface. That a small number of cracks in the oxide do initially
penetrate right to the interface (although their tips must immediately repassivate by the formation of
fresh oxide) was shown at an early date by the pressure change experiments already mentioned
[90,91] and by Pemsler [508], who replaced the oxidant at the end of his experiments with HCI gas
(to remove zirconium as a volatile halide), and hence decorated the bottoms of any cracks which, at
that moment, penetrated to the oxide-metal interface. His experiments showed that, at any point in
time, only a few such cracks were present, thus confirming the dynamic nature of the situation near
the oxide-metal interface. This also supports the concept that the oxide barrier-layer can only be a
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FIG 9 13 Imtal Zircaloy-2 oxidation rates in oxygen and water vapour [158]

time averaged phenomenon with some bare metal possibly present at any instant in time Any
subsequent measurement of the barrier layer thickness at room temperature gives a minimum value
equal to the air-formed oxide thickness (since any such bare spots would have repassivated before a
measurement could be made).

Measurements of the average barner layer oxide thicknesses on the Zircaloys and Zr-2 5%Nb
alloy confirm that the latter shows a much thicker mean compact layer thickness than the former [98].
This may be understandable since the Zr-Nb alloy tends to obey para-linear kinetics (1.e. a rate law
that changes continuously from parabolic or cubic to hnear without any distinct increase n rate that
would indicate a transition in the oxidation mechanism) which would suggest that the porosity starts
to develop at the outside of these oxides. and at an early stage of oxide growth This difference mav
also mean that during the oxidation of Zr-Nb specimens there 1s no point in time when cracks or
pores approach close (<10 nm) to the oxide/metal interface. This effect, coupled with the low
ditfusivity of hydrogen n zirconia could be the primary reason for the very low hydrogen uptake
rates shown by Zr-Nb specimens.

Attempts to observe the situation at the oxide-metal interface bv the examunation in the TEM
of slices of oxide taken through the interface have had limited success (78,96] Thev suggest that
even n thick films the oxide becomes crystalline close to the interface, but so far have failed to
establish the distance of closest approach of pores to the interface. SEM studies that show evidence
for pores emerging at the mside surface of films stripped from Zircaloy-2 specimens [84,98], confirm
the closeness of approach of the pores to the interface, but cannot give an unequivocal measure of
this, since 1t 1s known that a very small amount of oxide dissolves in the mixed nitric-hydrofluoric
acids used to remove these oxide films [509). Nevertheless, such observations tend to support the
above argument that some pores approach very close to the oxide-metal interface at least momentarily
during post-transition corrosion.
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Oxide films formed on Zr-2 5%Nb alloy specimens show more complicated structures as a
result of the two-phase nature of the matrix In general the oxide films are similarly microcrystalline
to those on the Zircaloys, show columnar growth, and develop porosity Detailed studies of these
oxides have been reported [81-83,167,510], however, little or no electron microscopy has been
reported on oxide films on Zr-1%Nb alloy cladding

9 1 5 Effect of some variables on the oxide structure

Oxide films on zirconmum alloys are typically relatively parallel sided (apart from the
roughness that develops at the oxide/metal nterface), and oxidation rates are generally similar in
oxygen, air, water, steam, CO_and oxygen containing sodium at the same temperature [481] Thus,
the oxidation has been regarded as being controlled entirely by solid-state processes within the oxide
film except in LIOH Nevertheless, there are some situations where significant differences from this
situation occur We will consider here the more severe of these effects, namely nodular corrosion 1n
high temperature, high pressure steam and trradiation corrosion The case of accelerated corrosion in
concentrated L1OH has already been discussed In each instance only observations of the oxide
morphology will be discussed

9 1 5 1 Nodular corrosion in high temperature steam

Above ~450°C 1n high-pressure steam the oxide films on the Zircaloys cease to be
approximately parallel sided and develop roughly circular nodules of thick oxide with a lenticular
cross-section [129] These nodules continue to grow 1n diameter and thickness until they coalesce At
an early stage of their growth they can be seen to be heavily cracked, with the cracks often concentric
with the nodule [141] The nature of this cracking can be explained largely by the geometry of the
nodule and the stresses generated by its growth

The process that triggers nodule nucleation is still argued [132], the effects of this on the
oxide morphology are not well characterised but it appears that nodular oxide tends to comprise
equiaxed rather than columnar sub-structures [78] Attempts to look at sections of these nodules [78],
or electron or X-ray diffraction through them [137], have not produced consistent results The
question of whether the oxide 1s more, or less, amorphous than the uniform oxide 1s unresolved, as 1n
reactor water the additional possibility of a dissolution and reprecipitation of ZrO, must be considered
[117,118,128] Such a process could lead to the precipitation of hydrous zirconia 1n a rapidly growing
porous oxide, such as the nodules, and this might appear as amorphous zirconia when sections
through nodular ox1des, or X-ray or electron diffraction analyses of them were made

9 1 5 2 Accelerated corrosion in-reactor

Examinations of mrradiated oxide films have been limited Spitznagel et al [511] could find
no differences between oxide films bombarded with protons and unirradiated oxide films X-ray
evidence shows no signs of the formation of irradiation induced cubic ZrO [26] Garzarolli et al
[320] examined oxide films from irradiated fuel cladding in the scanning electron microscope
Although there was considerable varnability in both the morphology of the oxide/metal interface and
tractures of these oxides, no clear distinction between irradiated and unirradiated oxides was evident
A similar conclusion was reached by Cox [98] based on SEM examinations of the oxide/metal
interface of wrradiated and unirradiated oxides Garzarolli's conclusions [320] that oxide films that had
shown large n-reactor enhancements of corrosion rate were more crystalline in the oxide/metal
interface region than comparable thickness untrradiated oxides (the latter often showed an apparently
diffuse layer near to the oxide/metal interface) were based on judgements of the morphology seen 1n
the SEM studies Since this appearance at the edges of oxide samples can be affected 1n a major way
by the imaging conditions, and 1n particular by local surface charging, these conclustons should be
treated with caution Recently Lemaignan has reported some TEM images of the oxide from fuel
cladding irradiated 1n a PWR [80] The oxide crystallites 1n the outer oxide were larger than those
tound 1n oxides of similar thickness grown in the laboratory, whereas close to the metalroxide
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interface the reverse was the case This may indicate hydrothermal growth of larger crystallites bv a
dissolution and reprecipitation mechanism Continuation of this work, on degraded oxide produced
during rapidly accelerating corroston, 1n the subsequent exposure cycle in BR-3 has confirmed such a
deduction Furthermore, 1t has shown that most of the oxide, formed during this rapidly accelerating
oxidation, was 1n the form of layers of very porous, possibly hydrated, large equiaxed crystallites
interspersed with layers of more normal appearing columnar oxide Thus, 1t appears that the
degradation processes seen here (which were ascribed to L1IOH concentration) may take a repetitive
cychc form of oxide degradation followed by regrowth of a more normal oxide layer [113] Further
studies of wrradiated oxide films are needed to establish confidence in the above hypothesis

The task of studying the oxide-metal interface in the transmission electron microscope 1s
difficult and thankless Even on unirradiated specimens the results are very difficult to interpret [498],
and hmited evidence on irradiated specimens 1s only now becoming available Nevertheless, evidence
of this nature 1s vital to any understanding of the effects of irradiation on corrosion, and despite its
technical difficulty investigators should be encouraged to tackle this problem It will be important
that both bright and dark field studies be undertaken and the epitaxial relationships as well as the
crystalhinity of the oxide at the interface be examimned Further charactenisation of thick degraded
oxtdes formed in-reactor ts also needed

9 2 EMPIRICAL CORRELATIONS OF EFFECTS OF IRRADIATION

Early 1n the study of the corrosion of zircontum alloys 1n aqueous reactor systems an example
of grossly enhanced corrosion was observed during the development of the Homogenous Aqueous
Reactor [512] The primary cause of this rapid corrosion was the high energy deposition rate from the
fissioning of the aqueous uranyl sulphate solution The micromechanism by which this enhancement
took place was not satisfactorly established, and the question of whether 1t resulted from enhanced
solid state transport processes within the zirconium oxide, or enhanced dissolution and reprecipitation
ot that oxide, appeared to favour the former as clear evidence for the latter was not found at that time
[513]

At much the same time evidence in PWRs suggested little or no enhancement of corrosion for
the relatively short exposure times for which data were available [S14], whereas early results in
BWRs did show a significant increase in the corrosion rate [S15] primanly in the form of nodular
corrosion In the latter instance, it was suggested that the poor metallurgical condition of the Zircaloy
was an important factor, and subsequent improvements in behaviour have resulted largely from
improvements 1n the physical metallurgy of the alloy These have revolved around the production of
material with a very small uniformly distributed second-phase precipitate population [132,133]
Mechanistic arguments supporting these fabrication changes have been based on observations made
in ~500°C high pressure steam, and have been largely corroborated by the improved behaviour
observed 1n BWRs [132,133] However, whether the particle size 1s the cnitical factor, or 1s merelv
another useful correlation that aids 1n optimising cladding, may be cast into doubt by a recent
experiment by Isobe et al [148] in which a single “very large” intermetallic (welded on the end of a
specimen) protected the whole specimen against poor corrosion n 360°C water This experiment
needs confirming under more controlled conditions where the electrochemical currents are measured
and controlled

In-reactor experimentation, designed to provide accurate measurements of the solid state
effects of wrradiation on the corrosion process were mainly carried out in CO_[516], steam [517] or
fog [518] rather than 1n aqueous systems and confirmed that increases in the oxidation rates ot
zirconmum alloys, although small, did occur during the growth of barrier-type (pre-transition) oxide
films (Figure 9 14) Despite some argument as to whether the surface temperature of the specimens
was known and well controlled in the experiments 1n gas atmospheres, the similanity in the sizes of
the effects seen 1n fog (where there were no specimen cooling problems), CO, and dry steam suggests
that these results are reliable However, the actual increases 1n rate under trradiation (as estabhished by
weight gain measurements) were small, and no evidence for very large effects was found n such
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experiments Large effects seemed to be restricted to specific water chemistry conditions 1n aqueous
systems Estimates of oxidation rates in aqueous systems are often made from metallographic
measurements of oxide thickness (a technique that 1s not very accurate for thin oxides), and such
measurements in PWR water chemistry showed little or no effect in the pre-transition period, with a
significant increase 1n in-reactor corrosion rate after transition (Figure 9.15) [519]

Comparisons of oxide thicknesses (measured after in-reactor exposure by eddy-current
techniques) with those calculated from models of the corrosion process often lead to ““acceleration
factors” 1n the range 2 to 4. However, there is no justification for relating these factors to an
irradiation effect, since they are basically “ignorance factors” that reflect missing components n the
models One of these components might be an wrradiation effect, but has not been proved to be such
Where measurements have been made after short exposures in aqueous systems by weight gain the
results have often given lower values for oxide thicknesses below about 5 um than expected (Figure
9 16) from the out-reactor corrosion curve [124,128,520], or from the visual appearance of the oxide
An example of the results from such a test 1s given in Table 9 2. Because the weights of the irradiated
specimens were obtained on a different balance from that on which the itial weighing was done
[520] there has been a strong temptation to dismiss these low weight gains as experimental error, and
to concentrate on cases of clearly observed increased corrosion Perhaps we have missed important
clues to the matenal behaviour by so doing, since loss of ZrO_1n this thin film region 1s difficult to
explain except by a dissolution process Apparently normal pre-transition oxide thicknesses obtained
by metallography (Figure 9.15) would be expected to be associated with lower than expected weight
gains 1f dissolution and reprecipitation of the oxide were occurring in-reactor, since not all the
reprecipitation might occur on the specimen surfaces in a flowing system Further results, where both
welght gains and oxide thicknesses (measured by an independent technique) were available, are
necessary to resolve this situation.

9 2 1 Development of irradiation corrosion mechanisms

9 2 1 1 PWR/PHWR corrosion

The observations [121,280] of accelerating corrosion rates with increasing oxide thickness
above ~10 um on both PHWR (Figure 9.17) pressure tubes (with no heat flux), and on PWR cladding
(Figure 9.18), drew attention to Johnson’s [449] earlier observations that changing the water
chemistry from oxygenated to hydrogenated conditions produced no reduction in the corrosion rate of
Zircaloy specimens already carrying oxide films thicker than a critical value. This “thick-film™
hypothesis postulates that oxidation rates in-reactor increase above the critical thickness and continue
to increase with increasing oxide thickness in PWR chemistry conditions because the chemistry
inside the porous post-transition oxide progressively deviates from that in the bulk water as the oxide
thickens. Chemistry conditions inside thick oxides are, thus, assumed to become more like a BWR
chemistry

While this hypothesis does not address the critical question of precisely what aspect of the
BWR chemistry induces accelerated corrosion, and how this acceleration 1s achieved, 1t does
qualitatively explain many of the observations of enhanced corrosion in PWR-type water chemistry
In particular 1t explains the similanity in the oxidation behaviour of Zircaloy-2 pressure tubes in both
N-reactor [521] and Pickering [121] despite the difference in water chemustry. The N-reactor used
NH,OH for pH control while Pickering uses LIOH However, the “thick-film” hypothests depends
upon an inability to replenish hydrogen within the porous oxide structure to permit the postulated
change m water chemistry within the pores, and this 1s its fatal flaw Firstly, 1n an mtially
hydrogenated aqueous system, hydrogen 1s not used up in suppressing water radiolysis, so that
restricted diffusion down narrow pores 1s not an important factor. Secondly, after the development of
porous post-transitton films on the Zircaloys both the anodic and cathodic components of the
oxidation process should be occurring at the outside of any residual barrier oxide layer and at the
bottom of the pore network Thus, provided that less than 100% of the hydrogen released by the
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Table 9.2. Low weight gains observed in short in-reactor loop tests
(second materials test bundle — U2500 phase II)

Material:
Specimen Size:

Conditions:

(See column headings)
30 x 15 x 1 mm

pH 10 L1OH + Hp,
~260°C

Specimen Preparation:

Time:

Neutron Flux (D1 MeV):

Plckled

25 days

1.9 x 1013 nev

Zircaloy-2 (Ac) | Ni-free Zircaloy-2 (M) | Zr-2.5% Nb (T) 2r-2.5% Nb 2r-2.5% Nb-0.2%
~0.5% Cu (Am) Fe-0,1% cr (A)
& & o oH & 2&H o 2H & &H
(mg/dn°) (mg/am?) (mg/dm®)  (mg/dm®) (mg/dn?) (mg/an?) | (mg/dn?) (mg/dn?)| (mg/dm?) (mg/dn?)
In-flux -9 1.367 4 o0 0.343 (2.377)] (-22) 0,606 2 1.696 o] 0,946
specimens
2 0.96¢ { 6 2 1.022 0,245 6 0.797 -9 (4.420) 2 (3.778)
-5 0.757 -4 8 (3.475) 0.678 2 1,863 0 1.545 125) 0.718
9 0.511 {(22) 4 0.453 (4.853) ] (14.0) 8 1.644 4 0.629
4 0.873 | 2 2 (2.840) 0.790 G 0.558 1 (9.670) 2 0.496
4 1.276 0O 4 0,48 0.671 0 0.314 0 1.923 2 0.875
(-30) 0.606 | 6 3 0.415 0.279 2 0.757 9 1,756 -4 (3.076)
2 (3.671) (16) 2 0.645 0,698 4 0.575 7 1.878 y (77.0)
Means 0.85 0,918 2.8 0.561 2.6 0.808 3.5 1.74 1.4 0.733
Appear- Shiny black oxide Shiny black oxide Dark oxide show~ | Black oxide Black oxide
ance ing pink inter-
ference colours
Est. from ~15 mg/dm? - o mg/’dm2 6-8 mg/'dm2 310 mg/dm? 10 mg/'dm2
£41lm thick- non-uniform non-uniform
ness
Lab. Auto-] 9-11 mg/dm2 9-11 mg/dm< 10-11 mg/dm? { 8-10 mg/dm? 15-17 wg/dm?
clave

Figures in brackets have been omitted in calculating means
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convective heat transfer, converted to an effective ime scale [280]

cathodic part of the oxidation process 1s absorbed by the metal, enough hydrogen would be released
into the pore network to provide a completely hydrogen environment if diffusion into the pores was
not tast [522]

Many of the observations of the above effects have, however, been performed in LIOH water
chemistry without boric acid In the presence of L1IOH, since the corrosion reaction removes the water
from the solution 1n the pores, a progressively concentrating LiIOH solution will be present, again
depending upon the extent of interdiffusion between the bulk water and that m the pores Since
hvdrogen pickup fractions for Zircaloy-4 are usually less than ~20%, and seldom exceed 50-60% for
Zircalov-2 under trradiation, it should be impossible to deplete the hydrogen 1n solution in the water
tn the porous oxide [522] Under heat flux conditions an even larger concentration effect of the LiOH
will anse as soon as the saturation temperature 1s exceeded in the oxide film because of the elevation
of the boiling point of concentrated L1OH solutions Calculations of this elevation of the boiling point
show that a temperature rise across the oxide of only about 3 to 4°C above saturation 1s suffictent to
give an equilibrum concentration of 10 molal LiOH at the bottoms of pores, again on the
assumption of no rapid mixing ot this solution with the bulk water The presence of boric acid will
protect against these effects of LIOH, except at the end of a fuel cycle Thus, at present, 1t 1s ditficult
to say how much, if any, of the observed effects in-reactor can be firmly ascribed to irradiation etfects
and not to chemical effects

Throughout this argument 1t has been assumed, based on the results of Cortou [101], that no
similar effects will be seen in NH,OH Doubts have recently been engendered about the absence of
ettects in NH,OH by some observations of Garzarolli [523] seen only 1n nickel (and not in stainless
steel or Zircaloy) autoclaves Large increases in corrosion rate were seen (Figure 9 19) in 20%
NH,OH under these conditions If the effect of N1 arose from deposition of nickel on the ZrO surface
trom solution then a similar effect might be seen in-reactor

A simple calculation [522], for a 10 um oxide film containing 10% porositv by volume (verv
much higher than measurements indicating ~1% porosity [78,320]), for conditions where the
oxidation rate is 0 1 um/day, and 50% of the corrosion hydrogen 1s absorbed by the metal shows that
enough hvdrogen to fill the pores with 100 atm hydrogen gas 1s released every 10 hours and that the
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autoclaves {523).

water content of the pores 1s converted to new zirconium oxide and hydrogen approximately every 3
days. Thus, the precise conditions within the pore network will depend critically on pore size and
interconnection and the heat flux and the effect that these will have on the degree to which the
contents of the pores can mix with the bulk water. Under heat flux conditions in fuel cladding, when
the saturation temperature is exceeded within the oxide, the pores should be filled with a concentrated
LiOH solution, with a boiling point equal to the temperature at the bottoms of the pores in the oxide,
rather than with water. Nevertheless, whatever the contents of the pores it seems unlikely that they
can ever be other than highly hydrogenated and significant LiOH concentration in the pores is clearly
feasible, even in the absence of a heat flux, as shown by the enhanced corrosion within crevices (both
in the presence and absence of irradiation). Porous oxide films should behave in a manner similar to a
collection of crevices [524].

Until we have a clear idea of just how the porosity develops in ZrO. films and how major

factors such as LiOH affect it, we are in a poor position to understand in-reactor effects. TEM studies
[113] show major differences between irradiated and unirradiated oxide films, and demonstrate that
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oxides, on cladding showing increased corrosion in PWRs, contain larger equiaxed crystallites in the
oxide than oxides formed in the laboratory, leading to a suggestion that irradiation enhances
hvdrothermal crystallisation of the oxide A series of inner degraded layers of large equiaxed oxide
crystallites 1s also seen when rapid acceleration of corrosion ensues in-reactor [113] However, as we
have no clear demonstration of just how oxide hydrothermal crystallisation processes and the
development of oxide porosity by local dissolution are linked, this hypothesis requires more
experimental evidence for 1ts confirmation

There have been prolonged arguments about the extent to which the corrosion rates of PWR
cladding can be explained purely on the basis of out-reactor corrosion data and the thermal-hydraulics
of the system [521], or whether an additional enhancement factor 1s needed [525] Furthermore
whether such an enhancement factor 1s believed to be an irradiation effect [525], believed to result
from a L1OH concentration effect [320]. results from accumulation of hydride at the waterside
oxtde/metal interface [235, 326, 526] or anses from some other phenomenon, i1s not yet resolved At
present 1t appears that, since L1OH concentration can occur whether or not a heat flux is present, most
observations of enhanced corrosion in LiOH solutions could be explained by such a concentration
effect However, establishing whether or not such an effect occurs in-reactor, has, so far, been beyond
the abilities of current mathematical models to give a definitive answer (see section 7 3 3 ) One
reason for this 1s that the cladding 1s only vulnerable to these LiOH concentration effects at the end of
each cycle, when the boric acid concentration 1s depleted below the protective level If most of the
corroston 1n a fuel cycle were to occur at the end of the cycle there would be no easy way to establish
this, given current reactor operating modes The differences in the behaviour of different batches of
cladding could be explained by variations n the porosity of the oxide, and, hence, n the extent ot
mixing of the solution 1n the pores with bulk water The effect of LiOH concentration 1s well
established 1n the laboratory, however, testing of cladding batches at low to intermediate LiOH
concentrations, and examination of the pore structure of post-transition oxide films would seem to be
an area where more work 1s warranted

The empirical models on which current arguments are based contain enough constants ot
uncertain value that it seems probable that universal agreement based on such models will be difficult
to attain, especially where in-reactor thermal-hydraulic conditions are very severe (see section 7 3 )
However, the abilities of these largely thermal-hydraulic models to correctly estimate both the
maximum ntergrid oxide thickness and the mimimum thickness at grid posttions 1s still a severe test
that most models fail The micromechanistic content of them at present 1s small

Although we seem to be able to qualitatively explain effects in LIOH solutions by
concentrations in the porous oxide, the effects of boric acid remain a complicating factor Tice et al
{114,115] have shown that boric acid suppressed the accelerating effects of LIOH on unirradiated
specimens 1n high concentration mixtures of the two The high concentrations of LiOH and boric acid
were chosen based on estimates of possible concentrating effects under heat flux However, although
evidence for L1 concentration has been found in oxide films, so far no evidence of B concentrations
has been reported Such evidence would be of importance to PWR operation, where suggestions to
1a1se the L1 content of the water have been made and (whether 1t 1s carried out or not) reliance s
being placed on the boric acid content for protection A potential for increased corrosion mn high
water temperature plants at high burnup would seem to exist at the end of the fuel cycle when boric
acid concentrations are low or zero The sensitivity to enhanced corrosion 1s worst at low, rather than
zero, B [115] 1f such increases are put into practice Furthermore, 1f bonc acid 1s present in the oxide
in high enough concentration to function as a mitigating factor on the effects of LIOH concentration
on zirconium oxidation (in the same manner as 1t appears to inhibit denting on the secondary side of
steam generators, namely by physically plugging pores in oxide films by depositing insoluble
borates) then 1t may be rendered ineffective at the end of a cycle because most of the B sequestered
in the pores 1n the oxide will be rapidly transmuted to L1 and insufficient boric acid will be present in
the bulk coolant to replenish the boric acid 1n the pores Under such conditions 1t may actually serve
to enhance Iithium concentration 1n the oxide However, the final location of such lithium 1s uncertain

272




as recoll of "L1 during transmutation may inject some into the oxide lattice Implantation of 'L1 by
such a process may not be important, however, if ZrO, degradation by dissolution 1n concentrated
L1OH 1s the operating mechanism Because of the volatility of boric acid under boiling conditions,
however, the extent to which it can concentrate 1n the oxide and protect against LiOH concentration
effects remains unclear Attempts to obtain circumstantial evidence for enhanced corrosion at the end
of a fuel cycle have not yet borne frut

A further area 1n which L1OH concentration effects are better able to explain the observations
than the thick film hypothesis 1s that of enhanced hydrogen uptake percentages accompanying the
enhanced corrosion of PHWR pressure tubes (Figure 9 20) [121] If the enhanced corrosion anses
from a BWR-like water chemistry 1n the oxide film as claimed by Johnson, then the hydrogen uptake
percentage should go down (Figure 9 21) [527], although increases 1n hydrogen uptake were observed
for Johnson’s own spectmens with thick oxide films when hydrogen was added to the system [449],
even though no reduction 1n oxidation rate was observed (Figure 9 22) While the uptake percentage
did apparently rise to 100% following the acceleration of the oxidation of the Zircaloy-2 pressure
tubes 1n Pickering, and would, therefore, have permitted a shift to oxidising conditions within the
porous oxide, this must have been an effect, and not a cause, of the accelerated oxidation, since the
oxidation rate increased before the hydrogen uptake rate [121] That a large fraction of this deuternum
may have been absorbed from the gas annulus side of these pressure tubes 1s an additional
confounding factor in attempts to understand these observations

Johnson observed 1dentical effects in both NH,OH and L1OH in the ETR loop tests, and the
similarities between N-reactor (NH,OH) [528] and Pickering (L1OH)[121] pressure tube oxidation
have been alluded to previously Since NH,OH has no effect on the laboratory corrosion of the
Zircaloys, these similanties are a major problem for any hypothesis explaining his in-reactor effects
on the basis of LIOH concentration Occam's Razor tells us that we should prefer the simplest
hypothesis that explains the most observations, this 1s clearly the thick-film hypothests, but this
hypothesis seems to be fatally flawed based on our present understanding of the post-transition
corrosion mechanism for the Zircaloys Do we then need a completely new hypothesis or 1s there an
iradiation effect on the chemistry of concentrated NH,OH or an interaction with some other impurity
in the water that can cause a similar effect on Zircaloy oxidation to the laboratory effect of LiIOH
Although the results of Garzarolli [523] suggest that the concentration of NH,OH may be as bad as
L1OH for increasing Zircaloy corrosion, the appearance of an effect only 1n nickel autoclaves makes
another explanation more probable Knowing the autocatalytic effects of cuprammonium ion on the
stress corrosion cracking of copper alloys in ammoniacal environments, one 1s tempted to suspect
some involvement of the equivalent nickel ammonium complex 10n in the autoclave results

9 2 1 2 BWR corrosion

The enhanced nodular corrosion in BWR-type water chemistries was shown to require both a
high fast neutron flux and the presence of radiolysis products in the water for its observation As a
result of this an hypothesis was proposed claiming that, in order to see large increases in corrosion
rate 1n-reactor, both the 1onic diffusion processes and the electronic transport processes in the oxide
had to be accelerated The acceleration of only one of these processes was insufficient, since the other
one would then become rate Ihmiting [26] This hypothesis predicted certain shifts i the
electrochemical polanisation curves of Zircaloy specimens undergoing enhanced corrosion that were
not observed when experiments were set up to measure such effects using an accelerator as a radiation
source [529] Errors introduced 1n the polansation curves by the 20 mA proton beam current, while
not entirely negligible, did not affect the overall conclusion that increases in 1onic conductivity (and
oxtdation rate) were influenced pnmarily by the oxygen content of the coolant [529] In the light of
these results, and subsequent evidence showing that enhanced corrosion seemed to be primanly a
phenomenon of post-transition Zircaloy corrosion and was associated with the porosity of the oxide
and processes going on 1n the pores, the above hypothesis was abandoned [530]
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FIG. 9.20. Change in fractional uptake rate for hydrogen in oxide films >30 ym on Zircaloy-2 [535].
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At present the absence of any agreed site for nodule nucleation in the Zircaloys has limited
our understanding of the phenomenon (see section 4. 3.). Amelioration of the effects of nodular
corroston have been achieved almost entirely by careful control of the second phase particle size
during fabrication of the alloy. A fine particle size, achieved by late B-quenching, and subsequent
control of precipitate size, by maintaining a low integrated annealing parameter during all subsequent
heat treatments, gives the best results. This improved cladding, coupled with mmproved water
chemistry control (especially for impurtties that are concrete (Zeolite) formers (Ca, Mg, Si1, Al)), and
reductions in Cu content (by ehiminating copper alloy feed water heaters and condensers) seem to
have eliminated the serious aspects of nodular corrosion in BWRs without any clear mechanistic
understanding

Before concluding, 1t should be pointed out that the hypothesis that explains nodular
corrosion 1n BWRs as a direct effect of oxidising species in the water produced by radiolysis 1s
flawed. While such an hypothesis may explain the initiation of nodules (although this too 1s doubtful
as we have no agreed site for their iitiation and hence no agreed mechanism for initiation), once
formed. a nodule 1s merely another area of porous zirconium oxide, hydrogen pickup fractions are
verv low, and therefore any water or steam in the pores of this oxide must be highly hydrogenated
This should suppress the oxygen concentration from radiolysis 1n the pores, although arguments to
the contrarv have been raised [80,456). In general, the rapid catalytic recombination of oxidising and
reducing species on ZrO, surfaces has not been considered by these authors. Even in the presence of
hard crud layers a steam filled crack 1s necessary, erther in the crud or the oxide. to permit
temperatures at the oxtde/metal interface to come anywhere near to those of the 500°C steam test that
in the laboratory shows such similar nodular corrosion to the in-reactor behaviour Are we agamn
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missing some vital step in the mechanism that can get us to this situation? Obviously the proposed
CILC mechanisms [149,159,531] function logically once conditions in the oxide become similar to a
500°C steam test, and a radiolytic species hypothesis may satisfy the (unknown) conditions for
nodule 1nitiation, although 1t lacks a detalled micromechanism for relating the radiolytic species to
nodule imitiation In fact, so long as a protective oxide 1s present, and oxidation is controlled by anion
vacancy diffusion, radiolytic species can only change the surface potential as a route to affecting
oxidation The overall hypothests breaks down in bridging the gap between nodule imtiation and the
onset of gross CILC failure If an embryonic nodular oxide becomes filled with hydrogenated water
immediately after initiation, when the oxide 1s still thin and temperatures at the oxide-metal interface
are still close to 300°C, then condttions 1n the pores in the oxide will be no different chemically from
those 1n a PWR, the mitiation site should not develop 1nto a visible nodule, and the whole subsequent
development of the nodule should be stifled Clearly there 1s some cntical component of the process
that 1s not understood

The factor that 1s least often considered mechanistically, although 1its effects are well known
practically 1n reactor operations, 1s the chemistry or electrochemistry of other species in the water Of
these the one that appears most prominently to affect the corrosion 1s the copper content of the water
[532] While copper was recognised early [S31] as a major factor 1n the formation of the hard crud
layers leading to the grosser forms of CILC failure, 1ts importance 1n the early nodule nucleation and
growth stages 1s not well documented Nevertheless, 1t appears to be equally important at this stage of
nodule growth, even at low concentrations 1n the crud (Figure 9 23) Since copper 1s close to its redox
potential 1n 300°C water the initial state of the copper (soluble or insoluble) and small changes n
water chemistry that can change this state may be important The only other commonly occurring
transition metal that 1s easily reducible in 300°C water 1s nickel Additionally, the reduction of
soluble cupric or nickelous 1ons to metallic copper or nickel at some intermetallic sites on the
Zircaloys may provide a permanent cathode for the zirconium oxidation process that could locally
enhance the anodic process (1e oxide growth) and might maintain the proton reduction reaction
(cathodic process) on the surface of a porous film, thus preventing the water in the pores from
becoming highly hydrogenated However, experiments to test such an hypothesis failed to result in
any nodules being produced in 300°C aqueous solutions {31]

Features that might be described as embryonic nodules were seen to start at flaws (second-
phase particles?) in zirconium samples that were short-circuited duning oxidation (Figure 9 24), but
not 1n normally oxidised specimens [29] Perhaps one contnibution of irradiation to such initiation

Cu content In crud (%)

0 10 20 30

Rod average oxide thickness, microns

FIG 9 23 Correlation between Cu content in the crud and oxide thickness in Barsebeck-1 {532]
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FIG. 9. 24. Localised oxidation at second phase particles resulting from short-circuiting the oxide
Sfilm during oxidation [29].

steps is to effectively short-circuit the oxide by producing large numbers of electron-hole pairs. This
1s clearly speculative at present and represents an area of investigation that has not been pursued.
Perhaps such studies could provide a micromechanism that could bridge the gap between nodule
initiation 1n 300°C water and the later stage of CILC failures where conditions in the oxide become
more like a 500°C steam test. There is certainly evidence for copper deposition within cracks in the
zirconia film durning CILC failures [150], but the chemical form of it 1s unknown, as is its role as
either cause or effect of the cladding degradation. The recent in-reactor mini-autoclave tests have
served to confuse the picture regarding effects of copper rather than clarifying it [533,534]. However,
evidence 1s beginning to appear that the Si impurity in most Zircaloy-2 may be associated with
nodule initiation, depending upon its location in the alloy as a result of prior heat treatment [152].

9. 2. 2. Open questions on micromechanisms for in-reactor corrosion

At present the development of our understanding of the in-reactor corrosion of zirconium
alloys is restnicted by our lack of well authenticated micromechanisms for the basic processes
accompanying the development of porous oxide films as follows.

(1)  We do not know whether the porosity that develops at the rate transition originates at the outer
surface of the oxide and grows in towards the metal-oxide interface, or whether it initiates
randomly within the oxide and links up to finally form a network connected with the outside
surface [87].

(1) The development of oxide porosity in reactor is closely linked to observations of enhanced
corrosion. Recent evidence [128] suggests that it may originate much earlier than would be
expected from the laboratory observations. Does this arise by an acceleration of the laboratory
process for generating porosity in the pre-transition oxide, or is a new process such as
dissolution of primary knock-on tracks followed by reprecipitation on the oxide surface
[117,118] participating in the effect under irradiation? Quantities of zirconia appear at a variety
of locations 1n a reactor system; however, it has always appeared to be impossible to establish
whether they arrive there as species in solution or as particles of oxide that could be released
from the alloy surface by fretting or spalling. In some situations it appears that only transport in
solution could explain the observations; however, careful study of these circumstances has not
been possible, and so it remains impossible to say whether or not an in-reactor solutton and
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reprecipitation of ZrO, 1s a realistic micro-mechamism Only observations of thin films formed
In reactor, showing that they are porous well before the expected rate transition [128], support
such a mechanism

(1)  We still know virtually nothing about the electrochemistry of zirconium alloys 1n 300°C water,
and 1n particular about vanations in surface electrochemical potential at intermetallic sites, and
the extent to which local redox potentials vary with small changes 1n water chemistry Recent
studies [80] have not resolved these questions since the enhanced currents under 3-irradiation
were not identified as being 1onic rather than electronic currents 1n the oxide Until we
understand this aspect of the process more clearly we will be unable to factor in the galvanic or
electrochemical effects that seem to be involved 1n the in-reactor corrosion process in BWRs

9 2 3 Present status of mechanistic studies

After many years of studying in-reactor corrosion of zirconium alloys we are still without any
scientifically sound hypothesis that explains what i1s going on Progress in our understanding of the
processes, and improvements in the future performance of zirconmum alloys in reactor. clearly need
sound micromechanistic hypotheses whose predictions can be tested At present we seem to be doing
little experimentation that will resolve this, and recent advances in the performance of fuel cladding
have usually resulted from an “ad hoc” engineering development approach

9 2 4 Recommendations for future work

Throughout the above discussion, gaps in our knowledge that should be considered for future
investigation have been identified On considering the field as a whole, it 1s our opinion that the
following areas are most 1n need of concerted expertmental efforts to resolve them -

a  Studies of the local electrochemistry of oxidized Zircaloy surfaces at elevated temperature, and
preferably either in-reactor or in a high y-radiation field In such tests. measurements of the
electrochemical currents must be correlated with accurate oxide growth measurements (by
NRA?) to distinguish 1onic from electronic transport 1n the oxide This requirement has been
absent from recent studies Tests such as those of Isobe [148] 1n which the intermetallic and the
precipitate free alloy are connected through an external circuit would possibly achieve this

b Polansation studies, of the type performed by Norfolk et al [529] using proton irradiation
should be carried out 1n-reactor (or an in-reactor loop) in conditions typical of a BWR

¢ A detailed study of radiation chemistry, and the behaviour of impurity species in porous zirconia
systems should be imitiated This would need to be combined with studies of the recombination
rates of oxidising and reducing species on ZrO, surfaces

d A concerted effort 1s needed to understand the nature of the porosity in zirconium oxide films
and the mechanisms that generate 1t

e  Mechanism of stress build-up in the oxide versus distance from the oxide-metal interface needs
more 1nvestigation

f  Measurements of solubilities of tetragonal and monoclinic zircoma 1n LiOH and boric acid
solutions at elevated temperatures

g  Mechanistic studies of the interaction of hydride at the oxide/metal interface with the corrosion
reaction
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APPENDIX

It 15 assumed that a deep crack or pore with a constant area of cross section (S) is under
urradiation 1n a thick oxide layer on Zircaloy, and that hydrogen is sufficiently supplied outside the pore
(concentration yo) and diffuses inside the pore where 1t 1s depleted by reaction (14) Attention 1s paid
only to the OH radical as a reactive transient species for simplicity Mass balance equations are expressed
as follows, assuming one-dimensional diffusion

Sdx dy/ét = —SDy dy/dx + gySdx + SDy [dy/dx +(@2y/dx2)dx] — kzySdx (Al)

Sdx 0z/0t = —SD,, 0z/0x + gzSdx + SDz [02/0x +(822/0x2)dx] — k'z2Sdx — kyzSdx (A2)

Where vy and z refer to the concentrations of H2 and OH at a distance x from the inlet of the pore,
respectively, Dy and Dz are diffusion constants for H2 and OH, gy and gz are the production rates of H2
and OH by radiolysis, and k and k' are the rate constants of reaction (19) and the second order decay
constant of OH, respectively In this treatment the surface reactions in which the OH radical may be
involved and the hydrogen formation in the course of the corrosion process, reaction (13), are neglected

At steady state, equations (Al) and (A2) are reduced to equations (A3) and (A4)
d%y/dx? - (k/Dy)zy + gy/Dy = O (A3)

d22/dx? — (k/Dz)z2 — (k/Dz)yz = gz/Dz = O (A4)

A very simple approximatton 1s introduced here to derive a rough concentration profile for
hydrogen 1n the pore, t e 1f the concentration of OH, (z), 1s assumed to be constant and independent of
distance x and an average value, zav, 1s taken, then equation (A3) may be solved straightforwardly The
boundary conditions and the final solution are given below

x = dy/dx =0
y = (yo — gY/kzav) exp (—Vkzav/Dy x) + gy/kzav (AS)

The value of yo 1s estimated to be 1x 10~3 mol dm=3 (corresponding to PWR conditions) and
gy 1s calculated to be approximately 2x1073 mol dm=3 s (assuming an average primary G value of
0 65 for H2 and an average does rate of 4 3x104 Gy/s 1n the core) {192] The rate constant ot reaction
(19), k, and the diffusion constant of H2, Dy, in water, at 300°C are estimated to be 13 x 10°
dm™3 mol_1 [193 194] and 5 7x 106 dm?2 572 [178], respectively, assuming an activation energy of
12 5 kJ/mol for the latter The value of zav 1s taken to be a parameter, and the ratios y/yo ([H2}/[H2]o)
calculated using the above estimated values are shown as a function of distance x 1n Table A 1 for two
values of zay, 1x10~7 and 1x107® mol dm™3 As seen from the Table, the ratio [H2)/[H2]o 1s largely
dependent on parameter zagy The values used here are very close to those estimated in a computer
stmulation of a BWR core [192]
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Table A. 1. Calculated profiles of hydrogen in a pore

Distance, X, [Hz]/gHz]o [HZ]‘E'IZ]O
pm zav—l><10 mol dm™3 zav—l><10 moldm
0
1 0.95 0.86
5 0.79 0.46
10 0.62 0.21
15 0.49 0.098
20 0.39 0.046
25 0.30 0.021

The Table shows that the concentration of hydrogen is reduced two order of magnitude at the
distance of 25 um from the inlet of the pore, if zay is assumed to be 1x 106 mol‘dm’3, and it is too low
to maintain the suppression effect of hydrogen on Zircaloy corrosion there.
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