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FOREWORD

More than 95% of the nuclear power in the world is derived from water
cooled reactors. In nuclear power plants water is used in primary circuits,
secondary circuits (PWRe and PHWRs) and in a number of auxiliary systems.
Water is an aggressive medium at high temperature when in contact with
structural materials. This means that the reliability of many nuclear power
plant systems (fuel, steam generators, etc.) is dependent on the water
chemistry during normal operations, startups, shutdowns and abnormal
operations. Reliable water chemistry specifications have been developed for
the existing water cooled reactors; however, there is still room for
improvement. Water cooled power reactor experience shows that even under
normal operating conditions some undesirable effects can occur: corrosion,
erosion or deposition of corrosion products on heat transfer surfaces.

Moreover, beyond the adverse effect of corrosion on the mechanical
properties of components and of corrosion product deposits on heat transfer,
the migration and transfer of activated corrosion products lead to the
formation of highly radioactive deposits on some out-of-core surfaces of the
primary circuit. This is the main cause of radiation exposure during repair
and maintenance, and could require decontamination of some equipment or of the
primary circuit as a whole. This is of particular importance when the level
of the maximum average permissible dose is under discussion and will probably
be decreased to 20 mSv over a year.

The need to decrease radiation levels is now supported by greater
management interest, and efforts are being made to improve, for instance, the
understanding of fundamental processes and to develop the on-line monitoring
technique. Understanding the chemistry is now a major task in the improvement
of the operating performance especially with the increase in burnup levels,
higher coolant temperatures and with the possibility of nucleate boiling in
PWRs.

This report is a summary of the work performed within the framework of
the Co-ordinated Research Programme on Investigations on Water Chemistry
Control and Coolant Interaction with Fuel and Primary Circuit Materials in
Water Cooled Power Reactors (WACOLIN) organized by the IAEA and carried out
from 1987 to 1991. It is the continuation of a programme entitled Reactor
Water Chemistry Relevant to Coolant-Cladding Interaction (IAEA-TECDOC-429),
which ran from 1981 to 1986. Subsequent meetings resulted in the title of the
programme being changed to Coolant Technology of Water Cooled Reactors.

The results of this Co-ordinated Research Programme are published in
four volumes with an overview in the Technical Reports Series.

The titles of the four volumes are as follows:
Volume 1: Chemistry of Primary Coolant in Water Cooled Reactors
Volume 2: Corrosion in the Primary Coolant Systems of Water Cooled Reactors
Volume 3: Activity Transport Mechanisms in Water Cooled Reactors
Volume &: Decontamination of Water Cooled Reactors.
These publications should be of interest to experts in water chemistry

at nuclear power plants, experts in engineering, fuel designers, R&D
institutes active in the field and to consultants to these organizations.
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CORROSION IN PRIMARY COOLANT SYSTEMS

D.H. LISTER

System Chemistry and Corrosion Branch,
Chalk River Nuclear Laboratories,
Atomic Energy of Canada Limited,
Chalk River, Ontario,

Canada

Abstract

Corrosion aspects of three areas of reactor coolant circuits are highlighted -
zirconium alloy corrosion and hydriding in-core, primary vater stress corrosion
cracking in steam generators, and general oxide film formation on circuitr piping
steels. Some recent investigations in each area are described briefly and their
results are summarized.

INTRODUCTION

The overview of this WACOLIN project‘describes the coolant systems of
the major types of vater reactor and discusses the corrosion issues that are
currently of concern to the industry.

Such issues are continually under review in the international nuclear community.
Thus, general vater reactor chemistry and corrosion are the subject of regular
conferences (see, for example, Refs. [1-3)), while specialists’ topics such as
Irradiation-Assisted Stress Corrosion Cracking (IASCC, Ref. [4]), or fuel
performance - including coolant-clad interaction (Ref. [5]), are discussed at
conferences, wvorkshops, etc., from time to time. Here, in the Corrosion Section
of the WACOLIN documents, a range of topics dealing with corrosion both in-core
and out-core is considered. This introductory paper presents several highlights
and recent findings of programs investigating several aspects of corrosion in
reactor coolant systems.

ZIRCONIUM ALLOY CORROSION

The increasing pressure on utilities to guarantee service from reactor
components and to extend plant lifetimes f{s putting reneval emphasis on the
prediction of materials behaviour in-core [Ref. 6].

In reactor cores, the zirconium alloys used for fuel cladding and structural
components are subjected to the rigorous conditions of temperature, pressure,
and coolant chemistry along with the constraints of radiation. Predicting the
behaviour of these alloys in their operating environment is consequently a
complicated undertaking. The fact that there are many models describing
zirconium alloy corrosion in-core is an indication of the complexity of the
problem.

"The overview of the WACOLIN programme is to be published in the IAEA Technical Reports
Series.

Comprehensive explanations of in-reactor corrosion of zirconium alloys consider
the microstructure of the metal, the chemistry of the environment, and the
barrier between them (i.e., the oxide film). Thus, for fuel cladding made of
2ircaloy-2 or Zircaloy-4, constituent elements Fe, Cr and Ni form precipitates
or intermetallic phases in the alloy that are important for sustaining the
electrochemical processes of corrosion. These intermetallics have structures
such as 2r (Cr,Pe), or 2r,(Ni,Fe), and their distribution in the alloy affects
the resistance to nodular corrosion. During in-reactor exposure, neutron
irradiation alters the disposition of the intermetallics, dissolving Fe from
Zr(Cr,Pe), and Fe and Ni from Zr,(Ni,Fe) into the alloy matrix [Ref, 7}. Thus,
Zircaloy fuel cladding shows increased resistance to nodular corrosion with
neutron irradiation - an increase that can be removed by annealing.

Such microstructure effects can be accounted for in modelling the corrosion
behaviour of fuel cladding. Thus, the distribution of intermetallic particles
in Zircaloy fuel cladding depends on the thermal treatment of the alloy, and can
be modelled in terms of particle nucleation and growth [Ref. 8], which is a more
detailed approach than the use of an empirical "annealing parameter” [Ref. 9].
By combining such microstructure models, which reflect the thermal treatment of
the alloy, with corrosion models that describe the in-core oxidation of specific
metallurgical conditions of the alloy [Ref. 10}, the cladding oxidation can be
predicted.

¥ithin such models, the effects of the environment can be difficult to describe.
Thus, while we expect BWR fuel cladding to undergo less general oxidation than
PVR fuel (because of its lower temperature), the effect of the oxidizing nature
of BWR coolant is to promote more oxidation - specifically, in the form of
localized or nodular corrosion. The radiolysis of the coolant is clearly
important here; it is affected by the boiling process at the cladding surface,
for the nucleation and detachment of bubbles determine the local concentrations
of oxidizing specles. Impurities in the coolant also play a major réle in
determining cladding behaviour. Crud deposits on fuel surfaces can lead to
excessively high cladding temperatures and promote fuel failures. Copper in
BWRs has been particularly bad in this respect; it can not only reduce the heat
transfer properties of thick fuel deposits in-core but also promote nodular
corrosion (Ref. 11].

In PVR cores, the effect of dissolved lithium in the coolant on Zircaloy
corrosion is assuming important dimensions as radiation field considerations
lead reactor operators to employ higher alkalinity levels. That high lithium
concentrations increase the corrosion of zirconium alloys is undisputed, and is
a major reason vhy many utilities keep [Li} at a maximum of ca. 3.5 ppm at the
start of the operating cycle until a high temperature pH of 7.4 1s reached as
the boron concentration decreases. Even then, the modelling approach described
in Reference 9 purports to differentiate between the greater oxidation of
Zircaloy-4 fuel in a PVUR operated with elevated L1 chemistry ([L1} of 3.5 ppm
max.) and the oxidation in a PWR operated with normal Li chemistry ([Li] of
2.2 ppm max.) [Ref. 12].

The details of the mechanism by which Li increases the corrosion of zirconium
alloys are not known with any certainty. Injection of Li atoms into the metal
surface by recoil from the fast neutron reaction with B has recently been
postulated to have an important influence on corrosion {Ref. 13], but no
explanation of the mechanism of the corrosion increase was offered.
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The tradition concept of the lithium effect is that Li is incorporated in solid
solution in the Zr0, and alters the vacancy concentration and distribution in
the oxide film. Since zirconium alloy corrosion proceeds by oxygen diffusion
through the film, the increased number of vacancies should increase the
diffusion and therefore the corrosion rate.

Observed changes in corrosion rate, however, seem to be inconsistent with Li
incorporation and vacancy concentrations in the oxide, while alloy exposure to
high concentrations of L1 generates more porous oxide and retains Li within the
oxide as an acid-soluble component {Ref. 14}. The postulate ls, therefore, that
the undissociated LiOH in concentrated solution (i.e., above 0.1 M) within the
oxide pores interacts with the forming oxide at the metal-oxide interface to
give surface groups of -OLi. Such groups modify the growth of the oxide to form
a high density of fine crystallites, thereby providing many diffusion paths for
the anion and leading to accelerated corrosion. The surface groups are readily
dissolvable to promote the oxide porosity and to maintain the concentrated Li
solution within the oxide film. Detailed surface analysis, using SEM and SIMS,
has provided some evidence for this mechanism [Ref. 14].

However true this explanation of the Li effect may be, the importance of the
oxide porosity in the corrosion mechanism is clear. In fact, for zirconium
alloys with thick oxide films, in-core acceleration of corrosion may well be due
to the radiolytic effects on coolant trapped within the pores, producing
localized aggressive conditions divorced from the bulk coolant conditions
because of the intervening diffusion barriers [Ref. 15].

Ingights into the mechanisms of corrosion of zirconium alloys are also being
provided by studies of the behaviour of pressure tubes in CANDU reactors. The
first CANDU units were tubed with Zircaloy-2, but because of the possibility of
precipitation of brittle hydrides within the alloy and the resulting
sugceptibility to cracking, later units switched to Zr-2.5Nb.

The in-reactor behaviour of the two materials can be contrasted by examining
pressure tube data from operating reactors. Zircaloy-2 pressure tubes in the
Hanford N-Reactor, as well as those in early CANDUs, developed oxide films in
contact wvith the primary coolant in-core with near cubic kinetics up to a film
thickness of ca. 20 um (attained after ca. 7 years). A transition period during
vhich the rate accelerated and became approximately linear followed (see

Fig. 1).

In-reactor, Zr-2.5Nb corrodes more slowly than Zircaloy-2. Samples of pressure
tubes from three operating CANDUs have indicated that oxide thicknesses on
2r-2.5Nb have not exceeded 25 um during exposures of up to 16 years.
Furthermore, there appears to be no evidence of a transition to faster corrosion
kinetics, though we cannot yet completely rule out the possibility that some
critical oxide thickness might be attained at longer exposures (see Fig. 1).

For both alloys, the deuterium pickup reflects the corrosion, with Zircaloy-2
exhibiting a transition beyond which rates of ingress increased and became
1inear and with Zr-2.5Nb continuing with generally low values. The ratio of
corrosion betveen the two alloys is less than the ratio of deuterium ingress,
reflecting the lower proportional (or "percent") pickup of corrosion-generated
deuterium for Zr-2.5Nb than for Zircaloy-2 (see Fig. 2). The unusually high
deuterium level measured for one Zr-2.5Nb pressure tube after ca. 15 year
exposure in-reactor (see Fig. 2) is believed to have been caused by an anomalous
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Pigure 2: In-Reactor Ingress of Deuterium into Zirconium Alloy Pressure Tubes.

Time (Years)

Deuterium (mg/kg)

R SRR
> . Zr-2.5Nb
»
—t
15 20

In-Reactor Oxidation of Zirconium Alloy Pressure Tubes.

Time (Years)

Zircaloy-2
i o Zr-2.5Nb |
a]
oc + ot Ort 4+ rHi"*' l}t o I%B rP
1] 5 10 15 20



1

. Weight Gain (mg/dm?2)

573 K Moist Air
250
200+
150
100 |
rradiated
50| 1.3x102%n/m2?)
:.'
" rradlated/
| (6.8x1925n/m 2)
0 100 200 300 400 500

Time (days)

Pigure 3: Effects of Reactor Radiation on Corrosfon of Zr-2.5Nb Pressure
Tubing.

pickup from the outside of the tube, which is in contact with an “annulus gas"
of CO, containing traces of D,0 and D,.

In contrast with in-reactor-exposed material, unirradiated Zr-2.5Nb corrodes
faster than Zircaloy-2. The effect of irradiation on 2r-2.5Nb corrosion is
illustrated by the results of an oxidation experiment reproduced in Fig. 3. Tvo
sets of pressure tube material (archived off-cuts of Zr-2.5Nb) were exposed in a
furnace for up to 500 d to moist air at 300°C. A transition behaviour, vith
final linear kinetics, is observed. The difference in out-reactor corrosion
rate between the two samples, which were from different batches of pressure
tubes, probably reflects slight differences in manufacturing of the original
tubes.

Also shown in Fig. 3 are data from the tvo actual pressure tubes corresponding
to the archived off-cuts. These vere exposed in a reactor for about two and ten
years to give fluences of 1.3 x 1025 n.m'2 and 6.8 x 1025 n.m-?, respectively,
before being removed and cut for exposure in the furnace to the 300°C moist air.
The data indicate that the irradiation has suppressed the corrosion rate and
nullified the corrosion difference between the tvo tubes.

This corrosion and hydriding behaviour of pressure-tube material apparently
depends upon the oxide characteristics and the alloy microstructure. For the
transitional corrosion kinetics of Zircaloy-2, for example, the mechanism is
postulated to be the development of porosity in the oxide as a critical
thickness i1s achieved and as oxide recrystallization and grain growth occur
[Refs. 16 and 17]. Such porosity is thought to extend to the metal-oxide
interface. In-reactor, chemistry conditions within the pores may be wore
aggressive than in the bulk of the coolant because of local radiolytic effects,
and may be responsible for accelerated corrosion below thick, post-transition
oxides [Ref. 15].

For Zr-2.5Nb, an impervious "barrier" layer of oxide may exist at the metal-
oxide interface; this barrier apparently persists, with an overlying layer of
porous oxide, even at very high weight gains. The transport of oxygen or
electrons or both through the barrier then controls the oxidation, and changes
in the barrier layer thickness change the oxidation rate [Ref. 18].

The change in corrosion resistance of 2r-2.5Nb with neutron irradiation is
probably related to the microstructure of the alloy. Pressure tubes for CANDU
reactors are extruded at 820-850°C, cold worked 20-30%, then stress relieved in
steam at 400°C for 24 h. At the extrusion temperature, the microstructure is
ca. 80% beta zirconium phase and ca. 20T alpha zirconium. The air cooling after
extrusion allows transformation of the beta phase to the alpha phase, with
grovth of the elongated alpha grains which were produced during extrusion; the
grain-boundary network of the beta phase thus becomes progressively enriched in
niobium. Cold working elongates the alpha grains further, and introduces a high
dislocation density vhich is subsequently reduced by the stress relief. The
alpha phase, in the as-manufactured pressure tube, is supersaturated in niobium
and is more susceptible to corrosion than the "equilibrium" phase composition.
During reactor irradiation, small precipitates form within the alpha grains
{Ref. 19]. This in-reactor ageing effect reduces the niobium in the alpha phase
by precipitating niobium-rich particles, so that the resulting near-equilibrium
composition of the alpha grains exhibits considerable corrosion resistance.
Since the effect is the transformation towards equilibrium of a metastable
condition, we would expect the in-reactor ageing effect to persist when the
radiation is removed (as is, in fact, observed - see Fig. 3).

STRESS CORROSION CRACKING OF STEAM GENERATOR TUBING

A major cause of steam generator tube plugging in PWRs has been intergranular
stress corrosion cracking (IGSCC) originating from the primary side (hence,
Primary Vater Stress Corrosion Cracking, or PVWSCC). All of the tubes plugged
because of PWSCC have been made of Alloy 600, the material used for most of the
steam generators world-wide; to date, only one such failure has occurred in a
CANDU reactor (at the Bruce station, where the only operating CANDUs with Alloy
600 steam generator tubes are situated).

For nickel-based alloys, such as Alloy 600, a wide range of environments is
known to cause SCC. In particular, caustic, chloride and sulphur compounds,
occasionally vith impurities such as lead or carbonate, have had severe effects
on the secondary side of Alloy-600-tubed steam generators. On the primary side,
SCC can oceur in high temperature pure vater [Ref. 20], in water containing
hydrogen [Ref. 21] and in vater containing oxygen and sulphate [Ref. 22}. In
particular, there seems to be a synergistic effect of oxygen and sulphate on the
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SCC behaviour of Alloy 600. The metallurgical factors necessary for SCC are
high stress and a susceptible microstructure, with a low-temperature mill anneal
(<950°C) producing a particularly susceptible material. Subsequent thermal
treatment, optimally 700°C for about 10 h, improves the resistance to SCC
substantially [Ref. 23].

Even with non-susceptible heats of Alloy 600, however, there has been
uncertainty about the resistance to SCC in primary coolant containing small
amounts of oxygen (such as might arise from in-core boiling in some CANDUs, for
example). A similar uncertainty existed for Alloy 800, though this material has
generally exhibited excellent resistance to SCC.

Accordingly, a program of testing of steam generator alloys under severe CANDU
primary coolant conditions was undertaken [Ref. 24]. The aim was to compare the
susceptibility to cracking of alloys used in CANDU reactors with that of other
well-characterized alloys.

Two types of highly-stressed sample vere used: reverse U-bends (RUBs) and
Constant Extension Rate Testing (CERT) samples. RUBs were prepared by slitting
tubes axially along the mid-plane and then bending them backwards into a "U® and
securing them with a nut and bolt without letting them relax back; this
configuration leads to the tube outside wall’s becoming the inner surface of the
RUB U-bend. In CBRT testing, a sample machined from tubing is strained to
rupture, as in tensile testing, in the specific environment inside an autoclave.
For these tests, a strain rate of 9.6 x 10-7s"! was used.

The materials tested were as follows:

Alloy 600 - archived tubing from a CANDU reactor (high-temperature mill-
annealed, folloved by a 5-8 h thermal treatment at 550-600°C);

- EPRT Lot 1A (vith a similar heat treatment to that of the CANDU
alloy, viz. high-temperature mill annealed followed by a2 10 h
thermal treatment at 600°C - see Ref. 25);

- simulated CANDU tubing (high-temperature mill-annealed followed by
by a 5-8 h thermal treatment at 610-630°C);

- BPRI Lot 2, known to be susceptible to IGSCC (low-temperature mill-
annealed - see Ref. 25)

Alloy 800 - Sandvik tubing, similar to that installed in CANDU reactors (mill-
annealed);

- Mannesmann tubing (mill-annealed);
Alloy 690 - as-received Sandvik tubing.
The test conditions were as follows (note that a higher temperature and vider

range of dissolved gases than those employed in operating reactor coolants vere
chosen to give a series of severe tests):

PHysec(Li) = 10.4
temperature = 360°C
dissolved 0, = 20-250 pg.kg-!
dissolved H, = 3-40 cm?.kg-!

The results of the CERT tests are presented in the following table:

SUMMARY OF CERT DATA FOR STEAM GENERATOR TUBE MATERIALS

Dissolved Gas Time to
Alloy Source Failure Comment
0, (ug-kg 1) |Hy(cm® kg ') (h)*
600 EPRI Lot-2 200 3 121 1007 1.g.**
250 40 109 100 1.g.
20 20 120 60% i.g.
20 40 81 90X i.g8.
600 EPRI Lot 1A 200 3 202 ductile failure
250 40 219 ductile failure
20 20 166 ductile failure
20 40 197 ductile failure
600 CANDU archive 200 3 200 ductile failure
250 40 187 ductile failure
20 20 190 ductile failure
20 40 172 ductile failure
600 CANDU simulation 200 3 177 ductile failure
250 40 166 ductile failure
20 20 145 ductile failure
20 40 183 ductile failure
800 [Sanicro 30 (CANDU) 200 3 135 ductile failure
250 40 123 ductile failure
20 20 127 ductile failure
20 40 133 ductile failure
690 Sanicro 68 200 3 156 ductile failure
250 40 136 ductile failure
20 20 130 ductile failure
20 40 145 ductile failure

* average of three or four measurements, agreement within a fev percent

*% §.g. = Intergranular; measurement is percent of fracture area

As the table indicates, only the susceptible specimens of Alloy 600 (viz. EPRI
Lot 2) failed intergranularly during CERT testing; these specimens also
exhibited the shortest times to failure. The results suggest that, for the
susceptible material, high hydrogen may have caused somevhat shorter failure
times than those registered in low hydrogen.

The RUB specimens of all the alloys showed similar behaviour, in that only the
susceptible material (BPRI Lot 2) cracked in exposures lasting up to one year,
with high hydrogen concentrations (40 cm3.kg"!) promoting IGSCC. As was the
case with the CERT tests, adequately heat treated Alloy 600 and Alloys 690 and
800 exhibited no susceptibility to PWSCC, even under the most extreme chemistry
conditions that could be envisaged when in-core boiling occurs.
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GENERAL CIRCUIT CORROSION

Besides the localized corrosion of major components in reactor primary coolants
(such as those in-core or in the steam generators), the behaviour of general
circuit materials is also of interest. For example, a great deal of effort has
been spent in investigating the stress corrosion cracking behaviour of
sensitized stainless steel in BWR piping, vhile the growth of oxide films on the
stainless steel surfaces of PWR steam generator heads has been studied with a
viev to reducing radiation fields and, therefore, operator doses.

In all these corrosion-related phenomena, dissolved oxygen (or oxidizing species
such as radiolytically-produced transients) can play an important réle. In
CANDU reactors, for example, in-core boiling in some units is apparently leading
to oxidizing conditions in the primary coolant [Ref. 26]. Evidence that
oxidizing conditions are generated in the core is the observation that shield
plugs, made of ferritic steel and positioned in the outlet ends of channels,
have been coated with red to orange oxides, while inlet plugs have been black.
This suggests that reducing conditions generated the black magnetite coating at
the inlet, while oxidizing conditions produced ferric species such as red
haematite at the outlet. Crud samples collected from the PHTS have also varied
in colour from black to orange, though the majority have been brown, and fuel
bundles from single channels have shown a gradation in colour from black to
brown from channel inlet to outlet [Ref. 27]. The observation that core
conditions are particularly affected by the phenomenon is also supported by the
fact that radiation fields due to Co-60 measured close to the reactor face are
rising 2-3 times faster at the Bruce B reactors (Units 5-8), which have boiled
since start up, than at the Bruce A reactors (Units 1-4) which were only uprated
to full pover after ca. 1200 EFPD.

To investigate the development of corrosion films on carbon steel and stainless
steel under various coolant oxidizing conditions, a series of experiments in an
out-reactor loop operating with simulated CANDU coolant was conducted. The
intention vas to correlate the characteristics of the oxides on the steels with
the chemistry of the coolant; this would provide insight into how Co-60 is
picked up by the different oxide phases. The transformations between haematite
and magnetite under oxidizing and reducing conditions vere also studied.

The nominal coolant conditions in the loop were pHyg.. 10.6 (Li) and 300°C, vith
several experimental phases employing different oxidizing conditions. The two
phases reported here had "normal® CANDU reducing conditions (nominal dissolved
H, = 17 ew?.kg-1, dissolved 0, = 0) and oxidizing conditions in which the
dissolved hydrogen vas replaced with a mixture of helium and oxygen (average
dissolved He = 1.3 cm3.kg-1, average dissolved 0, = 66 ug.kg-?).

In each phase, which lasted four weeks, coupons of type 304 SS and carbon steel
vere exposed to the coolant in an autoclave, while sintered pellets of magnetite
and haematite (ca. 1 mm diameter) were exposed in separate beds. Samples were
removed from the autoclave and beds after 144 h, 288 h, 432 hk and 576 h, and
examined by surface analysis techniques and Mdssbauer spectroscopy.

The results indicated that during exposure to reducing chemistry the a-Fe,0,
occurring both in the haematite beads and as impurity in the magnetite beads is
reduced slovly - viz. 10Z conversion in 130-300 h. By contrast, during exposure
to oxidizing coolant, the Fe;0, in both types of sample diminlishes more rapidly
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Figure 4: Iron Oxide Phases on Carbon Steel During Exposure to Reducing and
Oxidizing Coolant.

~ viz. 50% conversion in ca. 50 h [Ref. 26]. Diffusion of oxygen in the beads
seems to be the controlling parameter.

The preliminary results from the carbon steel coupons are presented in Fig. 4.
The total oxide film thickness (as measured by Auger Electron Spectroscopy) is
clearly greater under reducing conditions than under oxidizing conditions - by a
factor of ca. 2. As expected, the oxide phase (as estimated by M3ssbauer
spectroscopy) under reducing conditions is almost 100% magnetite throughout the
experiment. By contrast, under oxidizing conditions, a large variability (from
10Z to 90) is seen in the proportion of magnetite in the oxide on the coupons
examined after the four exposure periods. This would indicate that
transformations within the oxide films are more rapid than in the sintered oxide
beads (perhaps because of greater porosity), or that the variation from coupon
to coupon is large, or both. In any case, it is clear that the reduced iron
oxide phase - magnetite - is deposited in corrosion films on carbon steel, even
under oxidizing conditions which normally tend to convert magnetite to an
oxidized phase such as haematite.

As the preliminary results in Fig. 5 indicate, the iron oxide behaviour in films
on type 403 stainless steel is different from that on carbon steel. First of
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all, under reducing conditions, not all the iron is in a magnetite-type oxide -
the results indicate only 75%-97%. Second, under oxidizing conditioms (which
produced an oxide film about a quarter as thick as that under reducing
conditions), the proportion of magnetite in the oxide film diminishes from

ca. 457 after the first exposure period to roughly zero after the full exposure
of 576 h. As with the carbon steel, it is clear that magnetite can deposit on
stainless steel even under oxidizing conditions; however, conversion to
haematite after 576 h is essentially complete, suggesting that at that time the
magnetite oxidation is faster than the total oxide film growth (presumably, as
the material is passivated). Since cobalt incorporation within the oxides is
associated with the reduced (i.e. the magnetite) portion of the films, such
variable oxidation behaviour of carbon steel and stainless steel should reflect
variable contamination of these materials by Co-60.

CONCLUSIONS

In-core, the microstructure of zirconium alloys is a key parameter determining
the corrosion and hydriding behaviour of components such as fuel cladding and
pressure tubes. Thus, the disposition of intermetallic phases within the

Zircaloys and the way in which that disposition changes with radiation can
affect the corrosion resistance of fuel cladding. Similarly, the radiation-
induced precipitation of beta phase particles in Zr-2.5Nb provides a greater
resistance to corrosion and hydriding of pressure tubes in-core than out-core.

Similarly, in steam generators, the metallurgical condition of the tubing is
important in determining the resistance to primary water stress corrosion
cracking. While poorly heat-treated Alloy 600 is susceptible to PWSCC, even a
modest heat treatment will impart resistance under a range of oxidizing
conditions. Both Alloy 800 and Alloy 690 seem immune to PVSCC.

Small concentrations of oxygen can have a profound effect on the balance of
magnetite and haematite in the oxide films that develop on carbon steel and type
403 stainless steel in lithiated coolant. Such a balance affects the
contamination of primary circuit materials with Co-60.
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CORROSION OF PRESSURE VESSELS

J. KYSELA
Nuclear Research Institute,
ReZ, Czechoslovakia

Abstract

This document presents a literature review of experiments
performed on corrosion fatigue. The complex nature of the corrosion
fatigue process makes difficult the comparison of these
experiments.However this kind of corrosion seems to be influenced
by irradiation,the water chemistry,more specifically the oxygen
level, sulfur species,halide and pH/potential of the system.

Experiments show also that chemistry in the cracks may be
different from the bulk,both for unirradiated and irradiated
materials.The chemistry in such systems and its influence on crack
behaviour is not yet fully understood.

Introduction

Safety concerns, extension of the operation life of nuclear po-
wer plant and to prevent corrosion related degradation it is
important to establish and maintain appropriate water chemistry
conditions. Corrosion phenomena, particularly stress corrosion
cracking and corrosion fatigue, are caused by the interaction
of environment, materials and stress. To understand the corro-
sion phenomena it is important for successful water chemistry
control. Water chemistry control requires monitoring parameters
as dissolved oxygen content, pH conductivity and impurity con-
tents.

Pressure vessels for PWRs and BWRs are coated on the inside

with stainless steel overlay weld cladding which normally pre-
vents access of the coolant to the underlying ferritic steel.
Interest in corrosion fatique of pressure vessel steels arose
from overlay clad failures in pressure vessels. Stress corrosion
cracks of cladding penetrate also into the base metal.

Pressure vessels steels can show enhanced crack growth rates re-—
lative to those observed in air when tested at low cyclic
frequencies in high temperature water, simulating PWR or BWR
operating conditions. Such enhancement was initially reported
by Kondo /22/ , and later confirmed by Bamford /23/.

In recent years extensive corrosion fatigue experiments
have been performed at various establishments throught the
world and some of these data have been reviewed by Cullen /5/.

Upper limits must be determined for the fatigue crack growth
rate in nuclear pressure vessels to assure that a small flow
cannot grow to a critical size in service.

Background

The crack growth rate in pressure vessel steels tested in si-
mulated reactor environments in sensitive to a wide range of
environmental, material and testing variables /24, 25/.

The complex nature of the corrosion fatigue process and
subtle interactions between the testing variables often

make it difficult to compare tests performed under apparently
similar conditions. Variables include the material chemistry,
the initial &K level, the R-ratio and the solution chemistry
of the crack tip. On constant AK tests the rapid crack growth
rates seem to be associated with high sulphur levels, high
oxygen levels and high R-ratios. The environment that is appa-
rently least susceptible to the rapid fracture mechanism is
the simulated PWR environment, with its low oxygen content
(<10 ppb) and the additions of boric acid and lithium hydro-
xide.

The importance of metallurgical variables of steels is now clear,
based on the laboratory test results. The sulphur content and,
especially, the MnS inclusion size, shape and distribution of
the steel seem to be responsible for material-to-material and
heat-to-heat variability. Large elongated MnS inclusions gene-
rally contribute to rapid crack growth rates, whereas materials
containing small spherical MnS inclusions are less susceptible.
The adverse influence of sulphur is thought to result from the
dissolution of uncovered MnS inclusions inside the crack, which
creates an aggressive local crack tip environment. The sulphur
species produced (H,S5, HS etc.) are known both to change hy-
drogen absorption afid to increase anodic dissolution of the
steel /1, 2/.

The mechanistic study of corrosion fatigue of pressure vessel
steels has covered, e.g., fractography, stress corrosion
cracking, hydrogen embrittlement, crevice chemistry and ‘electro-
chemistry, repassivation studies, and surface science, but it
is still the general conclusion that the two relevant crack
growth mechanisms~film rupture/slip dissolution and hydrogen-
induced cracking-are not easily distinguished since they both
depend on the same crack growth rate limiting processes: trans-—
port of species in solution, oxide f£film rupture and repassiva-
tion /3/. Ford and Emigh /4/ have advanced the anodic dissolu-
tion model for the stage where they can calculate the maximum
environmental enhancement of crack growth quantitatively. The
model still has many unproven assumptions and it cannot explain
the fracture morphology. The hydrogen-induced cracking model
awaits an improved understanding of the factors that control
the amount of crack growth per cycle. The mechanistic under-
standing has recently been reviewed by, e.g., Cullen et al /5/.

The influence of environment

The results of the interlaboratory activity have shown that
there are several variables acting separately or synergisti-
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cally interactively to control the extent of environmental AK (MPa v/ )

cracking in either corrosion fatigue or slow strain rate tests 10! 102
. -3

on pressure vessel steels /6/. These are (i) steel sulphur 10 T —TT T177T[ T T T,VT’f

content, (ii) water flowrate, (iii) water chemistry, espe -
cially oxygen and sulphur anion concentration. Combinations LEGEND;

producing the worst environmental effects observed to date e Base Metat-R=0-2
for corrosion fatigue crack growth rates at low cyclic fre - ® Welds -R=02
quencies are shown in Fig. 1 /7/. These results form the ba- =
sis of the current ASME flaw evaluation procedure /8/. They o Base Metal - R= 07
were obtained from experiments on pressure vessel steels with o Welds -R=07
high sulphur levels by modern standards (i.e.>» 0.010%) tested All Specimens Tested
in simulated PWR primary water containing less than the maxi- 1 CPM

mum allowed 100 ppb oxygen under laminar flow conditions. Wave Form UL
Conversely, other investigators have shown negligible environ-
mental effects of fatigue crack growth, particularly in low
sulphur steels or with turbulent, high quality simulated PWR
primary water of unmeasurable oxygen content (&2 ppb) /9/.

It is now known that if sufficient oxygen (s 30 ppb) is pre-
sent to move the corrosion potential to that characterostic

of an oxygen redox electrode then, under laminar

flow conditions, high environmental cracking rates will be
observed in corrosion fatigue tests. Slow strain rate stress
corrosion tests reveal the same trend and increasing linear
flowrate reduces the adverse environmental effect /10, 11/.

A similar story emerges for steel sulphur effects, even in

the absence of oxygen in the aqueous environment, although
there is thought to be a strong synergistic interaction between
these two variables. The adverse influence of sulphur is
thought to arise from the dissolution of manganase sulphide
inclusions which creates an aggressive local crack tip envi- I
ronment. The build-up of this environment can be ameliorated ASME XT Wet J
or prevented by choosing low sulphur steels and increasing - 0. /
the external water flowrate. Nevertheless, the precise opti- R=2065

mum low sulphur level and caveats on its morphology and distri- 1076 [ B ANl L 1 1 1
bution are not well characterised at present: It is, however, 100 101 102
no surprise that if sulphux anions (a1 ppm) are added to the AK (KSIVIR)

bulk environment, substantial environmental cracking rates

can be observed /9%/.
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FIG. 1. Corrosion fatigue data for A533-B-1 and A508-2 steels and weldments in PWR

The variation of cracking susceptibility correlates with the primary water.
electrochemical potential, and cracking occurs for this tem-

perature range if the rest potential is greater than about

~0.2 V (SHE). It was confirmed that the oxygen in the water

acts as a chemical potentiostat, which drives the steel into

or out of the cracking range, by showing that cracking could

be prevented in 45 ppm 0. water at 288°C by applying cathodic

polarization. Cracking cbuld also be induced in«({ 5 ppb O corrosion cracking requires that both Fe,0; and Fe,0, can form
content water by applying anodic potentials. Large IR drops in the crack enclave. By replotting the poéentlal = éH data
occurred in the potentiostatically controlled tests and it is in the form of the required oxygen for a given potential against
probable that the potential need only be moved slightly from temperature, it is shown that the oxygen content for inducing
the cracking potential to induce a significant reduction in the cracking agrees closely with the Fe O -Fe O boundary at tempe-
susceptibility to cracking. The cracking potential correlates ratures from 150°C to 288°C and that in tRid temperature range
well with the Fe,0,-Fe 0 boundary for high temperature poten- cracking is more likely to be associated with an anodic dissolution mecha-
tial - pH data. this g bable that the mechanism of stress nism than by hydrogen-assisted cracking /12/.
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Radiation - corrosion synergisms

Exposure to primary water environments causes an increase in
the rate of fatigue crack propagation in pressure vessel steels.
This enhancement in the fatigue crack growth rate may result
from anodic dissolution at the crack tip of hydrogen embrit-
tlement near the crack tip. In either case, a wide range of
material and environmental variables can affect the crack pro-
pagation rate. Irradiation may be expected to provide and ad-
ditional source of variability in the corrosion fatigue crack
growth rates.

However, there are apparently many other effects of equal magni-
tude and the net effect on the upper limit curves used in ASME
Section XI is expected to be minimal. The general approach

of using upper limit curves appears to be adequate to account
for the effects or irradiation /13/.

Radiation embrittlement in pressure vessel steels has been
attributed to the formation of a fine dispersion of copper rich
precipitates which cause a hardening of the steel. These pre-
cipitates do not form in the unirradiated steel due to the low
diffusion rate of copper in steel at 288°C. However, the crea-
tion of excess vacancies by irradiation can increase the mobili-
ty of the copper atoms resulting in precipitate formation in

the irradiated steel. Although the physical property changes

in the pressure vessel steels are significant, the microstructu-
ral changes are small in scale and subtle. Gross effects, such
as large scale phase changes, decrease in grain size or altera-
tion of the MnS inclusion distribution, which might be expec-
ted to affect the corrosion fatigue crack growth rate, are not
observed in these relatively low fluence irradiations.

Due to the complexity of the experiment and the large size re-
quirements for the test specimens, there is a limited amount
of data on crack growth rates in irradiated materials.

In many cases, the corrosion fatigue crack growth rate measured
in the irradiated specimens was higher than the crack growth
rates measured under similar conditions in the unirradiated
specimens. The most notable difference between the irradiated
and unirradiated specimens was the frequency dependence of the
crack growth rates measured in the irradiated specimens that
was not observed in the unirradiated specimens. There was an
apparent enhancement in the crack growth rates measured at

0.1 Hz in the irradiated specimens.

Depletion of solute atoms would primarily affect the anodic
dissolution rate, while hydrogen trapping is important to the
process of hydrogen assisted cracking. The relative importance
of hydrogen assisted cracking versus anodic dissolution in
determining the fatigue crack growth rate in pressure vessel
steels has not been determined. Therefore, it is difficult to
predict the influence of these potential radiation effects

on the fatigue crack growth rate. However there are a number
of potential mechanisms for enhancing the fatigue crack growth
rate that are consistent with the damage level in the specimen:

1. The radiation induced increase in yield stress may alter
the plastic zone size or promote fracture initiation at in-
clusions.

2. Radiation induced segregation to grain boundaries may pro-
mote intergranular fracture.

3. Radiation induced segregation and precipitation may cause
a depletion of solute atoms that are key elements in.deter-
mining the anodic dissolution rate or the formation rate
of an oxide coating.

4. Trapping of hydrogen at radiation induced defects may in-
fluence the hydrogen permeability of the steel.

5. The radiation produced by decay in the specimen may alter
the crevice chemistry.

There are a number of radiation-induced processes that may af-
fect the stress-corrosion cracking behavior of materials. Ra-
diation can alter the water chemistry by radiolysis, the pas-
sive film by atomic displacements or electronic damage, or

the microstructure and microchemistry of the alloy by atomic
displacements.

Radiation may also alter the corrosion behavior of materials
by causing chemical changes in the environment, alterating

the protective properties of the passive f£ilm, or chemical or
phase changes in the alloy. Radiation-induced chemical changes
in the environment occur by excitation and ionization of the
atoms and molecules in the environment. Changes in chemical
composition produce a change in chemical activity of the envi-
ronment or the kinetics of the cathodic or anodic electroche-
mical processes. Radiolytic effects occur primarily from the
interaction of gamma rays and beta particles from the activa-
ted structure or from radionuclides in the coolant. In a.waFgr—
cooled system, the dominant radionuclide is expected to be N
formed by (n, p) reactions, which decays into 6.1 MeV gamma
rays and 10.4 MeV and 4.3 MeV beta particles.

Most corrosion-resistant materials form a protective film on
their surface when exposed to aqueous environments. This film
is generally about 100 A thick and is thought to be a hydrated
oxide that reduces cation and anion diffusion sufficiently to
decrease the corrosion rate by several orders of magnitude.
Radiation can degrade the protective properties of a passive
film by atomic displacements that increase the cation or anion
diffusivity through the film or by a photo-radiation effect
that alters the semiconduction properties of the film.

Byalobzhesky /15/ reviewed the radiolytic, damage, and pho-
toconductive effects of irradiation on corrosion; for most
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materials, an increase of only 1.5 to 3 times was noted. For
some selected cases, however, the increase was several or -
ders of magnitude.

In reviewing the effects of radiation on corrosion of carbon
steels, Van Konynenberg and McCright /16/ concluded that in
temperature and pH regimes in which a passive film is stable,
radiation assists in film formation and reduces the corrosion
rate. Under conditions in which radiation increased the corro-
sion rate, the increase was only about a factor of 2, although
one study reported an increase of 12.7 for electron irradiation.

Nelson, Westerman, and Gerber /17/ recently reported corrosion
tests conducted on several ferritic steels and titanium alloys
in a cobalt-60 facility. While the materials, water chemistries,
and gamma spectra and fluxes are not directly applicable to
LWRs, it is encouraging to not that Nelson, Westerman, and
Gerber observed at most a factor of 2 increase in the corrosion
rate of ferritic steels.

It is very likely, therefore, that radiolytic effects are

a small factor in stress corrosion of passive film-forming ma-—
terials. Data by Fujita et al. /18/ support this conclusion.
They evaluated the stress corrosion cracking behavior of Type
304 SS in hiqh—temperiture (250°C) water during a gamma-ray
radiation of 4.5 x 10" rad/hr. Thgy found thgg th? fracture
strain at strain rates of 5 x 10 to 5 x 10 s was unaf-
fected in water with less than 20 ppb oxygen but was decreased
about 50% in water with 8 ppm oxygen. Fujita et al. suggested
that the increased hydrogen concentration in the water from
radiolysis caused the breakdown of the passive film and there-
by caused intergranular stress corrosion cracking (IGSCC) of
sensitized material.

It was concluded that radiation-enhanced corrosion was expected
to have a small effect on the crack growth rate because the cor-
rosion rates are only enhanced by a factor of two to three by
gamma radiation. In some circumstances gamma radiation decrea-
ses the corrosion rate; hence, the crack growth rate also would
be expected to decrease under those circumstances.

An evaluation of the effect of radiation-enhanced corrosion,
creep, and segregation on IASCC has been conducted and supports
the conclusion that RES is probably the dominant process in
IASCC while radiation-enhanced creep could increase the crack
nucleation rate and growth rate of short cracks in components
at low stresses. Radiation-enhanced corrosion may increase the
crack growth rate by a factor of two to three, but is not ex-
pected to be a major contributor to IASCC. These conclusions
were based on an assessment utilizing a combination of experi-
mental data and crack growth rate models.

In order to clarify the corrosion mechanism of structural ma -
terials used in BWR primary systems, the effects of irradiation
on corrosion in high temperature boiling water have been stu-

died experimentally. The effects of irradiation on corrosion
were examined by using the gamma ray irradiation facility,
GILL, which is equipped with a 10.000 Cl cobalt-60 source.

The corrosion conditions of high temperature water (e~ 280°C)
caused by irradiation were evaluated by using an approximation
model of water radiolysis. It was found that gamma rays enhan-
ced the electrochemical potential of stainless steel in aqueous
solution at romm temperature. This was caused by the accumula-
tion of hydrogen peroxide in the solution due to water radio-
lysis.

The average concentrations of hydrogen and oxygen in the water
of the BWR recirculation line were calculated by the approxima-
tion model. These results suggested that hydrogen injected into
they primary coolant could scavenge the decomposition products
of hydrogen peroxide, which caused the suppression of oxygen
concentration in the water and moderated the corrosion condi-
tion /19/.

Corrogsion in an interaction between materials and a solution
at their thin boundary. Irradiation can indirectly enhance the
interaction through several processes. The factors listed in
Table 1 are considered to play important roles in this regard.

The photo effect on the oxide film and the effects of short 1li-
ved radiolytic radicals should cause rapid changes in the dose
rate. The change in electrochemical potential just after irra-
diation was stopped was very small (less than 5%) which showed
that these two effect could be neglected. Accumulation of oxygen

Table 1 Major factors which determine corrosion occurrence

factor estimated effects justlfigatlon for the
estimations
thickness of corrosion serve as barriers be-
axide film suppression tween materials and
solution
structural
materials conductivity of very rapid analogaus to irradia-
oxide film effect tion effects on
semiconductors
concentration négligible effect | saturated concentra-
of 02 tion
aqueous concentrations very rapid effect | short lives
solution of short lived (less than 1 ms)
radicals
concentration of significent constant at room
H202 effect temperature
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in the solution could not be expected during the irradiation
because the solution was already saturated, so there is no oxy-
gen effect on corrosion occurrence. On the other hand, hydrogen
peroxide has a sufficiently long lifetime at room temperature
{several days) and it would be expected to accumulate in the
solution during irradiation.

If oxygen plays an important role as an oxidising agent in the
intergranular stress corrosion cracking, the other chemical
species produced by radiolysis of water such as H,0,, HO,,

0,- and OH may also affect the IGSCC /20/. Hence,“tlie cogstant
efongation rate test (CERT) experiment was conducted to examine
the effect of radiation on the IGSCC of 304 type stainless
steel. It was found that radiation accelerates the IGSCC at
higher oxygen concentration but rather retard the IGSCC at lo-
wer oxygden level.

It was found that radiation has significant effect on the re-
lease of corrosion products from stainless steel and carbon
steel in high temperature water; gamma-irradiation enhances
the release of crud or insoluble oxide particulates, while it
has no appreciable effect on the release of soluble ions.
This effect was explained by the hypothesis that ferrous ion
released as a result of the corrosion is oxidised by water
radiolysis products to ferric ion leading to hematite

(o -Fe_0,) through the hydrolysis reactions.

One reftafkable characteristic of cracks in the core region is
that the concentration of oxidizing species (due to radiolysis)
in the stagnant crack solution is perhaps higher than in so-
lution external to the crack. Residence time of these species
is high a there is more time to react with the material.

Water chemistry monitoring

Environmental control to prevent corrosion was reviewed by
Aaltonen /21/.

In power plants extensive instrumentation and laboratory ana-
lysis programmes are applied to provide rapid and reliable
diagnosis of water chemistry. However, at present chemical
monitoring is applied mainly in low temperature, low pressure
conditions or by using grab samples. More relevant informa-
tion concerning the chemical environment could be obtained

by using high temperature, high pressure measurements at
least for pH, conductivity and electrochemical potentials,
which indicate the presence of oxidizing elements in the
water.

The major area of interest in systems monitoring material-wa-
ter reactions for high temperature, high pressure environ-
ments is that of corrosion reactions. Most metals are unstab-
le with respect to water and their utilization in water con-
taining environments depends on the kinetics of their cor-

rosion reactions. In many cases the reaction rates are so
small that they permit practical application of the materials.
However, corrosion reactions are dominating when the long
term stability and integrity of energy and process plants are
considered. In order to extend the life of components and to
obtain higher reliability of materials the real service con-
ditions should be known.

The IGSCC initiation and crack growth rate can be affected by
the water chemistry. Under low corrosion potential conditions,
which can be obtained through low oxygen content in the water,
crack initiation can be avoided. The low conductivity, i.e.
high purity, of the water decreases the crack growth rate to
a tolerable level., However, transients in the environment
which produce high potentials together with high conductivity
make fast crack growth rates possible.

Uncertainties concerning the application of electrochemical
techniques to environmental monitoring have diminished in re-
cent years. At present the measurement of electrochemical
potentials, conductivity and pH in high temperature, high
pressure environments in used in many laboratories and also
in some power plants. The ability to measure these important
parameters at elevated temperatures has opened up a whole new
area of solution chemistry, since real operation conditions
can now be studied more accurately.

Conclusions

In recent years extensive corrosion fatigue experiments hove
been performed at various establishments throught the world.
The complex nature of the corrosion fatigue process make it
difficult to compare the results of these experiments. Regar-
ding the water chemistry influence corrosion is connected with
oxygen level, sulphur species, halides and pH/potential of the
system.

The influence of low rate to crack propagation shows that che-
mistry in the crack may differ from the bulk. This is wvalid
also for irradiated system. The cravice chemistry in such sys-
tems and its influence on crack behaviour is not known.

Recommendations

Regarding the safety concerns of the degradation of low-alloy
pressure vessel steels we think it is necessary to improve un-
derstanding of corrosion mechanisms in these fields:

-~ The influence of oxygen and trace impurities {sulphur species,
halides).

- The influence of pH and potential of the system.

- The degree of radiolysis in cravice/cracks that create agres-
sive species attacking metal surface.
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After that it will be possibly to recommend the better chemistry

control,

water specifications and water chemistry guidelines.

In the field of water chemistry monitoring, it is very useful
to continue in development and application of electrochemical
high pressure measuring techniques-such as pH, conductivity

and electrochemical potentials. Relevant information concerning
chemical environment and materials behaviour could be obtained.

/ 9/

/10/
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AUSTENITIC STEEL CORROSION OUTSIDE
THE CORE IN VVERs

J. KYSELA, K. SPLICHAL, K. JINDRICH
I:Iuclear Research Institute,
Rei, Czechoslovakia

Abstract

Corrosion examination of WWER power plants components and of
laboratory samples are presented. The in-reactor corrosion
gxperience of steam generator tubes in Czechoslovakian power plants
is reviewed.Results of laboratory tests on corrosion rate
measurement in different coolant chemistry,steam generator tubes
fatigue tests and on the influence of surface treatment are given.

1. Introduction

Results of plant experience and laboratory tests in austeni-
tic steel corrosion outside the active core in VVERs are pre-
sented. Material is prepared to the WACOLIN program of the
IAEA. The in-plant corrosion experience of steam generator
tubes in Czechoslovakian power plants is reviewed. Results of
laboratory tests - corrosion rate measurement in different
coolant chemistry, steam generator tubes fatigue tests, the
influence of surface treatment - are described.

2, In plant corrosion experience of steam generator tubes
2.1 Characteristic of reactor system

Parameters and material characteristics of primary systems
and steam generators is given in Table 1 and 2. Both 440 and
1000 MW reactors use stainless steel for steam generators.
Steam generators are horizontal type. Primary water specifi-
cations are given in Table 3. VVER type reactor use KOH and
NH., to alkalize the primary coolant. Concentration of hydro-
gefi which is necessary for oxygen supression is formed by the
radiolytic decomposition of ammonia.

2.2 Results of examination

Defective SG tubes were cut out from steam generators and we-—
re examined in laboratory. The oxide layers were characteri-
zed by SEM and X-Ray diffraction. The results of examination
are summarized in Table 4. Time of exploitation, corrosion

layer description and types of corrosion attack are showed /1/.

Table 1

Characteristics and Parameters of Reactor Systems

PARAMETER- Unit VVER-440 VVER-1000

Thermal capacity MW 1375 3000

Electrical capacity MW 440 1000

Number of loops 6 4

Pressure MPa 12.25 15.7

Inlet/outlet

temperature °C 264/299 289/322

Flow rate @ .h 39 000 76 000

Fuel element

linear heat flux  kW.m ' 13.1 17.6

Number of fuel

assemblies 349 151
Table 2

Material Characteristics of Primary Systems of VVER-440 MW.

SURFACE MATERIAL SURFACE /m*/
Fuel Cladding Zx-Nb 4007
Steam generator, stainless steel 15000
piping 08CH18N10T
In-core stainless steel 140
structures 08CH19N10G

Table 3

Reactor Water Quality Specifications for VVER Reactors Types

PARAMETER Unit VVER-440 VVER-1000
H,B0, g.kg™ ! 0 -6 0 - 13.5
PH (25°C) 6 6 6
KOH mg.kg”! 2.5 - 16 2.5 - 30
NH,y mq.kq:: 5 5
H, mq.kg_1 30 ~ 60 30 - 60
02_ mt;.kt;.‘-1 0.01 0.01
cl mg . kg 0.1 -
c1” o+ B ng.kg™ - 0.1

Fe ng.kg™) 0.2 0.2
Cu mg.kg_1 - 0.02




g Table 4 Summary of in-plant coxrosion experience of SG tubes - primary side
Plant Time of exp. Corrosion layer charact. Corr.attack
VVER—440, Bohunice 7000 h Fede (2-3% Cr, 1-3% Ni}, No
8 tubes 4-10 am thick

single crystals 1-6 pm

VVER-440, Bohunice 10530 h Fe 0, (Cx, Ni) No
1 tube 15-17 pmn thick
single crystals 4-5 ym

WER-440, Bohunice 14100 h Fey 72 Mg 5% No
1 tube 0.4-16 pm thick
single crystals 0.4-16 um

VVER-440, Nord 61300 h Pe304 {Cr, Ni) Etching surf.

1 tube single crystals 5-30 am by DERO

Table 5. Thermohydraulic parameters in the loop durxing activity build-up experiments

Samples

Main Heater Active Measuring | Comparative

Circuit channel Circuit channel
Temperature °C 274-294 274-294 290 270-285 294
Pressure MPa 12 12 12 12 12
Flow Rate t.h™' 2.5 2.5 2.5 0.14 2.5
Linear Velocity m.s" 0.97 0.025 4.5 0.25 4.6
Reynolds Number 274 000 22 200 189 000 10 300 189 000
Internal Surface m? 18,2
Volume m?’ 240

3. Laboratory tests

3.1 Coolant chemistry influence on corrosion of stainless
steel and activity build-up

Coolant chemistry has been recognized as the major factor
which influences radiation fields around primary systems.
We suppose that there are two possibilities to modify the
primary coolant chemistry at the VVER reactors: hifher pH
and hydrazine water chemistry. The results of plant tests
were recently published and the experience achieved was the
base for decision to start experimental program. We joined
our efforts with GDR (German Democratic Republic) institute

2fX Rosendorf and KKW Rheinsberg NPP. The experiments of pres-
surized water loops were decided as a first step in the pro-
gram before the implementation on Rheinsberg power plant and

then on reactors VVER 440 /2/.

The main objective was to compare three loops experiments
with different coolant chemistry: standard water chemistry,
high pH and hydrazine. Data and measurements were collected
during and after each experiment and were divided into:

coolant analysis, corrosion and activity measurements on me-

tal samples, dose measurements. Before each of experiments
the RVS-3 loop was decontamined and thus the same initial
conditions were maintained. The decontamination procedure
has two steps and was developed in the KKW Rheinsberqg /3/.

The conditions of experimental runs and results of corrosion

rates measurements are summarized in Tables 5, 6, 7 and in

Fig. 1. The corrosion rate measurement from metal samples
shows no differences between the experiments (Table 7).
Corrosion rates from decontamination of the loop internal
surfaces increase as follows: hydrazine <« standard water
chemistry < high pH. The first decontamination of the loop
was not fully succesfull so the procedure had to be repeated
(see Table 8). Possible explanation of this fact is the oxide
layer formed at high pH chemistry is more resistant to de -
contamination.

Corrosion data used for VVER reactors / 4, 5, 6, 7/ for
austenitic stainless steel type OCH18N10T are summarized in
picture 2.

Our corrosion measurements together with VVER’s data are

in picture 3. (Experiment 1 is standard water chemistry,

experiment 2 high pH chemistry and experiment 3 hydrazine
chemistry.)

The steam generator tubes with different surface treatment were
exposed during experiments with different coolant chemistry.
Tube samples were placed in hot measuring circuit of the

RVS-3 loop. The tubes with standard blasted surface and the tu-
bes which have electropolished surface were exposed. The results
of corrosion layer measurement and parameters of roughness are
summarized in Table 9. Corrosion layer was distinguished in
outer and inner oxide layer by procedure which consists of two
dissolution steps: first step is dissolution with EDTA and the
second step is dissolution with permanganate. Content of iron,
chromium and nickel in outer and inner oxide layers (Fig. 4)
shows the shows the differences between these layers. It was
found that the outer oxide layer is Fe-rich and the inner oxide
layer is Cr-rich. The differences between mass of the outer
layers (see Table 9) on blasted and electropolished tubes can be
explained by the fact that electropolished surfaces is less sus-
ceptible to crystallite deposition.
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Table 6. Water chemistry parameters in the loop during

activity build-up experiments

Parameter Experiment
Standard Higher pH Hydrazine

33803 6.4 + 0.4 6.1 + 0.2 6.1 + 0.3
g.kg™!

KOH 17.7 + 3.8 72.3 + 3.0 16.5 + 2.7
ng.kg~ !

NH, 15.0 + 2.0 15.0 + 2.3 0~ 120
ng.kg")

N2H4 » - - 30 - 100

ug.kg

pH 25°¢ 6.6 + 0.3 7.3 + 0.1 7.1 + 0.4

pH 270°C 6.65 7.20 6.65

(MESMER)

pH 300°C 6.80 7.40 6.80

{MESMER)

H, 0.2 -~ 0.4 0.2 - 0.4 23 + 4

Nml/kg

Table 7. Corrosion rate of metal samples during experiments

Corrosion rate [kg.m 2.5 ]

Experiment Blank samples Preoxidized samples
Comparative Measuring Comparative Measuring
channel circuit channel cirecuit

Standard 6.9 E-10 9.4 E-10 4.5 E-10 4.% E-10

High pH 1.5 E-9 1.2 E-9 3.9 E-10 4.4 E-10

Hydrazine 1.2 E~% 8.9 E-10 3.5 E-10 4.4 E-10

Remark: Corxosion rate during preoxidizing step was 9.2 E-10

1,34

@ High pH Coolant Chemistry
1,24

<
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Fig. 1. Coolant Chemistry during Experiments versus recom-
mendations for VVER 440, VVER 1000, EPRI and
Ringhals

Results of deposition of activated corrosion products is summa-
rized in Table 10. For all experiments with different coolant
chemistry is typical the smaller deposition at electropolished
tubes. The activity of electropolished samples is about 48 - 62%
activity of standard blasted samples.

Relative contents of iron, chromium and nikel is dependant

on water chemistry and surface treatment (see Table 11). Rela-
tive content of iron in corrosion layer is higher at blasted
surface and content of chromium is higher at electropolished
surface. Higher content of Cr in corrosion layer and in spinel
structure of mixed ferrites explains also the lower corrosion
rate of electropolished surface (see Table 9).
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Table 8. Corrosion rate of the loop surface calculated from decontamination data

a0 CORROSION RATE [kgm™28™-1] 1070

26 &
20
1 %
ox
10 $ o x oy
& +
6
N . ¥
0 1 1 1
0 1 2 3 4
TIME fhours] . 1o
* IAE 4/ + GER-1 ss; ¥ GER-0 s/ D HORWT 76/
X WINKLER 77/ & ExP -1 A Exp-2 I ExP-3

Fig. 3 Corrosion measurement (Exp. 1 - standard, Exp. 2 - high pH,

Exp. 3 - hydrazine) together with VVER’s data (Fig. 2)

Parameter Standard Higher pH* Hydrazine
Gained metals g I. IX. I.+11.
Fe 58.08 63.25 29.25 92.50 35.02
Cr 2.40 8.63 4,18 12.81 4,37
Ni 5.86 6.63 2,09 8.72 2.49
Zmetals 66.34 78.51 35.52 114.03 41.88
Corrosion rate 1.56 E-9 1.72 E~-9} 7.78E-10{ 2.5 E-9 9.88 E-10
kg.m 2.5
Remarks: I. - first decontamination

II.- second decontamination

“ OCORROSION RATE [kg.m™-2.8~=1]. 1071?

12r %

101 x

o} X

8l % )

8+ +

R +

+ . .
L
2r x
O L L 1 1
(o} 2 8 10

4 8
TIME [hours] . s
* JAE /4/4+ GER-1/5/% GER-0 /570 HORWA 76/ X WANKLER/7/

Fig. 2 Corrosion data used for stainless steel OCH18N10T

3.2 Corrosion fatique tests of tubes

Load has been induced with equipment of the RVS-3 reactor
water loop in Nuclear Research Institute, dimensioned for
operational parameters 15.7 MPa and 335°C with forced cir-
culation of medium. Test section of steam generator tubes

is shown in Fig.

5. This section consists of two four-me-

ters tubes (with over-limit technological defects) inter-
connected by a horizontal pipe coupling. The section is
equiped with measuring instrumentation indicating tempera-
ture and pressure and 1s joined to hot measuring circuit
of the loop through closing valves.

Régime of the experiment followed from the requirement of
more stringent modelling of working load of tubes by pressu-

re, temperature,

and corrosion loads.

Table 9, Oxide layer on steam generator tubes

EXPERIMENT Mass of laver mg/cm?
blasted surface electropolished surface
outer layer inner layer outer layer inner layer
Standard 0.32 0,08 0.13 0.04
High pH 0.52 0.07 0,04 0.01
Hydrazine 0.01 0.13 0.01 0.11
Rotughness, Ra 0.34 0.086
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ner overpressure) of the tubes tested, the arrangement with
pressure and temperature generation in the medium by electri-
cal heating in direct connection of part of one of the tubes
tested into the circuit of the low-tension winding of trans-
former has been selected /8/.

Fig.4 Relative Content of 1Iron, Chromium and Nickel in Oxide Layers

Tab. 10 Deposition of radicactive corrosion products on surface of tubes .
The experiment has been scheduled for eight weeks. During

one week, the experiment has been modified so that pressure

Boeriment  Surface Radicactivity (Bq) test (20 + 0.5 MPa) has been carried out before the tempera-
S8, 60, Sy ture exposition itself. Similar test has been carried out by
the end of the week. The daily régime of the experiment con-
s Blasted 6817 2206 7734 sisted of a continuous block of pressure cycles 14->11->14 MPa,
tandard El.polished 3765 1363 4538 and 12.5> 6 >12.5 MPa at temperature of 275 - 315°C and water
Blasted 10854 4151 8951 environment in the loop. Between these exposure blocks, the
High p £l.polished 5286 1980 4923 exchange of the medium in the section (at least once during
Hydrazine  Plasted 11870 4589 7856 12 hours) by the water from the loop with duration of two
El.polished 5898 2478 4367 hours was carried out. Water chemistry in the loop correspon-

ded to that of the VVER reactors with increased concentration
of oxygen and chlorides.

Total results of corrosion fatique loading of the tubes are
summarized in Table 12. After loading, the tubes have been

Tab. 11 Relative content of Fe, O and Ni in corrosion layer of tubes subjected to a number of tests, mainly from the point of
view of evaluation of changes on the inner surface. Corrosion
Experiment Relative content (%) layer formed on the inner surface on the tubes reached maxi-
Blasted El.polished mum thickness ~ 1/€m.hThe iayex(‘ ozwas composed mainly of m;\gne-
tite (Fe,0,), partly hematite -Fe,0,)._jverage mass O
Fe o i Fe & N oxidic layer reached the value of 3.3 é.m é On the basis
Standard 62.0 20.8 17.2 51.5 31.2 17.3 of difference between optical measurement on the layer thick-
ness and calculation of this th_i_gkness from the mass of the
figh pi 4.3 13.9 1.8 35.4 %.7 31.8 layer (for @ Fe O4 = 5.19 kg dm 7), it is possible to calcu-
Hydrazine 67.7 22.7 9.6 £8.5 31.9 9.6 late the porosiéy of the layer, which is 25%. For the study

of corrosion layers, the optical and scanning microscopy
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Tab. 12 Fatique loading of the tubes

Pressure cyclus

11 > 14 MPa

6 — 12 MPa

¢ —» 20 MpPa
Temperature

Heating 20 -» 300°C
Thermal flux density
Linear flow rate

Time exposition at 300°C

28 600 cycl.,
3 200 cycl.,
10 cycl.
275 - 315 °C
100 cycl. _
3 x 10" W x,m
0.45 m x s
800 hours

frequency 0.03 Hz
frequency 0.005 Hz

chemical removal of the oxidic layer, and Mdssbauer and in-
frared spectroscopy have been used.

From the point of view of technological defects on the inner
surface, the increase of size of these defects, present in
the tube before the experiment, has been evaluated, i.e.pre-
sence of propagation of the defects caused by simultaneous
mechanical load apd corrosive environment at increased con-
tent of 0, and C1 has been searched. There is a caustic de-
pendence %etween concentrations of oxygen and chloride and
presence of corrosion cracking. According to the relation
presented by Gerasimov /5/, the average time interval of appe-
arence of cracks is lower by two orders at incre§§ed content
of _these componggts (in our case, 0, £ 0.5 mg dm ~,

Cl £ 0.7 mg dm ) than insthe case’of standaxd water che -
mistry {( 0, =0.01 mg dm ~, C1 = 0.1 mg dm ~). Despite of
a pronounceéd increase of stringency of the tests, no increase
of size of the defects has been observed, and no initiation
of formation of cracks has occurred.

The effects of oxygen and chloride on SCC of austenitic stain-
less steels in high temperature water /9/ with the results of
our measurement is in figure 6.

4. Conclusions

— In plant corrosion experience of steam shows no attack from
the side of primary coolant. Corrosion layer is formed by
magnetite spinels substitute with nickel Fe3_xNix04 where

x = 0.25. Layer is 4 - 17 am thick, covered wlth'single
crystals.

- Corrosion rate measurement of metal samples shows no dif-
ference between the standard, high pH and hydrazine water
chemistry. Corrosion rates from decontamination of the loop
surfaces increase as follows: hydrazine < standard water
chemistry < high pH.

SCC - ANNEALED
O SCC - PARTIALLY SENSITIZED
O SCC - SENSITIZED
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Figure 6 . The Effects of Oxygen and Chloride on the SCC of Austenitic
Stainless Steels in High Temperature Water /9/

- Surface treatment of metal by electropolishing reduce cor-
rosion and radioactive corrosion product deposition.

~ No initiation of cracks was observed during corrosion fa-
tigue tests of steam generator tubes with higher content of
oxygen (0.5 p.p.m.) and chlorides (0.7 p.p.m.).
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5. Recommendations
For next period we recommend:

- in-plant demonstration of corrosion measurement with high
pH and hydrazine chemistry and electropolishing samples

- continuation of laboratory tests of corrosion measurements

and investigation of double layer structure of corrosion layer
during hot-functional tests and steady state operation.
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IRRADIATION ASSISTED STRESS CORROSION
CRACKING OF AUSTENITIC STAINLESS STEELS

1. AHO-MANTILA

Metals Laboratory,

Technical Research Centre of Finland,
Espoo, Finland

Abstract

The in~reactor components made of austenitic stainless steels
have recently failed in light water reactor (LWR) environments.
The failures have occured by intergranular stress corrosion
cracking, which has been enhanced by irradiation. Irradiation
assisted stress corrosion cracking (IASCC) seems to be time-
dependent and therefore may become more important when the
plants are ageing.

Typical features connected to the IASCC are that the failed
components have been stressed and located in reactor cores,
where the high fluence levels have prevailed. Additionally,

the material has not been sensitized. In this paper, the
metallurgical condition of the austenitic stainless steel and
the necessary environment for the IASCC to occur, are reviewed.
The composition of grain boundaries of stainless steels has
been examined more closely, because the irxradiation enhanced
grain boundary segregation of impurities is generally thought
to be involved in IASCC.

1. INTRODUCTION

In recent years austenitic stainless steels have suffered

failures in the cores of both boiling and pressurized water
reactors. Intergranular stress corrosion cracking of stainless
steel components in in-core structures is related to the high
fluence levels of the cores and called as irradiation assisted
stress corrosion cracking (IASCC). The failed components have
been stressed and there seems to be a certain fluence level
{about 5*102° n/cm?, E >1MeV) after which the IASCC happens
(1). The examinations of the failed components have not
indicated the sensitization of the material. Shorter times to
failure have been observed in BWRs, but the IASCC may affect
the component degradation in both kind of ageing LWR nuclear
power plants.

The first field IASCC failures were noted in fuel rod
cladding in BWRs and incidents were reported also in PWRs when
austenitic stainless steels were being investigated as
candidates for cladding materials (1). The use of zirconium
alloys for LWR fuel cladding has eliminated the concern for



[43

fuel, but IASCC has appeared in other components such as the
upper guide structure, control blade tubes, and fuel assembly
handle in BWRs and bolts and control rod tubes in PWRs (2).

Radiation enhanced corrosion, creep (REC), and
segregation (RES) have been implicated in IASCC (2). The factors
known to affect IASCC have been separated into two categories,
the first a time-dependent one, the second, time-independent.
The time-dependent factors are a result of irradiation and
include loss of ductility, grain boundary segregation, and
change of stress. Factors that are constant with time are
electrochemical potential (ECP) in reactor core and strain
rate (1).

The occurence of IASCC has introduced the establishment
of the International Cooperative Group on Irradiation Assisted
Stress Corrosion Cracking, which serves a forum for the
technical interchange. This group will encourage the research
related to the effects of irradiation on matexrials properties
and subsequent SCC susceptibility and the effects of irradiation
on environment and subsequent SCC susceptibility. Several
research programmes concerning the IASCC have been started
around the world.

In this paper the material and environment related
phenomena caused by irradiation on the austenitic stainless
steels of the in-coxre structures are reviewed. Finally
measurements of the electrochemical responses of real
intergranular fracture surfaces of sensitized austenitic
stainless steels are reported. The aim of those measurements
was to determine the differences in electrochemical behavior
of AISI 304 steel caused by compositional changes of grain
boundaries.

2. ENVIRONMENTAL EFFECTS IN IASCC

Radiolysis in an LWR core leads to an increase in
electrochemical potential (ECP), which is estimated to be in
the order of hundreds of millivolts (1). In the low temperature
sensitized piping materials, the critical potential under
which intergranular stress corrosion cracking does not occur,
has been found and measured to be about -250 mVsue (3). In the
case of in-core structures, the radiolysis could thus increase
the electrochemical potential to the region, where the stress
corrosion cracking susceptibility of irradiated material
increases. However, the critical potential to mitigate SCC of
irradiated materials has not yet been established.

Laboratory investigations of the effects of irradiation
on the electrochemical potential of stainless steel in BWR-like
environments has shown a significant increase in the corrosion
potential (4). The corrosion potential of the type 304 SS
increased about 200 mV at low oxygen levels, but the effect
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Fig.l Steady-state ECP of type 304 S5 in 289°C water from
measurements on identical electrodes located outside
the gamma facility and within the facility, with the
gamma source on ox off. Solid line represents analogous
data obtained during CERT experiments without gamma
radiation under similar water chemistry conditions (4).

decreased as the oxygen level increased (Fig. 1). The platinum
electrode did not respond in a similar manner, which suggests,
that the ECP of type 304 stainless steel may be determined by
redox reactions that involve cations with multiple oxidation
states (e.g., Fe2?+/Fe3*), which are not possible with platinum

(5).

Although the changes in potential at low oxygen levels
are fairly large, the actual values of the potential during
irradiation (-350 mVsu=) are still quite low compared to those
associated with dissolved oxygen levels in normal BWR water. In
the test the flux levels from the gamma source were much lower
than those in the reactor. The potential measurements performed
in in-reactor at Nine Mile Point show, however, comparable
results to the laboratory results (4).

The interaction of gamma radiation with agueous
environments produces a host of transient radicals, ions, and
stable molecular species including He, +OH, esq, Ha0™, OH-, Hz,
Hz0=2, Oz, 05 and HO=. Some species act as reducing agents, while
others, such as Hz02, <OH, 0., 03 and HO:, can act as oxidizing
agents.
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Whether the increase in potential under irradiation
results from stable oxidizing species in the solution, permanent
changes in the oxide film on the metal, or both, have been
tested in ground water (6,7). The corrosion potential of AIS:
316L stainless steel shifted immediately in the negative
direction when the test solution was replaced by non-irradiated
ground water. This, in conjunction with the rapid rise of the
potential upon initiation of irradiation appears to indicate
that the positive potential shifts observed are due in large
part to radiolytically generated stable oxidizing species
(Fig. 2).
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Fig.2 Corrosion potential behavior for AISI 316L stainless
steel in gamma-irradiated well water (J-13). Following
the “off* half-cycle the irradiated solution was decanted
and replaced by a fresh, unirradiated solution. Following
this, H202 was added to solution at a concentration of
0.4 mM (7).

H20> was added to the fresh ground water, producing a
concentration of about 0.4 mM, in order to see whether Hz0:z
alone can produce the potential shifts of the magnitude observed
under irradiation. H202 is the most concentrated radiolytic
species present in an irradiated, aerated solution and seems
to account for the observed positive corrosion potential shifts
foxr stainless steels (7).

However, it is also evident that some long-term changes
in the oxide film are produced since the corrosion potential
does not return to the pre-radiolysis value when the fresh
solution is introduced. The similar long-term corrosion
potential increase has been noticed in the case of stainless

steel piping materials, when the plants have aged and dose
rates increased (8).

Furuya et al. (9) have studied stress corrosion cracking
(SCC) of sensitized austenitic stainless steels in boiling
deionized water with gamma-ray irradiation using double U-bend
specimens. Gamma-ray irradiation accelerated extremely
intergranular SCC in type 304 and type 304L stainless steels
(Fig. 3), while type 304 ELC (C 0.015, P 0.034, S 0.003) did
not crack even if irradiated with gamma-ray. The polarization
curves of sensitized type 304 stainless steel in boiling
deionized water with and without irradiation are shown in Fig.
4. With irradiation the corrosion potential is more noble than
without irradiation and the active peak and clear passive
region is not observed. This could mean that the surface of
the type 304 stainless steel is passivated under irradiation
because of oxidizing species.

The use of hydrogen water chemistxry as a mitigating
technique against IASCC is based on its ability to reduce the
dissolved oxygen content and to decrease the electrochemical
potential to a lower level (1).

3. IRRADIATION ENHANCED GRAIN BOUNDARY SEGREGATION

High voltage electron microscopic observations, performed
at elevated temperatures, have shown that grain boundary
migration happens during electron irradiation. The grain
boundary migration occurs only, when difference in dislocation
density between the two adjacent grains arises in an early
stage of the irradiation and the grain boundary migrates toward
the grain with lower dislocation density (10). The solution
distribution in the vicinity of the migrated grain boundary in
the high purity Fe-Cr-Ni alloy and in the 316L steel irradiated
to 40 dpa at elevated temperatures are shown in Fig. 5.

Chromium segregation away from the grain boundary causes
the enrichment of the chromium in front of the migrating grain
boundary in the Fe-Cr-Ni ternary alloy, and massive M23Ce type
carbide precipitation in the 316 steels containing 0.03-0.05
wt¥ carbon. The formation of void row along the original grain
boundary in the 316L steel appears to be attributable to
impurities segregated along the grain boundary during solution-
annealing (10).

Grain boundary migration begins after electron-
irradiation to about 3 dpa at temperatures above 673 K in Fe-
Cr-Ni alloy and in 316 steel (10). Undersized nickel, silicon
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and phosphorous segregate toward the grain boundary, and
oversized chromium and molydnenum segregate away from the
grain boundary during irradiation at 623 to 873 X (Table I).
Enrichment of silicon and phosphorous along the grain boundary
occurs even after the irradiation at room temperature (11).
The segregation increases with irradiation temperature, and
the concentration of silicon and phosphorous exhibits maximum
at 773 K (Fig. 6).
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Fig.4 Polarization curves of sensitized 304 stainless steel
in boiling deionized water with and without gamma-ray
irradiation (9).
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Table I. The effect of the solute atom radius to the
segregation toward and away from grain
boundary (11).

P 0109 |-1316" | 7
Si o7 |-s583| 7
Ni 0125 |- 32 i
Cr 0125 |+ 48 NG
Mo 0136 |+359 NG

1] Sgf : Volume size foctor
2) in Fe 3) in Ni

According to Fukuya et al. (13) the grain boundary
migration in 304 steel is not observed in the dose range up to
13 dpa at 573 K, which is more close to the reactor
temperatures. The lower limit temperature for the radiation-
induced M23Ce formation in commercial pure 304 seems to be
773 K.

The temperature dependence of segregation and depletion
of solute elements at grain boundary in c.p. 304 is shown in
Fig. 7. The degree of the segregation and the depletion becomes
smaller with decreasing the irradiation temperature. Phosphorous
and silicon segregates at grain boundary at 573 K, while nickel
segregation and chromium depletion becomes quite small at
573 K. The temperature regime of radiation induced segregation
for silicon and phosphorous extends to lower temperature as
compared to that of void formation.

The surface segregation of phosphorous has been analyzed
in austenitic 316 stainless steel and in ferritic materials
(14,2). All the alloys were irradiated with 5 MeV Ni** ions to
dose levels ranging from 0.01 to 12 dpa and at temperatures
from 675 to 875 K. Much greater radiation induced segregation
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Fig.6 (a) the solute distribution in the vicinity of the
grain boundary in the 316L steel irradiated to 30 dpa
at 723 X (11) and (b) the temperature dependence of the
grain boundary segregation in 316L steel under
irradiation (12).

of phosphorous was observed in 316 stainless steel than in
ferxitic alloys (Fig. 8). The surface segregation of phosphorous
decreased markedly at high dose levels in all alloys and was
attributed to removal of the surface layer by ion sputtering.

The use of high purity alloys in in-core structures has
been one mitigating technique against IASCC and has been based
on low impurity contents.
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4, OTHER IRRADIATION INDUCED CHANGES IN THE PROPERTIES OF
AUSTENITIC STAINLESS STEELS

Irradiation can promote the transformation from
metastable phases to more stable phases, of which austenite-
to-martensite transformation is an example (1). Irradiation
induces also changes in dislocation structure and mobility and
can create crystal defects, and subsequent strenthening of the
material (1,2,15).

Stresses at crack tips generally equal or exceed the
yield strength of the material. Therefore, the effect of
radiation enhanced creep is not expected to be significant in
cracks of sufficient length or with sufficient stress to have
a plastic zone at the crack tip, while the thermally activated
creep is expected to dominate then. Radiation enhanced creep
could play a significant role in components at low stresses
and in crack initiation and early stages of crack growth (2).

Hydrogen buildup has been found in 304 stainless steel
irradiated to a range of fast (E >1MeV) neutron fluences
(1.9*%10*® to 9*102* n/cm?) in several different boiling water
reactors (16). The irradiated materials contained >3 times as
much hydrogen as unirradiated material. Hydrogen in the metal
can provide necessary stress state at the crack tip for IASCC
to occur or it can facilitate the phase transformations.
Hydrogen sources in the metal can be (n,p)} reactions and in
the environment, the radiolysis of the water and formation of
hydrogen radicals or the corrosion processes.
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Fig.8 Temperature dependence of the maximum obsexrved PHR of
phosphorous in several alloys, ion irradiated to 0.8
dpa (14).

5. STRES__CORROSION CRACKING TESTS OF NON-SENSITIZED
AUSTENITIC STAINLESS STEELS

Stress corrosion cracking tests for irradiated material
have been performed in General Electric (17, 18, 19). The
results of constant extension rate testing (CERT) of annealed
and irradiated type 304 stainless steel material reveal an
irradiation effect on SCC resistance. A sample irradiated to
3*1022 n/cm? (E >1 MeV) and then CERT tested in 288<C water
with 32-36 ppm dissolved oxygen failed entirely by IGSCC. A
specimen irradiated to 1*102® n/cm? and tested identically to
the above failed in a ductile mode (Table I1I). The low-fluence
plate sample with a radiation source attached, failed in a
ductile way when tested in a manner which produces IASCC in
high-fluence material (18). It seems necessary, a susceptible
microstructure to be produced by irradiation effects, for
IASCC to occur.

The extent of IASCC in irradiated material appears
greater in gamma field environment than in similar tests
performed in an oxidizing environment (32 ppm dissolved oxygen)
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Table II. Room temperature tensile properties and CERT
results for annealed and irradiated type 304
plate material (288<C water with
32-36 mg/l 0=2) (18).

Table III. CERT test results for irradiated type 304
stainless steel in 288<C water under gamma
radiation (strain rate 1*10-7/s) (19).

ELECTROCHEMICAL

MAXIMUM TIME STRAIN WATER CHEMISYRV(M POTENTIAL
BREAKING T0 AT RANGE {mVey e}
TESY STRESS FRACTURE | FRACTURE IASCC“) OXYGEN | HYDROGEN | CONDUCTIVITY
NO {MPa/ks) th} (%) %) {ppb) {ppbl wSlem AT 25°C 30458 P
1 602/87 4 188 80 85 250-570 2-9 01015 4200/4670 | —200/+635
2 8701126 2 254 LR 1] 25-53 26-75 02-029 -300/-603 | —685/-530

ta) DETERMINED BY SEM

{6} MINIMUM MAXIMUM VALUES OBSERVED OVER TEST AT AUTOCLAVE INLET SAMPLE POINT

Ultimate
Yield Strength Tensile Strength Elongation
Fluence {MPa/Ksi) (MPa/Ks1) (0
3102 n/ew? 820/118 859/125 18
1x10%8 n/cw? 195/28 505/73 75
Fracture
Test Sample Fluence Straig Rate Test Time Max. Stress Mode
No. (nfecm”, E>1 MeV) (man_ ) (h) (MPaf/Ksi) (SEM)
HC-1 3x10%) 4x107° 191 7107103 165CC
(100%)
HC-2 1x10'8 4x107° 408 372/54 Ductale
HC-3 3x102! 1x1074 25 717/104 165CC
(402)
RC-42 1x1018 4x107% 382 382/52 Ductile

aﬂigh radiation source (1/2 of high~fluence sample) attached to test sample.

without the gamma field (19). The fluence level of the studied
material was 3*102 n/cm®. The IASCC was mitigated in a gamma

field test conducted in a hydrogen water chemistry environment
(2 to 5 ppb 02 and about 75 ppb Hz) (Table III).

Briant and Andresen (20) have been studied the grain
boundary segregation and intergranular stress corrosion cracking
in low carbon, non-sensitized austenitic stainless steels. They
observed that intergranular stress corrosion cracking in 288<C
water at a pH of 2.5 and electrochemical potential of 0 Vgus
can occur in these steels even in the absence of chromium
depletion if sulfur is present on the grain boundaries.

The non-sensitized 316L stainless steel has been tested
in 288<C water with side grooved, compact type specimen, in
order to determine its susceptibility to intergranular
environmentally assisted cracking and the subsequent crack
growth rate (21). The measured crack propagation rate at
constant stress intensity of 28 MPavm was 4.2*10-° cm/s, about
a factor of 8 lower than the typical crack growth rate for
sensitized type 304 stainless steel under similar test
conditions.

6. ELECTROCHEMICAL METHODS TO ESTIMATE IASCC SUSCEPTIBILITY
OF STAINLESS STEELS

Several intergranular corrosion test methods have been
utilized to the irradiated materials, but satisfactory
correlation between intergranular test results and IASCC
susceptibility has not been found.

The electrochemical behaviours of intergranular fracture
surfaces of sensitized austenitic stainless steels have been
measured in order to determine the possible differences caused
by compositional changes (22). According to Auger electron
spectroscopy results the impurities, such as P and S, segregate
to the grain boundaries during sensitization heat treatments.

In the polarization measurements clear difference between
the intergranular fracture surface and the reference specimen
of sensitized stainless steel was noticed at the corrosion
potential (Fig. 9). The corrosion potential of the intergranular
fracture surface 1s lower than the corrosion potential of the
reference specimen in deaerated sulphuric acid solution at
room temperature. The difference was more pronounced in steels
containing more phosphorous. This corrosion potential difference
caused intergranular corrosion in immersion test and
intergranular fracture in slow strain rate tests (Fig. 10).

Polarization measurements of the austenitic stainless
steel specimens in different solutions containing impurities
showed that the potential shift to a lower value is produced
by adding Na=S into 1 N HaS0. solution (Fig. 11). Phosphorous
in the electrolyte increases the hydrogen overpotential, but
the phosphorous in the solid solution of the steel seems to
decrease the hydrogen overpotential.
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In order to electrochemically reveal SCC causing
segregation in austenitic stainless steels, more work with
non-sensitized austenitic stainless steels is needed.

7. CONCLUSIONS

The occurence of irradiation assisted stress coxrrosion
cracking has been increased as an intergranular failure mode of
austenitic stainless steel structures in light water reactor
cores. IASCC is a time-dependent phenomenon which may become
more frequent with the ageing of the plants.

Corrosion potential increase because of oxidizing
conditions in the reactor cores and several possible irradiation
induced changes in metallurgical structure of austenitic
stainless steels, as well as in mechanical conditions, have
been suggested for the reason of IASCC.
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Fig.ll (a) anodic and (b) cathodic polarization measurements
of intergranular fracture surface of type 304 stainless
steel. The polarization curves of the matrix have been
measured in different solutions containing impurities.
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Abstract

To reduce the dose rate build up on PWR out-of-core surfaces the operating
experience with some PWRs shows that an increase of the pH-level of the primary
coolant is sucessful.

On the other hand an adjustment of a pH which is optimized regarding dose rate
reduction could cause an increase of PWSCC susceptibility. Therefore the
influence of pH and 1ithium concentration on the PWSCC behaviour of Alloy 600 MA
was investigated.

Alloy 600 MA RUB's were exposed to high and standard 1ithium/boron coordinated
primary coolant chemistry treatment at T = 330°C for max. 5000 h. The adjusted
pH-values calculated for T = 330°C were 6.8, 7.1 and 7.4.

The results show that there is no influence of lithium concentation, but a
minimum of PWSCC susceptibility can be observed at a pH-value of 7.1.

1.Introduction

Considerable efforts are being made worldwide to reduce the dose rate build up
on PWR out-of-core surfaces. The operating experience with some PWRs shows that
an increase in the pH level of the primary coolant by increasing lithium reduces
the out-of-core dose rates significantly.

Alloy 600 is a commonly used material for the heat exchanger tubing of PWR steam
generators. However, the experience with this alloy shows that it is not immune
to Primary Water Stress Corrosion Cracking (PWSCC). Some literature data
indicate that the SCC-resistance may be reduced by an increased pH-level and/or
an increased Lithium concentration.

Adjustment to a pH which is optimum with respect to a dose rate reduction might
therefore cause an increase in the susceptibility of the SG tubing. The
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objective of this program is to investigate the influence of pH and lithium
concentration on the susceptibility of Alloy 600 in order to optimize primary
coolant water chemistry.

Alloy 600 SCC test specimens were thus exposed in autoclaves to representative
PWR primary coolant conditions with high and standard lithium/boron coordinated
chemistry treatment. Because of the long incubation time for occurrence of
PWSCC, test durations of at least two years were envisaged, together with more
severe test conditions. These can be achieved, e.g., by increasing the test
temperature to approximately 365°C and by using highly deformed test specimens.
The test specimens were inspected visually at certain intervals and, depending
on the inspection results, examined metallographically.

As with the well-known hot-steam test, split tube reversed U-bend (RUB)
specimens were used. In order to compare the results obtained with those from
other laboratory investigations, the test temperature was limited to 330°C.
Literature data [1] show that this temperature is sufficient to cause PWSCC in
Alloy 600 MA RUB's.

2.Experimental
The test program is described in the following sections:

2.1. Test specimens
Split tube reverse U-bend specimens (RUB) were used {Figure 1). To ensure

representative and reproducible stress conditions a special bending procedure
and bending tool are necessary. Therefore, a bending tool was developed to
produce this kind of SCC-test specimens.

2.2. Test specimen materials

Alloy 600 MA tubes with high SCC susceptibility (representative for some W-SG's)
were used as the main test material. The chemical composition and the mechanical
properties are shown in Tables la and 1b. The material was supplied by Sandvik
and given a special additional heat treatment to ensure high susceptibility to
PWSCC. The minimum cracking time for RUB's made of this material in the hot
steam test (400°C, 1.1 bar hydrogen partial pressure) is 7 days.

In addition to the original scope of work, RUB's made of Alloy 690 TT were also
tested. The chemical composition and the mechanical properties are also shown in
Tables 1a and 1b.

Fig. 1: Split tube reversed U-bend specimen (RUB)

48 RUB's made of Alloy 600 have been produced. 12 specimens and 2 additional
Alloy 690 TT specimens were exposed per test environment.

2.3. Test environment conditions

The coolant chemistry conditions were chosen under consideration of results from
a C.N. Almaraz dose rate build-up study (Fig. 2). So that the test results give
sufficient information about the influence of Li and pH on PWSCC. In order to
obtain test results as rapidly as possible several test runs were performed

simultaneously.
The water chemistry conditions used in this program are given in Table 2.

2.4. Test facilities

To investigate only the influence of Li and B contents on the susceptibility to
PWSCC the other test parameters had to be kept as uniform as possible,
especially the temperature of the four test autoclaves.
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TABLE la. CHEMICAL COMPOSITION (in wt%)

Alloy 600 MA 1,027 |.29 (.80 .008 |.003 |16.55|72.7 |.011 {.29 |.010 .14 |[9.19
(19,05x1,09mm)

Alloy 690 TT |.019 |.38 |[.29 |[.010 |.002 |29.9 |59.2 |.013 [.31 {.010 }.035 [9.79 |.028 |{.0010
(22,23x1,27mm)

TABLE 1b. MECHANICAL PROPERTIES

Yield St)z-ength Tensile ;trength Elongation
[H/me] [rn] in % of 2

Alloy 600 HA 399 s 42

Alloy 690 TT 338 729 48

A prerequisite for constant test temperatures in the four test autoclaves was
that their characteristics, such as
- construction
- material
- volume
heat capacity and
temperature adjustment

are identical.
Because four identical autoclaves with suitable dimensions were not available,
new equipment (see Figs. 3 and 4) had to be fabricated.

Figure 4 shows the four vertical autoclaves, which are installed together in a
heater.
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Fig. 2: N.N.Almaraz: Different recommendations for coordinated B/Li-treatment

TABLE 2. WATER CHEMISTRY CONDITIONS

Test No.
1.Test 2.Test 3.Test 4.Test
Content
Li 6.5ppm 2ppm 3.5ppm 3.5ppm
B 1400ppm | 1400ppm | 1400ppm 700ppm
pH 7.4 6.8 7.1 7.4
By 3ppm 3ppm 3ppm 3ppm

The temperature adjustment of the heater and the temperature measurement of the
individual autoclaves was carried out by a special control unit (see Fig. 5).
The safety equipment of the autoclaves, the arrangement for dosing of Ar and Hy
gas and for measurement of H, gas can be seen in the photo and the block diagram
(see Figs. 6 and 7).
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2.5 Test Performance

The stressed and cleaned specimens were installed in the autoclave.

Each autoclave was filled with 1500 m? of water with composition as mentioned
above.

After closing the autoclaves, the heat insulation was fixed in place. Lastly the
burst membrane, the two different gases Ar and H,, and the vacuum pump were
connected (see Fig. 6).

Before heating, the autoclaves were simultaneously evacuated until the water
vapour pressure at room temperature was reached. Then the autoclaves were purged
with Argon. This procedure was twice repeated. Then the heater was switched on
and the temperature of T = 330°C was reached after about eight hours. At the

same time, Hp was allowed to flow through the diffusion cells into the
autoclaves with a pressure of about 0.3 bar.

The necessary hydrogen-pressure inside the autoclaves was calculated according
to Henry's law and Himmelblau as 0.25 bar in order to reach a hydrogen content
of 3 ppm in the water.

After each planned test period, the heater and the gas supply were switched off
and the autoclaves allowed to cool down to room temperature before the specimens
were removed. The specimens were examined visually for cracks at 10 - 20 times
magnification and the colours of the surface-oxide were recorded.

At the end of the test, one RUB from each autoclave was examined
metallographically.

2.6 Test Duration

After a pretest of about 118 d the main test was carried out. The specimens were
inspected after 336, 648, 1200, 2500, 3340, 4180 and 5000 hours of exposure.
These inspection intervals were chosen under consideration of the known
Titerature data about PWSCC rates of Alloy 600 and with regard to the
intermediate results obtained.

The test was stopped after reaching 5000 h of exposure, because most of the
tested Alloy 600 MA RUB specimens had cracked.

3. Results

The findings of the inspections are listed in table 3. No cracks were observed
during the first 1200 hours of exposure. Several cracked specimens couid be
detected after 2500 hours. With increasing exposure time, the number of cracked
specimens of Alloy 600 MA increases,

No cracks could be found in Alloy 690 TT up to the end of the test.

The results of the metallographic examinations are shown in Figures 8 - 11. As
expected the cracks are intergranular.

To evaluate the results regarding pH, the findings were compared to the
calculated pH value at 300°C. Figure 12 shows the resulting diagram. A minimum
number of cracked specimens is observed at a pH value of 7.1. This value
corresponds to the 3rd. test (see Table 2).
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TABLE 3. INFLUENCE OF pH AND LITHIUM CONCENTRATION ON THE SUSCEPTIBILITY
TO PWSCC OF STEAM GENERATOR TUBES (3 ppm hydrogen, T = 330°C)

water le) material| cracking results after the following
chemistr test durations
B/Li[ppm 14/27/50d| 104d | 139d | 174d | 208d

1400/2.0 | 6.8 | A600 MA 0/12 5/12 | 8/12 |10/12 | 11/12
A690 TT 0/2 0/2 0/2 0/2 0/2

1400/3.5 | 7.1 | A600 MA 0/12 1/12 | 2/12 | 3/12 4/12
A690 TT 0/2 0/2 0/2 0/2 0/2

1400/6.5 | 7.4 | A600 MA 0/12 4/12 | 5/12 | 8/12 | 10/12
A690 TT 0/2 0/2 0/2 0/2 0/2

700/3.5 | 7.4 | A600 MA 0/12 4/12 | 7/12 | 9/12 | 12/12
A690 TT 0/2 0/2 0/2 0/2 0/2

1): pH-values calculated for 300°C

posed for 5000h 1n primary water

with 1400 ppm B, 6.5 ppm L1 and 3 ppm hydrogen at T = 330°C

Fig. 8: Cross section of Alloy 600 MA RUB ex
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Fig. 1ll: Cross section of Alloy 600 MA RUB exposed for 5000h in primary water

with 700 ppm B, 3.5 ppm Li and 3 ppm hydrogen at T = 330°C
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Fig. 12: Influence of pH and lithium concentration on the susceptibility to

Fig.
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13:

PHMSCC of steam genarator tubes (I 600 MA) [3 ppm hydrogen, T = 330°C]

W 1200 h
A 2500 h
M 3340 h
£ 4180 h

[J 5000 n

3.5 6.5
Lithium Concentration in ppm

Constant pH of 7.4

Influence of lithium concentration on the susceptibility to PWSCC
of Alloy 600 MA at T = 330°C
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No clear influence of the 1ithium concentration can be observed, as shown by the
results in Figure 13,

4. Discussion

The results obtained show an increase in PWSCC resistance of Alloy 600 MA at a
pH value of 7.1. A check of the test conditions of the test run with pH 7.1
gives no considerable deviations compared to the other test runs.

Therefore a dependence of PWSCC susceptibility of Alloy 600 MA on pH can be
assumed.

Other investigators [2] observed the best PWSCC resistance at the highest pH 7.4
tested. This is not in accord with the results reported here. On the other hand,
a comprehensive consideration of the influence of different factors on PWSCC
indicated, that the role of pH was not yet clear [3].
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Abstract

Important characteristics of various materials used in the primary heat
transport systems of PHWRs have been described and various factors affecting
their integrity during plant operation are discussed. It has been pointed
that maintaining an optimum .water chemistry control helps in keeping
corrosion of constructional materials to the minimum.

1. Introduction

The successful operation of a nuclear power plant depends among other
things on the optimm water chemistry control which keeps the corrosion of
constructional materials to the minimum. This optimisation requires an
intimate knowledge of the wvarious interactions occurring smong system
constructional materials and their environment under opersting parametric
conditions such as water chemistry, temperature, pressure, radiation effects
etc.

2. Erimary Heat Transport Svstem

Several msterials of construction (Table-1) are employed in the Primary
Heat Transport System of PHWRs. In addition to the important criterion of
corrosion resis tance for each material, some other considerations also
dictate the choice of various materials, for example, the neutron economy for
the use of =zircaloys for pressure tubes and fuel cladding, high tensile
strength and adequate hardness in the rolled joint areas determine the use of
400 series steels for coolant channel end fittings and so on.

Zircaloys are protected , against corrosion by a thin protective
oxide film. The oxide growth which follows cubic rate law undergoes
transition to a linear rate only under exceptional circumstences. On the
otherhand, 1local boiling of primary coolant and concomitant oxidising
conditions salong with concentratation of lithium at bubble nuclestion sites
will increase the zircaloy corrosion by disrupting the protective film. High
concentrations of dissolved deuterium (hydrogen) camse Zirconium deuteride
(hydride) precipitation and the deuterium cen migrate depending on the stress
and temperature graidents. In this connection pressure tube integrity is of
primary concern then the integrity of fuel cled because of the longer
residence time of pressure tube as compared to residence time of the fuel
clad.
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Table I

Materials of Construction in PHT Systems of PHWRs

Material Location Nominal compositions Desirsble low
cobalt levels
Zircaloy-2 ] Zr, Sn 1.5%
[ Fe 0.07%, Ni 0.05%,
[ Cr 0.05%
¢ In core
Zircaloy—4 § (fuel-clad, Zr, Sn 1.5%, Fe 0.18% -
§ coolant tubes) Ni 0.007%, Cr 0.07%
)
Zirc-Niobium § Zr, Wb 2.5%
alloy 0
Carbon steel System piping, Fe, C 0.2%, Si 0.15%, 0.006%
headers and Hn 0.6%, S 0.05%, P 0.4% (max)
feeders
Stainless/ Pumps Fe, Cr 5-20%, Ni 0-10%
High alloy C 0.03-0.1%, Si 0.3-0.8%, -=
steels Hn 0-15%, S 0-0.02%,
P 0-0.2%
SS 400 series End fittings Fe, Cr 4~18%, Ni 2.52 -

(max), C 0.15-0.2%

Monel-400 ] Fe 2.5%, Wi 63-70%,
] Cu (bal)
[
Inconel-600 J Steam generator Fe 6-10%, Ni 72%, 0.005%
§ tubes Cr 14-17% (max)
§
Incoloy-800 8 Fe (bal), Ni 30-35%,
Cr 19-23%
Stellites Valve seats Co 50-60%, Cr 20-33%, being
¥ 5-20%, Ni 0-13%, replaced by
Mo 0-6%, C 0-2.5% non cobalt
based alloys

In addition to the corrosion and corrosion products release rates both
under normal and transient water chemistry conditions which are of primary
importance, factors like mechanical and heat transfer properties, cost and
availability decide the selection of steam generator tube materisl. High
nickel alloys (Monel-400, Inconel-600 and Incoloy-800) have been used as the
steam generator tube materials as well as the tube materials of some other
heat exchangers. Despite their low release rates, the basic csuse of the
activity transport problem is due to the very lasrge surface areas of these
materials exposed in the Steam Generators.

The use of carbon steel for feeders, headers, system piping snd vessel
shells is an inherent feature of PHWRs. The general corrosion rates of
carbon steel and rates of release of corrosion products are kept under
control by maintaining optimmm high pH (in the range 10.2 to 10.8 at 288 K)
and low dissolved oxygen concentration i the primsry coolant. Proper
hotconditioning of the PHT system surfaces prior to reactor operation,
optimun water chemistry control during operation, reduced cobalt content in
the system constructional materials and improved system design have been the
main contributors towards the achievement of the efficient radiation field
control. In the designs of advanced PHWRs the maximum cobalt content in the
carbon steel feeder piping and high nickel alloy steam generator tubings has
been brought down to about 0.005%. Moreover, almost a1l high cobslt
containing wear-resistant alloys, such as stellites have been eliminated
except for a few critical valves in bleed lines and fuelling machine drive
mechanisms. As a result of these improvements, low boiler cabinet radiation
fields are being encountered. Similarly the radiation fields on the outside
of the feeder insulation cabinets in the recent PHWRs have generally been
lower by about a factor of ten than those at plants ten years older.

3. Bteam Generator System

It is worthwhile to discuss & little more on the corrosion
characteristics of steam generstor materials becaunse their integrity is very
important for the efficient operation of the plant. Monel-400 has been used
in several operating PHWRs. It is felt to be generally free from stress
corrosion cracking. However, it can corrode significantly under oxygenating
conditions or under localised boiling conditions permitted in the recent
designs of PHWR core, where it is more difficult to suppress the
radiolytically produced dissolved oxygen. The service performsnce of Monel-
400 in commercial PHWRs has been excellent. Inconel-600 was chosen as SG
tube material, primarily because of its excellent resistance to chloride
induced transgranular stress corrosion cracking and becanse it has low
corrosion rates even in oxygenated wster. However, Inconel-600 with its high
Ni content is susceptible to intergranular stress corrosion cracking.
Incoloy-800 has been chosen as SG tube material in the later and advanced
PHWRs wmainly becuase of the following reasons: (a) better resistance to
stress corrosion cracking in high purity water, (b) better resistance to

corrosion caused by pH excursions on the acidic side during
regular operation or acidic chemical cleaning solutions, (c¢) less
contribution to radiation fields and (d) resistance to localised corrosion in
concentrated caustic or phosphate solutions as good as that of Inconel-600.
Experience with Incoloy-800 stesm generator tube materiasl hass been generally
very good. However, there is a slight dissdvantage in using Incoly-800. Its
thermal conductivity is lower thsn that of Inconel-8600.

Tubesheets are either carbon steel or low alloy steel overlaid with =
nickel alloy on the primary side. Tube supports in the operating steam
generators are #all made of carbon steel for fresh water cooled stations and
type 410 stainless steel and Inconel-600 for sea water cooled stations.
Carbon steel is used for the shell and head of all PHWR steam generators.
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Abstract

Fuel performence in PHWRs has generslly been satisfactory in terms of
statistics. However, there is a need to further reduce the already low fuel
failure rates keeping in view the current stringent restrictions on person -
sievert Budgetting for nuclear power plants operation. Hence the effect of
various factors controlling fuel clad integrity, viz, quality of clsd tubes,
mode of reactor operation, damsge due to debris in the coolant, coolant water
chemistry control, sheath fretting, sheath overstraining and power ramp
defects cansed by refuelling, etc. are discussed and the methods for failed
fuel detection and location are described.

1. Introduction

Pressurised Heavy Water Reactors (PHWRs) employ natural UOz as the fuel.
The U0z is clad in a collapsible zircaloy-2 or zircaloy-4 sheath and fuelling
is done on-power. Fission products are normally contained within the fuel
pellet and pellet-clad gap. When the clad develops a defect which may be s
slow release or fast release defect, the fission products get released to the
coolant in Primary Heat Transport (PHT) system and their behaviour will be
governed by their chemical nature in the coolant medium.

Fuel performance in PHWRs has been generally good with failure
percentsges mostly around 0.1.¢3-4> Though in terms of statisties this is an
highly sstisfactory fuel performance behaviour, still from the current
stringent restrictions on person-sievert budgetting for operation of nuclear
power plants, a need is felt to further reduce these low fuel fzilure rates.

2. Factors controlling fuel cled integrity
Fuel clad integrity is controlled by

(1) quality of the clad tubes employed and quslity control checks
adopted for the manufacture of fuel bundles - lot to 1lot wvariation in
chemical composition, impurity levels, alloying elements and mechanical
properties sare to be avoided. These will have an effect on the corrosion
behaviour of the clad and hence on its integrity.

(1i) wmode of reactor operation - the causes of fuel failure associsted
with reactor operations could be classified as:

1. damage due to debris in the coolant
2. water chemistry control of the coolant - zircaloy corrosion,

hydrogen absorption, crud deposition in core and thereby clad overhesting are
the parsmeters to be considered.

3. sheath fretting
4. overstraining of sheath due to high bundle power.
5. power ramp defects caused by refuelling and too frequent start-ups

and shutdowns.

The formation of an adherent, less porous protective ZrOz-» (n < 0.05)
laver on the surface of zircaloy-2/4 in high temperature water lends
resistance to corrosion for these alloys. The kinetics exhibits a cubic rate
law in the pre-transition period and a linear law in the post-transition
period. Under normal PHWR water chemistry conditions of the coolant, the
cubic to linear rate law transition occurs beyond the design discharge
burnups of the fuel and hence clad integrity is not hawpered by corrosion.
Since the impurities such as Al and N in =zircaloy have been fixed at
conservatively low levels <52, adherence to clad quality specifications keeps
enhanced corrosion due to such impurities within acceptable limits.

In the manufacture of fuel bundles, individual fuel elements are Helium
leak tested and seen to conform to He leak rate specifications, but when
these individual elements are assembled into a bundle with wire wrap/split
spacer attachments and end/tie plate weldments, it would be desirable to test
the finished bundle for He lesks so that these weld locations referred here
do not form new sources of leak on the fuel sheath. In this connection hot
He 1leak test can also be carried out on selected bundles snd the results
compared with those from cold He leak test. Further a non-destructive test
method for examining the end plug welds on fuel pencils will be useful.

In PHWRs hydroden is injected into the primary coolant to suppress the
radiolysis snd thereby control the dissolved oxygen level in the coolant
which is very important for minimising the corrosion of different structural
materials employed in the PHT system. The dissolved hydrogen should not
exceed the specified amount of 3-10 ce/Rg of D20. Excess of dissolved
hydrogen in the coolant can result in incressed hydrogen sbsorption by the
cladding and pressure tubes. Formation of radially oriented zirconium hydride
platelets can severely affect the mechanical integrity of the clad from the
coolant side. Though zircaloy—4 and Zr-2.5% Nb alloys show reduced hydrogen
pick-up as compared to zircaloy-2, it is a good practice to adhere to the
specified dissolved hydrogen levels in the coolant.

The problem of hydriding of the internal surfaces of the clad from the
fuel side, showing up as early life (low burn-up) failures in esarly Light
Water Reactors (LWRs) has been overcome by careful control of moisture levels
in the UOz pellets, so much so for PHWRs this problem has been eliminated.
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In the temperature range 523-588 K and pHzeex region 10.3-10.7, the
solubility of msgnetite shows a positive temperature coefficient. Hence
nagnetite solubility increases in the coolant channel from inlet to the
outlet of the core, thus reducing the residence time of crud in the core <8>,
Hence pH control over a narrow range of 10.3-10.7 instead of earlier followed
wide rsnge viz., 9.5-10.5 can minimise the specific activity of the crud by
lowering its deposition on the fuel. However, pH > 10.7 regime is to be
avoided since high concentration of LiOH have been observed to increase the
corrosion rate of zircaloy dramatically<(7>, which can result in growth of
thick oxide films, 1lithium hide-out and possible radiolysis occurring within
the pores of such films causing & locally altered chemistry regime as
compared to the bulk chemistry regiwe.<(®

Out of pile tests of wire wrap fuel bundles at simalated conditions of
pressure, temperature, flow and residence time has shown that fretting is
minimm. Post-irrradition examination on fuel till date hss not revealed any
fretting dasmage on fuel sheaths<(2>.

An analysis of the supposed problem of overstraining of fuel sheaths due
to high bundle power, made by correlating the number of failed fuel bundles
with the bundle power in the coolant channel containing the defective bundle
(failed channel) has shown that fuel bundles have failed well below the
meximum bundle powers generally observed in the core. The power at which
fuel bundles fail cover a wide range. Thus if the bundle power is held
within design 1limits, the available data indicates that failure cannot be
correlated to the bundle power.<2>

One of the major causes of fuel failure identified for IMWRs is pellet-
cledding interaction (PCI) snd associated stress corrosion cracking mechanism
due to power ramping. This normally occurs at high burn-ups (+» 20000 NWD/T U
in earlier LWrs to »» 40000 MWD/T U in current LWRs) which the fuel has to
withstand in these reactors. As sgainst this, the PHWR fuel which by design
is wvery different from LWR fuel, has to withstant burn-ups < 10000 MWD/T U
and as such PCI type of failures is of a less probable nature in these
resctors. Nevertheless, to avoid pellet cracking due to thermsl shocks which
results in a sort of acceleration of the PCI process, it is =a standard
practice in PHWRs to increase the reactor power after start-up in a
controlled manner. While global power ramping due to frequent start-ups and
shut downs can be controlled, there can be local power ramping during
refuelling. But here again to date no correlation exists between fuel
failure and power ramp due to refuelling.<2>

3. Failed fuel detection and location

Unlike the vessel type of reactors like PWRs and BWRs wherein only
occurrence of fuel failures can be dected but locating these has to wait for
a refuelling shut down, since the PHWRs employ individual pressure tubes
which contain the fuel, detecting the occurrence of fuel defect, detecting
the coolant channel containing the defective fuel and removing the defective
fuel when the reactor is on power sre possible in these resctors. This
enables removal of defective bundles in time so as to minimise their
residence time in the core thereby maintaining a relatively clean PHT system.

In PHWRs failed fuel detection is done by radioiodine and/or fission gas
monitoring in the gross coolant.(®.18> Either on-line monitoring of gross
coolant or grab sample method or in some cases both the methods are used for
failed fuel detection. Fission gas monitoring appears to be a better method
for failed fuel detection than radioiodine monitoring because iodines are
subjected to removal by the purification system whose operation can be
varied. Altering the purification system flow alters the radioiodine
activities to different extents depending on their half-lives so much so even
the iodine activity ratios, say 133I/131], 135]/131] are subjected to
variation with clesn-up flow.

The chennel containing the failed fuel is identified (failed fuel
location) by monitoring each coolant channel feeder sample for delayed
neutrons and/or r-activities. Delayed neutron monitoring appears to be
useful for detecting recoil and fast release type of defects., Channel r-
monitoring for fission gases seems to be useful for identifying slow relesse
defects by using their burst release characteristics. Even in the slow
release defect case, fission gas monitoring sppears to be helpful when not
more than 5-10 channelsdevelop fuel defects simultaneously.<11>

4. Conclusion

Though balancing the burn-up losses associated with premature refuelling
sgainst the risk of contaminating the PHT system was the governing eriterion
earlier in the operation of PHWRs, of late the balance is tilted more in
favour of reduction in person-sievert for occupational personnel. This can
be achieved at the expense of increased quality control checks in the
manufacture of fuel bundles, slight restriction in operation, improvement in
failed fuel detection and its removal.
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Abstract

This paper reviews examples of the radiation effects on
corrosion that was observed in laboratory experiments and operating
nuclear power plants.Experimental results on Inter-granular stress
corrosion cracking and Irradiation assisted stress corrosion
cracking are examined.The effect of neutron fluence,stress
intensity,water chemistry and material variation on SsccC
susceptibility of irradiated stainless steel have been
investigated.

1, INTRODUCTION

Corrosions of structural materials have caused various types of
problems related to the reliability and safety of nuclear power plants in
the past operational history of LWR. The examples of such corrosions
problems are the stress corrosion crackings of BWR piping, the steam
generator corrosion troubles, the corrosions of Zircaloy fuel claddings, and
the increase in the occupational radiation exposures caused by activated
corrosion products. Most of these problems were settled or improved
by various countermeasures not only in the material side but also in the
vater chemistry control. On the basis of these operational experiences
it has been currently recognized that more and more rigorous control of
vater chemistry is essential for attaining the high reliability and low

radiation levels of nuclear pover plants,
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In these situations a vide attention has recently been paid on the
effect of radiation on corrosion of materials, especially, vhich are used

under the intense radiation in the core of nuclear reactors.

The investigations on the effect of radiation on corrosions have been
extensively carried out vith Zirconium alloys for the past decades, and
the considerable amounts of the data have been accumlated regarding the
radiation effect on the Zircaloy corrosions, which will be revieved
elsevhere and not included in this article,

A current major concern is concentrated on another type of the
corrosion called IASCC (irradiation assisted stress corrosion cracking).
IASCC is a type of IGSCC (intergranular stress corrosion cracking) enhanced
by radiation, and observed mainly with unsensitized austenitic stainless steels
and nickel-based alloys such as inconel used in the core of not only BWR but
also PWR. The IASCC of the core internals has a possibility to be critical
to the life extension of BWR, and the systematic investigations on this
type of corrosions have started a fev years ago., The data obtained so far
shov that JASCC is a rather complicated phenomenon including radiation damages
to the materials and also chemical changes of environment by radiation, and
it may be necessary for the elucidation of its mechamism fully to understand
all the aspects of the radiation effects on corrosion environment as vell as
on metalic materials.

Hydrogen water chemistry (HVC) is a current topics in water chemistry
control in BWR, and aims mainly at the suppression of intergranular stress
corrosion cracking (IGSCC) of stainless steel piping in recirculation lines.
However, there has been increasing interest in the feasibility of HVC for

suppressing IASCC of core internals.

General corrosions of core components in nuclear reactors are
another concern in relation to the radiation build-up of primary circuits,
The recent strict control of vater chemistry has markedly reduced the input
of the corrosion products into the core of reactors which give the sources
of radionuclides causing the radiation fields on the piping outside the core.
Consequently, the relative importance increased in the release of the
radioactive and non-radioactive elements as corrosion products from the
core components, and the measures for the control of this release process

have been seeked for.

This reviev is vritten vith the main eaphasis on the radiation effect
on the corrosion processes under nuclear pover reactor condition. However, the
radiation effect on corrosion has drawn attention in relation to other aspects
of nuclear technology, Among others is the corrosion of metal canisters or
overpacks of high level radioactive vastes disposed in the repositories
inside geological formations. The canisters or overpacks corrode in contact
vith underground water under irradiation by radiocactive solid vastes.

The quantitative estimation of the corrosion rates in the radiation field is
required for the safe isolation of the radiocactive nuclides. Significant
research activities have currently arised in this field, and have focused

on the radiation effects on the corrosions of canister materials.

Corrosion process is a phenomenon at the interface betveen metal and
environment. If radiation is present in the corroding system, it has a
possibility to give influences on the both sides of the metal and the
environment. Gamma radiation has no significant effect on metal itself in
relation to the corrosion, but high energy particles such as neutrons and
heavy ions produce point deffects like interstitials and vacancies vhich lead
to cluster formation, megregation or deposition of some components and so on,

These radiation demages may affect the corrosion process.

Radiation induces chewical changes in the water environment of the
corrosion systems, producing oxidising and reducing chemical species which,
without doubt, participate the corrosion reactions. Thus, information on

vater radiolysis is essential to understand the radiation effect on corrosion

¥hen vater in the close vicinity of metal surface is exposed to
radiation, the radiolysis of water at the interface is somevhat different
from that in bulk, being affected by the metal surface.

Corroding metal surfaces are usually covered with thin metal oxide layers
of vhich the physico-chemical properties control the corrosion processes, The
some propoerties of the metal oxide layers are changed by radiation, and this
effect may be in some cases reflected in the corrosion processes.

In this reviev are shovn, first of all, some examples of the radiation
effects on corrosions that vere observed in laboratory experiments and
operating nuclear pover plants. Then, the various aspects of the radiation
effect on corrosions mentioned above are described in more detail, and finally

future vorks required are indicated.



2. EXPERIMENTAL AND FIELD OBSERVATIONS OF RADIATION CORROSIONS

There are a large number of exawples reported,in vhich the effects of
radiation on corrosion processes vere observed vith many types of metals
under various conditions in laboratory experizents or in operations
of nuclear pover plants, The examples described here are confined to the
corrosions of iron-and nickel-based alloys under the conditions relevant to

nuclear pover technology.

2.1 General Corrosions

Byalobzheskii‘®’ studied the effect of gamma-radiation on the

corrosien of iron steel in aquecus solutions at room temperature. Long term

{1000 hr) corrosion experiments showed that the gawma irradiation at doae
rate of 4.0 X 10*® eY/cw®+sec increased the corrosion rates of iron steel
in distilled vater, 0,5 N NaCl solution and 0,01 N H,S0, solution at 25° C
by a factor of 1.6 to 4.0 relative to those in the absence of radiation,
and the highest rate vas obgserved with the iron steel in 0,01 N H,SO,
solution under the irradiation. They also carried out the corrosion
experiments vith armco iron specimens in aqueous solutions under the
irradiation of 1 MeV electrons at a dose rate of 5.6 X 10** oV/ca®-sec,
and observed the high enhancement factors of 2.9 to 12,7 in the corrosion
rates under the irradiation compared vith those vithout radiation.

Marsh and Taylor ‘® investigated the influence of gamms-radiatio on
the corrosion of carbon steel coupons immwersed in argon purged synthetic
seavater at 80° C, As shown in Fig., 2+1-1 the overall corrosion rate in
the synthetic sea vater increased vith radiation dose rate, and the local
corrosions vere observed vith the specimens corroded under the irradiation,
vhile no local attack vas detecéed vith the specimens corroded without
radiation. On the other hand, the corrosion rate increased by a factor of
30 in the presence of radiation with carbon steel specimens immersed in
argon purged synthetic grnanitic vater, of which wajor gradients are
244 ppw HCO,, 106 ppm Na® , 35.5 ppmw C1™ , 24 ppm SO,*~ and 20 ppm Ca't ,
and no local attack vas observed with either of the specimens with nor
without radiation,

On contrary to carbon steel, corrosion behavior of stainless steel
under irradiation is rather complex. In some cases corrosion of stainless

steel is suppreased by radiation owing to the anodic passivation. One of
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FIG. 2.1.1. Average general corrosion rates of forged 0.2%C steel in de-aerated substitute
seawater at 90°C with and without y radiation.

the Russian groups found that the corrosion rate of stainless steel in
1.0 N #,S0, at ambient temperature vas reduced by tvo orders of
magnitude by gamma-irradiation of 1.5 X 10** eV/ca'+sec, and another
group observed the inhibition of crevice corresion of 1khl3 steel in
3% NaCl solution by gamma-irradiation” .

There are other cases where radiation increases the corrosion of
stainless steel under certain condition.

Byolobzheskii also cafiied out a long term corrosion experiment of
stainless stesl in 1.0 N H,S0, at 25° C under gamma-irradiation at a dose
rate of 4.0 X 10** eV/cw®-sec, and found that the corrosion was
accelerated under the irradiation within the first 500 hours but after—
vards the corrosion rate without radiation vas the same as that with
radiation”

Burns et al.‘'?’ measured the amount of the hydrogen evolved from
gamwa-irradiated stainless steel vessels containing air-saturated pure

vater at 30 ~ 50° C, and observed the amount of the excess hydrogen
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FIG. 2.1.2a. The release levels of crud iron from carbon steel
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generated from the corrosion process of the stainless containers increased
by a factor of 20 in the presence of radiation at a dose rate of 2M rad h-?,
They also compared similarly the amount of the excess hydrogen in the
presence of mild steel with surface area one tenth of the stainless

steel containers, and obtained the enhancement factor of 2.3 and 2.0 at

2 Mradh™* and 0.2 Mradh™*, respectively, and tried to explain these
experizental results on the basis of the involvement of transient
radiolysis products in the surface reactions.

Ishigure et al * measured the release rates of corrosion products
from mild steel and type 304 stainless steel in deoxygenated pure water
under gamma~irradiation at 250° C using a once-through type experimental
loop, They found that radiation warkedly increasea the release rates of
insoluble corrosion products, metal oxide particulates, as shown in
Fig.2+1+2, vhile the release rates of soluble corrosion products are not
significantly influenced by the gamma-irradiation. The increase in the
insoluble corrosion product releases rates vas considered to arise from
the oxidation of ferrous ions released to ferric ions by the radiolysis
products folloved by hydrolysis of ferric ions and preceplitation of
hydroxides.

Morikava et al. measured * the release rates of corrosion products

and oxide grovth rates of Inconel X 750 under simulated B¥R core condition
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FIG. 2.1.2b. The release levels of crud iron from type 304
stainless steel at 250°C in the presence of 20 ppb O,.

vhere 200 ppb of hydrogen peroxide vas injected at 270" C to pure vater
containing 400 ppb 0; and 60 ppb H, under gamma-irradiation of at a dose
rate of 3 X 10* R/hr, and found that the release rates of Cr, Ni and Fe
ions and also the oxide grovth rates vere increased under the simulated

B¥R core condition in comparrison with the reference stite without radiation
and H,0,; Injection, This enhancement of the corrosion rates in the

sisulated BWR core environment vas attributed predominantly to the presence
of H0;.
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2.2 Intergranulsr Stress Corrosion cracking (IGSCC)

Fujita et al, *) carried out constant elopgation rate tests (CERT)
of sensitized 304 stainless steel) speciments at 250° C in pure vater

containing initially different amounts of oxygen under gamma-ray
irradiation, They found that the effect of radiation largely depends on
the initial concentration of oxygen as shown in Fig., 2:2°1.

this figure that radiation rather suppresses the IGSCC of stainless steel
vhen the concentration of the initisl oxygen is lower than 500 ppb,

vhile it accelerates the IGSCC in the presence of oxygen of the initial
concentration higher than 500 ppb.
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Sudo et al. ¥ carried out CERT tests of sensitised type 304
stainless steel specimens with and without gamma-radiation using a
circulation loop at 270° € under simulated normal and hydrogen water

chalistyy conditions of B¥R., The eslectrochemical potentials of stainless
steal electrodes vere monitored during the CERT tests. As shown in

Fig. 2:2-2, the time of fracture is alongated by the irradiation under the
hydrogen vater chemistry condition, though the fracture mode was ductile
both vith and vithout radiation. On the other hand, the gamma-irradiation
reduced the time to fracture under the normal vater chemistry condition,

The fracture mode of the specimens vas observed to be IGSCC in both the

cases, and the IGSCC ratio in the fracture surface vas increased from 26%
to 37¢ by the irradiation, The electrochemical potential monitored
significantly increased by radiation under the normal water chemistry

condition, vhile it decreased by radiation under the hydrogen vater
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chemistry. It vas considered that the enhancement of IGSCC by radiation
vell corresponds to the positive shift of the electrochemical potentials
of the stainless steel.

Another I1GSCC test vas carried out with constant straln type specimens
of sensitized type 304 stainless steel, *) In this tests the specimens vere
irradiated with ¥ -rays at dose rates of 116 rad/h and 63.5 k rad/h in
boiling 12% NaCl solutions buffered at pH3 and in pure water at 230° C,
respectively. In both the cases the sucsceptibility of the stainless
steel to IGSCC is enhanced by the gamma-irradiation. This enhancement of
1GSCC vas attributed to the presence of Fe®" ions produced by the
oxidation of Fe*! ions by the radiolysis products in the boiling 12% NaCl
solutions, but in the latter case the oxidising species produced by

radiolysis vas considered to be responsible for the enhancement.
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2.3 1ASCC

Irradiation-assisted stress corrosion cracking(lASCC) is a
form of intergranular stress corrosion cracking of materials ex-
posed to radiation. The first observation of IGSCC in irradiated
stainless steels was a cracking incident of fuel claddings.
Recent cracking incidenls on power teactotr core componenis indi-
cate that [ASCC is a common phenonenon'on stainless steels used
in high radiation field. Thus, experiments intended to simulate
or reproduce the 1ASCC have been performed with post-irradiation
laboratory tests and in-pile tests, AL Lhe same tLime, to gel bet-
ter understanding of the [ASCC mechanism, microstructual change
and segregation have also been evaluated with using new analyzing
facilities

2.3.1 Field observalLions
(1) SCC in fuel claddings(11(2]
In 1960's, failures of type 304 stainless steel fuel clad-

dings were reported in some US BWRs and PWRs. The morphology of
cracking was intergranular and Lhe cracks initiated from the

cladding outer surface. The cracks were observed both in an-
nealed and cold-worked material. Strauss Leslt showed that tLhe
raterials were unsensitized. In Valecitos BWR the peak fuel-rod

burnup was 6000-8000 MWd/LU aL the time of cracking., The failure
rate was higher under higher surface heat flux and higher stress
condition. Type 348 stainless steel fuel claddings in Yankee
Reactor were not cracked up Lo 17000MWd/Mt. AL that time, tLhe
cracking of fuel claddings was considered to be IGSCC, and the
presence of impurities, phosphorus and silicon, at grain boundary
increased the susceptibility of intergranular corrosion based on
the fact that irradiation enhanced intergranular attack in boil-
ing HNO3+CrB* solution.

(2) Control rod absorber tube in BWRI3]

The failure of control rod absorber Lubes was reported in a
BWR(KRB-1). The tube was made by a Lype 304 stainless steel, in
which the B4C powder was compacted. The longitudinal cracks were
observed in high logal 108 burnup (30-35%) regions and the metal-
lographycal examination showed Lhat the cracks were typically in-
tergranular with many brachings. Strauss test revealed that the
materials were nolL sensitized. Swelling of solidified B4C ex-
erted increasing circumferelial stress in the absorber tubes,
leading to longitudinal stress corrosion cracking in reactor
coolant water,

(3) Control assemblies in PWR[4]

Cracking was reported in the cladding of rod cluster control
assemblies in US PWRs., The longitudinal cracks were observed in
high-fluence region of the rods. At Lhe Point Beach PHWR
cracked rods were found after Il cycles of operation, the
fluence of which may be above 5x102ln/cm2. The c¢racking



mechanisw was considered to be related to stresses produced by
absorber/cladding mechanical intLeractions and radiation damage of
the claddings.

(4) Fuel element in UK SGHWR(5]

Failure was reported in stainless steel fuel element of the
Winfrith SGHWR, The cracks were observed in the 20%Cr/25%Ni/Nb
stabilized stainless steel intermidiate grid assemblies. The
grid is located in the structure with A286 precipitation hardened
alloy rivets through the ferrules which fasten them to Zry-2
water sparge tubes. The morphology of cracks was intergranular
with intergranular attack on the inside surfaces., The severe
cracking occured in high neutron flux region along the axial
direction and in the center ferrules. The neutron fluence was
about 2.5x1021 n/cm2(E>0.15MeV). The sensitization of Lhe
material was negative by Strauss test both before and after ir-
radiation., This cracking was considered Lo be a irradiation and
crevice enhanced SCC in a high temperature water.

(6) Other SCC on reactor core internal materials

Field crackings which were considered to be 1ASCC were
reported on neutron source holder. in-core monitor dry tube, con-
trol blade sheath and various volts and springs. [Recent reviews
have suggested the followings[61[7].

* Dymanic strain of high siresses produced 1ASCC in most early
cases but, from recent resulis, Lhe stress Lhreshold for
IASCC may be lower than initially believed.

- The fluence threshold for IASCC is about 5x1020n/cal
(E>1MeV).

- The cracked materials were not sensilized when conventional
material Lests such as Strauss Lest were applied. No grain
boundary carbides were osberved.

2.3.2 In-pile SCC test

KWU has performed in-pile SCC test using swelling Lube for
two cycle irradiation in a BWR and a PHR[81[9). The swelling
Lube was consisted by a specimen tube filled with Al203 or
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FIG. 2.3.1.

Alg03/B4C pellet which swells under neutron irradiation and ex-
erls the stress to the tube. The test materials were various
austenitic stainless steels and Ni-based alloys with various im-
purity content and heat Lrealment(Table 2.3.1). Most materials
suffered intergranular cracking in high fluence region
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TABLE 2.3.1. CHEMICAL ANALYSIS (%) OF THE TEST MATERIALS

TABLE 2.3.2. CERT RESULTS FOR SAMPLES FABRICATED FROM IRRADIATED
REACTOR TUBING (288°C WATER WITH 32-36 mg/L Oy)

Element DIN 1.45612 AISI 316 AIST 348 Inconel 623 Inconel X750 Inconel 718
s,d b,c » b s b s,b,c a,b
c 0.057 0.052 0.064 0.074 0.041 0.02 0.01 0.04 - 0.03
Fe Bal, Bal. Bal. Bal. Bal. 2.5 3.2 8.1 18.4
Ni 10.5 10.1 11.3 11.5 i.o Bal. 61.2 72,1 53.4
cr 18.1 17.9 16.9 17.4 17.? 22.2 22.6 14.9 8.0
Mn 1.70 1.44 i.51 1.56 1.65 0.03 0.19 0.22 0.10
Ho 2.3 0.20 9.0 8.5 2.95
Nb + Ta 0.81 0.70 3.5 3.64 1.0} 5.36
Ti 0.3% 0.39 0.24 0.32 2.50 0.99
Al 0.1i9 0.12 0.65 0.53
Si 0.64 0.33 0.50 0.59 0.0t 0.2 0.15 0.28 0.13
(0.36) (0.15) (0.40) (0.34) (0.02) (0.42) (0.12) (0.14) (0.10)
S 0.010 0.009 0.010 0.012 0.008 0.007 0.009 0.001 0.003
(0.009) (0.008) (0.009) (0.009) (0.007) (0.003) (0.002) (0.002) (0.003)
P 0.019 0.015 0.03% 0.017 0.008 0.005 0.006 0.007 0.010
(0.014) (0.016) (0.026) (0.009} (0.002) (0.004) (0.009) (0.011) (0.008)
(0.004)
N 0.031 0.032
(0.012) (0.012) (0.027) (0.042) (0.008) (0.045) (0.030) {0,005) (0.006)

{x) check analysis on samples from the tubes used in this program. All other data from supplier.

# corresponding to AISI 32!

(1.6x1021n/ca2) of both BWR and PWR at high strain above
0.5%. (Fig. 2.3.1) Inconel 718 with proper heat treatment
and high purity 348 stainless steel were not cracked even at high
strain. The correlation between Lhe diametral strain of the tube
specimens and the grain boundary corrosion rate in boiling
HNO3+CrB* solution was observed.

However,

2.3.3 Out-of-pile test of irradiated materials

The effects of neutron fluencell0]-[13], stress[13], water
chemistry[111[12] and material! variation[l2] on SCC suscep-
tibility of irradiated stainless steels have been investigated.

Systematic studies{10]{11) with slow strain ralte Lests in a
high temperature water have shown Lhat there is a threshold
neutron fluence in IASCC. In a Lype 304 sLainless steel tested in
288 C water containing 32ppm dissolved oxygen(D0O), at a starin
rate of 1077 /s, the threshold lies 5x1020-1x1021 n/cn2 (E>1MeV).
(Table 2.3.2 and Fig. 2.3.2)
of the field cracking observations, although environmental fac-

This value is consistent with that

tors such as stress and watet chemistry were different betlween

Test Sample Fluence Strain,Rate Test Time Hax. Stress Mode
No. (n/cm”, E>1 MeV) (min ") (h) (MPa/Ksi) (SEM)
3-13-DL 2.77x102 1x107° 1 194728 16scC (100%)
4-13-DH 2.30x10%! 1x107° 28 303/46  16SCC (11%)
3-13-D6 2.08x10%} 5x1070 41 641/93 Ductile
3-13-DF 2.01x1021 1x107° 93 572/83 IGSCC (45%)
4~13-DE 2.01x102} 1x1078 329 503/73 165CC (55%)
3-13-CB 1.28x1021 5x1076 98 406/59 165¢C (5%)
3-13-BK 9.50x1020 121072 85 537/78 168¢C (57)
4-13-BH 5.0x10%° 1x107° 32 462767 165¢C (8%)
4-13-AL 6.0x10!? 1x107° 56 331/48 Ductile
l i I T T T T
100} This study|Ref.1.3 O am —
Type 304 @ O ®
Type 316 " O
80 . -
DO: 32ppe o 1
Strain rate: 1.7-2.8x10 's .
< 60 [ ] -
(p]
(&5
e
a0 O 0
4o -
Al
4
R O
o Je
bl el o 8 -
023 024 U025 1026

Neutron Fluence(n/mz,E>1MeV)

FIG. 2.3.2. Fluence dependence of %IGSCC in types 304 and 316 stainless steel (Ref. (1]
data obtained from type 304 stainless steel irradiated in BWR. Rel. [3] data obtained from
types 304 and 316 stainless steel irradiated in advanced test reactor (ATR)).
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out-of-pile test and actlural
ratef10} and decreasing DO concentration [113{12] reduce SCC sus-
ceptibility

32ppm DO on
stainless steel)
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irradiated type 304 stainless steels,

Uniaxial constant load tLests in 288 C water containing
irradiated BWR control rod components (tLype 304
showed that the threshold fluence was 3-

FLUENCE (x 102! nrem?)

FLUENCE 1x 102! n/em?)

FIG. 2.3 3. Plots of time-to-failure (TTF) vs stress and fluence for gage section (GS) (left side)
and crevice (CR) (right side) failures obtained in specimens from reactors A and B Stresses
are net section stresses in gage section areas.

Ilncreasing strain

fluence. (Fig. 2.3.3)

Time-to-failure decreased with

Effects of alloy composition and
less steels have not been well understood.

less steels, 304, 304L, 316L and 316NG were tested with SSRT in

4x1020n/cm2 but that a stress threshold was not

observed[13].

increasing stress and increasing

impurity amount in stain-
Four types of stain-
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32ppm DO water after neutron

reduce SCC susceptibilyl9].
phosphorus and silicon had no effect on SCC susceptibility in ir-
radiated type 304L.

cept for dissolved oxygen.
radiated type 304 stainless steel

water chemistry IGSCC was mitigated
together with Lhe

70
coeuws 32 ppm 0O

60t ooa 02 ppm DO
. 3I6NG (SHT)
2
T so}
v
5 304{SHT)
g aof
; 3I6LISHT)
—_ 30 -
- 7" 316 NG
° (Cw)
s 20t
3
2 4L (SHT
L 10 304L(5 ! BLGNG(SHT)

enG-I
o 1CW) 3i6Li5HT)
0 1 F) 3
Fluence 7 1000/ m . »1 Mev

FIG. 2.3.4. Neutron dose dependent fraction of intergranular fracture after the SSRT test in
water with 32 and 0.2 ppm DO at 561 K.

irradiation{121.
radiated had SCC susceptibility. (Fig. 2.3.4)

All materials ir-
Impurities such as

phosphorus and silicon were believed Lo change SCC suscep-
tibility.

In-pile type 348 stainless steel data reported by KWU
indicated that the decrease of phosphorus and silicon could

However. recent datall4] showed that

Data of Water chemistry effect on [ASCC is quite limiled ex-
One study of gamma irradiaiton on ir-

showed Lhat the extent of

IGSCC in a normal BWR water chemisiry appears greater wilh gamma

irradiation than withoul gamma irradiation[l15]. In a hydrogen

inspile of gamma irradiation

reduction of elecirochemical potential

(ECP). (Table 2.3.3)

TABLE 2.3.3. CERT TEST RESULTS FOR IRRADIATED TYPE 304 STAINLESS STEEL IN

288°C WATER UNDER GAMMA RADIATION (¢ = 1 x 10-7/s)
) ELECTROCHEMICAL
MAXIMUM TIME STRAIN WATER CHEMISTRY(P POTENTIAL
BREAKING 10 AT RANGE (mVg, )
test | stress | Fractunre | FRACTURE |1ascc™ | oxyGen | HyDROGEN | conpucTIVITY
NO. | (MPa/ksi) th} (%} (%) {ppb} {ppb} pS/em AT 25°C 3045S Pt
1 602/87.4 188 8.0 85 250570 2-9 0.1-0.15 +200/+670 | ~200/+636
2 870/126.2 254 14.8 [ 25-53 26-75 0.2-0.29 —300/-603 | -685/-5%0

13} DETEAMINED BY SEM.

(6} MINIMUM-MAXIMUM VALUES OBSERVED OVER TEST AT AUTOCLAVE INLET SAMPLE POINT,

2,3.3 Microstructural studies

Recent experimental studies have been focused on microstiruc-
tural and microchemical changes in irradiated materials to get
better understanding of IASCC and its mechaninas,

The enrichment of phosphorus, silicon and nickel and deple-

tion of chromium due to radiation induced segregalion at grain
boundary has been commonly observed in irradiated stainless
steels{161-022]. High resolution STEM and AES analyses have
confirmed Lhat the segregated width along grain boundary was only
2-6nm (Fig.2.3.5) and that the segregalion became significant at
a fluence around 5-10x1020 n/cm2, which corresponds to the
threshold fluence of 1ASCCL17]. (Fig.2.3.6) Thus, chromium deple-
tion and/or irradiation are con-
cause of IASCC. The roll of chromiunm
the IASCC mechanism may be similar to that in IGSCC

mechanism in thermally sensitized stainless steels by reducing

impurity segregalion due to
sidered to be a potential
depletion in

stability of passivation.

It was reported that hydrogen contenlL in a BWR core com-
ponent irradiated up to 9x102ln/cm? was three times higher than
in unirradiated materials{23]. The source of hydrogen was thought
to be transmutation and electrochemical reaction due Lo corro-
sion. in-
Based on this data and the
facts that both the depletion of chromiurm and the enrichment of

The retention of hydrogen was attributed Lo radiation

duced traps such as defecl clusters,
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INFLUENCE OF FUEL CLAD SURFACE ON
PERFORMANCE UNDER OPERATIONAL
AND ACCIDENT CONDITIONS

S.A. ANTIPOV, V.V. DRANENKO, V.F. KON’KOV,
L.B. SOKOLOV, A.A. KHAIKOVSKIJ
A.A. Bochvar’s All-Union Scientific Research
Institute of Inorganic Materials,
Moscow, Union of Soviet Socialist Republics

Abstract

In this document methods of cladding preoxidation by autoclaving or
anodizing before irradiation are described . This treatment prevents or
decreases the amount of corrosion product deposit on the fuel sheath during
irradiation.

During a reactor operation fuel clads are subject to an intri-
cate physical, mechanical, cbemicasl and physico-chemical influence.
In this case the conventional corrosion problem is complicated by
thermal stresses and their variations on thermal cycling, high
coolant rates, contamination of coolant with corrosion products,
irradiation induced changes of a coolant composition (e.g., water

radiolysis), compositional and structural changes of clads with
burn-up etc.

Thus, to solve the problem whether a material can be used
as a fuel clad one must have at one's disposal the results of
many different tests and investigations into corrosion, mechanical,
thermal and hydroulic properties,

The serviceability of fuels is significantly affected by the
initial state of a clad surface.

In the Soviet Unlon prior to loading into a reactor fuel
elements are autoclave tested to check their corrosion resistance
and to produce an oxide film at their surfaces.

A dense oxide film protects the outer surface of elements
from slight mechanical effects which is especially important
during a fuel rod assembling when the available oxide f£ilm signi-
ficantly reduces the friction between & fuel clad and a spacer
grid.



99

The autoclave effected surface passivation of fuels 1s also
beneficial.

However, it should be polinted out that the autoclave treatment
is labour-consuming, power-intensive and makes the process of
fuel production by a factor of 345 longer, moreover, the period-
icity of the process upsets the continuity of the total process cycle,

An aslternative to %his 1is electrochemical anodizing that
replaces autoclaving and retains its beneficial functions,
besides 1t permits a continuous process of fuel fabrication.

As distinct from sutoclaved oxide films anodized ones mainly
consist of an amorphcus oxide of an almost stoichiometric compo-
sition,

Under operational conditions anodized films of any thickness
change with time into conventional thermal ones, As it was shown
in some lnvestigations the structural characteristics and the
main physico-chemical properties of thermal and anodized oxide
films are fully identical.

There is a difference in the fluorine behaviour between
anodized and thermal oxide films which should be discussed.
Independent of the anodizing schedules the fluorine contained by
the tube surface remains in anodized films and concentrates at the
"metal-oxide" interface, Under actual operation conditions fluorine
by diffusion gradually escapes to a cooclant and this can have
& harmful effect on fuel serviceabllity.

During autoclaving fluorine leaves the tube surface, therefore
thermal oxide films resulting from autoclave tests have a lower
fluorine content,

To prevent fluorine of anodized films from escaping to a cool-

ant an additional operation is required , viz.,, an alkaline
treatment of fuels that neutralizes fluoride impurities contained
by fuel rod surfaces. Thus, a one minute alkaline treatment at 80°C
reduces the fluorine content of the fuel rod surface by an order

of magnitude, When combined with a supersonic treatment the effect
of a fluorine removal is still more significant and the treatment
time is reduced to & few seconds therefore this operation can be
incorporated in the production line theredy ensuring the low
fluorine surface content of a product.

Thus anodized oxide films formed at fuel clad surfaces are
almost fully identical to autoclaved oxide films in their physice-
chemical, structural and protectiv properties. The alkaline
surface treatment introduced into the process to neutralize fluo-
ride impurities prevents fluorine from entering a nuclear reactor
circuit,

The substitution of a labour-consuming, power-intensive and
intricately instrumented autoclave treatment by anodizing makes
it possible to provide a continuous production line for all process
operations and reduce by & factor of 3+5 the total technological
production cycle theredy cutting the labour and power consumption
per a unit of a finished product and saving working areas,

In the Soviet Union 42 essemblies contalning fuels with ano-
dized clads were reactor tested at the Kursk and Leningrad nuclear
power plants, The "hot" cell examination of the assemblies did not
show any significant difference between the anodized and aubtoclave
tested fuels. The burn~up of the assemblies examined was
1664 MW.day/assembly, The clad surface had & black lustrous oxide
f£ilm without any cruds, It should be noted that in some instances
fuel clads with both anodized and autoclaved oxide f£ilms showed
a nodular corrosion adjacent to the spacer grids; the maximum
density being at the site between the 52 and 722 spacer grids.
No other dsmages were observed.

The assemblies examined are to be reloaded into a reactor.

The initiesl condition of the fuel clad surface significantly
affects also the fuel serviceakility at nuclear plants for dist-
rict heating (NPIH) where the operating temperature is  2004230°C
and the operation time is 8-10 years,

To check the effect investigations were carried out using
fuel clads with differently treated surfaces:

1 - as supplied (as etched and alkaline treated)

2 — as sutoclaved (300°C - 72 hours)

3 -~ as anodized (schedules of a producer-plant)

The tests were performed under conditions close to the water
chemistry of nuclear plants for district heating:

~ the temperature 230°C

~ the pressure 25430 atmospheres
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- a helium - 4% vol. molar hydrogen mixture was measured into
the autoclave

-~ the testing time - 13000 hours.

The results of the corrosion studies are presented in the

figure.
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Kinetics of aqueous corrosion of 110 alloy at 230°C:
A as supplied

o as autoclaved

® as anodized.

On a long-term attack the specimens as supplied are signi-
ficantly inferior in their corrosion resistance bo the autoclaved
and anodized specimens,

For the as supplied specimens the first stage of the kinetics
is controlled by the atmospheric oxygen~metal surface interaction,

The process goes on at an accelerated rate until protective oxlde
£ilm is formed,

The asutoclaved and anodized specimens are not subject to
such an accelerated corrosion due to their protective films formed
during preliminary autoclaving and anodizing.

Por all surface conditions the period of decelerated corrosion
is controlled by the oxygen diffusion through the oxide film and
proceeds until the oxide film loses its protective properties,
After that the corrosion kinetics shows a sudden change and tran-
sition to an accelerated corrosion.

For the as supplied specimens this time is equal to 3500 hours
while for the snodized and autoclaved ones it is 6500 and 6700 hours,
respectively.

At the end of the tests the weight gain in the as supplied
specimens (6.5 s/m?) wag more than a factor of 2,5 in excess of
the weight gains in the autoclaved (2,5 g/m?) and anodized
(2.3 8/m2) specimens,

Thus, one can state that from the viewpoint of corrosion the
preliminary surface autoclaving and anodizing are s good practice

for the successful operation under the water chemistry conditioms
of nuclear plants for distfict heating.

It should be pointed out that the initial state of a fuel clad
gurface cen significantly influence the fuel condition in the
computed tentative accidents including the maximum tentative
accident (MTA). The USSR adopted concept of the analysis of a fuel
condition in MTA contemplates primarily the design of the most
unfavourable (the maximum clad temperature) event, i,e., the design
of a fresh fuel rod having the maximum power densifty.

To analyze the influence of the initial surface vondition
of clads on their oxidation kinetics at high temperatures pertinent
to MTA we studied the corrosion behaviour of fuel clads after
autoclaving and without it, The clads were tested in steam within
700-1200°C in a continuous weighing unit,

No significant effect of pre-autoclaving was noted in the
temperature range 900-1200.0

The investigations carried out within 700-850°C allow a pre-
liminary conclusion to be drawn that in the initiael oxidstion
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period (at the interaction time up to ﬁ05s) the sutoclave effected
oxide f£ilm has protective properties. Thus, at 700°C the weight
gain in non-autoclaved specimens is significantly higher and after
20 hours it exceeds by & factor of 1.7>% the weight gain in the auto-
clavedones,

The maximum local oxidation depth equal to 18% is reached
by non-autoclaved specimens in 20 hours while the maximum value is
not reached by the autoclaved ones even after 30 hours.

"hus, it can be concluded that an oxide f£ilm available at
& fuel ¢lad surface bas & beneficial effect on both the assembly
process and the performance under water chemistry conditions
at NPPS and nuclear plants for district heating as well as at bigh
temperatures pertinent to accident conditions.

INFLUENCE OF SOME PARAMETERS ON
SENSITIVITY OF ZIRCONIUM ALLOYS TO
NODULAR CORROSION

S.A. ANTIPOV, V.F. KON’KOV,

A.V. TOKMAKOV, A.A. KHAIKOVSKLS

A.A. Bochvar’s All-Union Scientific Research
Institute of Inorganic Materials,

Moscow, Union of Soviet Socialist Republics

Abstract

In this paper the results of expirements on the influence of cladding
pretreatment (autoclaving or anodizing) on nodular corrosion are presented.
It is concluded that autoclaving is of good practice for Zr-Nb alloys as well
as for binary alloys of Zr with Fe, Ni, Cr, Sn or combined composition:
Zircaloy. The corrosion behaviour of these alloys except Zr-Nb is penalized
by anodizing. The propension to nodular corrosion seems correlated to the

presence of fluorine.

Recently due to an increase in water-coeled reactor fuel
life-time studies of zirconium alloy corrosion again attracted
much attention. The longer staying of fuel in the core is
releted to both & higher fuel burn-up and & lower capacity
factor (CF). Thus, under load-follow operation conditions CF
may be significantly reduced up to 0.5-0.6 resulting in a
1.5-2 times increase of the fuel operation time.

As is known, on a long-term fuel operation nodular corrcszicn
starts which can significantly limit the fuel performance. The
danger of nodular corrosion lies in the fact that its rate is
many times higher than that of uniform one. Besides, the non~-
uniform distribution of the neutron flux density aggravates
nodular corrosior in high flux areas which can result in shape

changes and even ovalization of claddings.
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The propensity of zirconium alloys for nodulss corrosiscn
is significantly affected by both the alloy compositicn &nd the
surface condition of fuel claddings.

To estimate the influence of the surface condition on the
propengity of zirconium alloys for nodular corrosion accelerated
laboratory tests were conducted in high temperature steam by a

two stage nmethod:

I stage - 410°C, 100 atwm, steam, 3 hours;
II stage -~ 520°C, 100 atm, steam, up to 0.5 hour.

The extent of the formed oxide film ron-uniformity was
determined visually, with an optical microscope and gravimet-
rically.

For the investigation we used binary zirconium alloys
with 1% alloying elements (iron, nickel, chromium and tin) as
well as Zr-1% Nb alloys, zircalloy-2 and Zr+{% Nb+1% Sn+0.5% Fe
alloy.

The tests were conducted using specimens as etched, with
the surface contaminated with fluorine, as autoclaved, anodized
as well ag affected by all the factors enumerated. Specimen
etching was accomplished in an aqueous mixture of hydrofiuoric
and nitric acids while its contamination with residual fluoxrine
was achieved through drying the dilute etching solution applied
to the specimen.

The level of residual fluorine as determined by the proton-
activation method was equal to 0.3-0.5 g/cm2 for the etched
gpecimens and 1.0-1.5 g/cm2 for the contaminated specimens.

The specimen anodizing was conducted in & 0.5% NaOH solut-

ion until a ~ 0.25 /um thick film resulted. The gpecimen auto-

claving was performed in distilled water in a stainless steel
vessel at 300°C and 120 atm for 72 hours.

Table 1 contains the results of the gravimetric analysis
of the investigated specimens as dependent on their surface
condition. For the sake of convenience 211 the specimens are
subdivided into two groups: those etched and contaminated with
regsidual fluorine. Besides, before corrosion testing some of

the thus treated specimens were anodized and some were auto-

claved.

Table 1. Results of Gravimentric Analysis as Dependent on
Surface Condition of Investigated Specimens

Alloy Surface condition Notes
Etching, 2 Contamination,z
weight gain,mg/dm<|weight gain,mg/am
18 76
Zirconium-iron 42 128 Anodized
53 20 Autaclaved
30 211
Zixrconium-~nickel 112 140 Anodized
38 22 Autoclaved
41 318
Zirconium-chromium 288 755 Anodized
31 20 Autoclaved
367 445
Zirconium-tin 268 710 Anodized
191 20 Autoclaved
24 27
Zirconium-niobium 15 . 25 Ancdized
25 26 Auntoclaved
20 42
Zircalloy 29 45 Anodized
24 27 Autoclaved
19 50
Zr-Sn-Fe-Nb 10 35 Anodized
22 24 Autoclaved
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First of all it should be pointed out that nodular corrosion
wag observed in all the specimens investigated for the exception
of those conilaining niobiuwm. The binacy Zr-1% Nb alloy as well acg
the multicomponent Zr-Nb-Sn-~Fe alloy had no traces of nodular
corrosion independent of the version of the surface treatment,
i.e., it can be stated that Nb alloying suppresses the propen-
8ity of zirconium for nodular corrosion.

Pig.1 shows photographs taken from the surfaces of binary
Zr-Fe (fig.1a) and Zr-Nb (fig.1b) alloys and giving en idea of
the corrosion oi the two groups of the alloys. Prom the resulis
of table 1 one can easily trace the relationship between the
surface condition and the propensity of the alloys for nodular

corrosion.

In all the specimens studied for the exception of those
containing niobium the residual fluorine contamination of their
surfaces aggravated the non-uniform (nodular corrosion).

Corrosion testing of anodized specimens having pre-etched
and pre-contaminated surfaces snows that in all cases the nodulex
corrosion was intensified. In this case too the exception waa g
group of niobium-containing alloys the surface of which did not
show nodular corrosion.

The most interesting results were obtained for specimens as
auteclaved.

First of all, it should be pointed out that the corrosion
testing of as autoclaved specimens indicated a significantly

improved corrogsion resistance of essentially all specimens

(b)

FIG. 1. Structure of binary Zr-Fe (a) and Zr-Nb (b) specimen surface.
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under study; even alloys having & higher propensity for nodular
corrosion (Z2r-Cr, Zr-Fe, Zr-Sn) practically did not show its
traces.

Attention is drawn to the fact that the sutoclaving of
specimens pre-contaminated with fluorine significantly improved
their corrosion-resistance and in some instances suppressed the
nodular corrosion. The above refers to the whole group of the
alloys investigated.

The experiments that studied the influence of the surface
condition on the corrosion behaviour of the alloys revealed sonme

regularities:

1. Niobium present in zirconium alloys improves thedr
corrosion resistance and makes them insensitive to nodular

corrosion independent of the pre-~treatment of their surfaces.

2. Binary alloys with iron, nickel, chromium or tin as well
as their combined composition {zircalloy) showed propensity for

noduler corrosion.

3. In 81l cases the fluorine contamination up to
1.0-1.5 mkg/cm2 of the specimen surfaces impaired their corrosion

resistance.

4. The anodizing of specimen surfaces penalizes their
corrosion behaviour (except for niobium containing alloys) and
increases their propensity for nodular corrosion which is
especially marked in conteminated specimens. This phenomenon
can be explained by the fact that during anodizing the whole
fluorine aveilable at the specimen surface i1s concentrated in

the anodic film and aggravates its negative effect on corxroszion.

5. Pre-autoclaving significantly improved the corrosion
resistance of the alloys investigated ané in some caseg
suppressed the nodule formation at their surfaces. This pesitive
effect of autoclaving on the corrosion of the alloys can be
explained by the removal of fluorine from the apecimen surtfaces
during autoclaving. According to the results of the proton-acti-
vetion anelysis the fluorine content of the autoclaved specimen
surface decreased by 2-5 times.

It is undoubtedly interesting to investigate fuel elements
having operated at NPPs with WWER-1000 type reactors.

Foxr hot-cell post-irradiation investigations two fuel

agsenblies (PA) were taken:

1. PA N2 1114, the VIR it of the Novo~Voronesh nuclear
power plant, the uranium-235 enrichment of 4.4 and 3.6%, the burn-
up of 44.76 MI.day/kg uranium, loaded into the reactor on
25.07.84, discharged on 25.07.87, leak-tight.

2. PA N?0106, South-Ukranian nuclear power plant, the
burn~up of 37.0 MJ.day/kg U, unwrapped, leak-tight.

The fuel elements contained by the fuel assemblies were
subjected to sutoclaving at 320-340°C, the pressure of 120 awn
for 36 hours.

After cooling in 2 pond in august 1990 the assemblies vere
unwrapped and in september the preliminary visual hot-cell
examination of the spent fuels was conducted.

The surface of the fuels of both the assemblies was covered
with a dark-grey dull closely - adherent oxide f£ilm without
traces of nodular corrosion. It can be pointed out theat the

bottom (to the second spacer grid) fuels of the unwcepped
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asgembly have a thin grey layer that is eesily removed with a
cotton wool wad. In the middle portion of some fuels contour
stains were found out that were also easily removed.

Thus, it may be concluded that fuel elements subjected
to preliminary autoclaving showed reliable serviceebility
during the three year operation of the WWER-1000 reactor (a three

year cycle).
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