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SYNPSIS

This project involves the initial stages of the setting up of a
high temperature high pressure rig to undertake corrosion fatigue
tests in a simulated pressurized water reactor (P.W.R.) environ-
ment. The profect included:

3)

b)

c)

d)

e)

Setting up of a watxr purification and dosing unit to staulate
P.W.R. water chemict -ies,

Rig design for low temperature (20 - 95 °C) low pressure (up
to /z atm Ha over pressure) corrosion fatigue testing in
P.W.R. snvironments,

Rigorous mechanical and microstructural evaluation of a sec-
tion of SASO8 C13 forged steel nuclear reactor nozile.

Corrosion fatigue tests to check the effects of testing tem-
peratur: (20 and S0 °C), sample orientation to the main forg-
ing, R-ratio (0.7 and 0.2), frequency (1 and 10 Hz) and en-
vironment (air. vs. P.W.R. tests). The corrosion fatigue test
specimens were examined under the S.EM. to establish the
fractographic features.

Sample potential monitoring during corrosion fatigue testing,
and related potentiodvnamic work.

The project has led to several important conclusions:

1)

2)

Sulphide inclusion (MnS) clusters increase crack growth rates
and they contribute to enhanced corrosion fatigue crack growth
rates by acting as hydrogen trap sites.

Sample potential monitoring and potentiodynamic studies showed
that specimen isolation from the clevis is not required. Use




of the Pourbaix diagram in the Fe-H,0 system shows that the
pressure vessel material lies in the corrosion régime,

Anodic dissolution and hydrogen embrittlement mechanisms have
been proposed for the environmental enhancement of crack
growth rates. However, regions of fast crack growt. (observed
fractographically) about MaS inclusions can be more easily
explained by the hydrogen embrittliement mechanism.

Compact tensfon (C.T.) specimens orientated parallel to the
Mn5 stringer inclusions give high crack growth rates. For
increases in temperature and decreases in fregquency, crack
growth rates are higher than corresponding low temperature,
high frequency tests. Clearly the role of MnS inclusions can-
not be ignored (the S inclusions were found to be inclined
at an angle to the inside nozzle surface).

The 0.7 R-ratio and the orientation air tests resulted fin
crack growth rates greater than those predicted by the
A.S.M.E. XI 1980 air line data. C(learly more rigorous codes
are required for this type of testing.

Clearly, such a test facility will lead to the production of ‘use-
ful' (meaningful) results. It is hoped that active involvement fin
the affairs of the International Cyclic Crack Growth Rate group
(I.C.C.6.R.) will 1lead ultimately to the University of the
Witwatersrand gaining fellowship with the group.
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10 INTRODU"T 100

Large steel fabrications have been used in the nuclear power indus-
try as the pressure vessel to enclose the reactor orimary system.
The 1ight water cooled and moderated power reactors contain high
temparature potentially radioactive deifonized water, circulating
through the primary system, This is a light corrosive environmen®
as vegards the structural component materials. The properties (in-
tergranular stress corroston, corroston fatigue, etc.} have been
localized phenomena, exacerbated in general by the fact that the
environment s not highly corrosive.

Recently sume unfortunate cases of failure have heen experienced in
weld overiay liners, For e ample, the Japanese Power Demonstration
Reactor, was found to contain cracks in the overlay, and some of
those in the top nead wall penetrated through the liner to the base
metal. This led to the necessity to evaluate the effect of crack
propagation in the low alloy steel vessel. Despite the abundance
of engineering test data, the basic nature of the corrosion of
steels in such an environment has not as yet been amply clarified.

In view of the importance of this aspect of corrosiun faligue an
international body was established to consider the problem, The
formation touk place in the late seventies and has evolved to
become known as the 1.C.C.6.R. group (International Cyclic Crack
Growth Rate). It consisted initially of U.S.A. companies, General
Electric and Westinghouse with French (C.E.A/Fr/matone) and British
(UK.ALE.A.) contingents. The object of this scientific body was
collaborative research into the virious aspects of corrosion fat-
fgue of SA 533 Grade B and SA 508 Class 3 steels, under simul)ated
reactor conditions. In particular ft was intended to identify
those parameters having an influence on corrosion fatigue crack
propagation. Typical parameters included are: temperature, press-
ure, electrochemistry, impurities in the steel (especially sulphur
and phosphorcus), orygen content of the environment, water conduc-
tivity, fits impurity content and composition, waveform, frequency,
fatigue force ratio R, stress ievel, transient history, flowrate,
strain rate, incubatfon time, increasing/decreasing . ..stant &K,
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and several others. Ultimately the group aims to set up inter-
national specifications and standards for such reactor pressur>
vessels for long term integrity and safety considerations.

The most important aim of this project is therefore to provide
meaningful results to contribute to the development of calculations
for nuclear pressure vessel safety requirements. Also, for the
benefit of South Africa (A.E.C. and the University of the
Witwatersrand) it {s essential that origimal, useful results are
generated in this field to facilitate memberskip of the I.C.C.G6.R.
group. Active participation in I1.C.C.G.R. conferences will be
required su that other countries can benefit from our research and
vice versa. Clearly such interaction will lead to a better under-
standing (world-wide:) of corrosion fatigue within nuclear pressure
vessels,

To fulfil the above objectives, carrosion fatigue testing in the
Department of Metallurgy will need to be carried out in tryly
representative P.W.R. enviromments. This project represents the
first stage of a test programme which will initially invclve the
design of & low temperature and low pressure loop to Simulate
P.W.R. conditions within a test cell. Tests will then be carried
out to check the effect of water temperature, sample orientation
with respect to the forged pressure vessel material, frequency of
fatigue, R-ratio (Kmin/Kmax) and waveform of loading cycle.
Random sample potential measurements will be carried out on some of
the samples in the test programme.

The water purification and control loop will ultimately serve the
high temperature, high pressure ccrrosion fatigue loop that is to
be built. Active experimentation in this field is required to
achieve fellowship of the 1.C.C.6.R. group.




i

2.0 LITER,URE SURVEY
2.1 AQUEOUS CORROSION FATIGUE

Corrosion fatigue in metals may be defined as the synergistic or ’
combined action of an aggressive environment and a cyclic stress
leading to premature failure by cracking. The majority of observed
fatigue faflures are, in fact, corrosion fatigue failures, since
only fatigue occurring in an absolute vacuum could be termed as
pure 'fatigue'.

Corrosion fatigue should not be confused with stress corrosion
cracking. All metals waich are susceptible to corresion are 1iable
to wmdergo corrosion fatigue damage. Generally speaking, stress
corrosion cracking is suffered by alloys in very specific environ-
ments (f.e. the 'specific fon’ effect), and is normally investigat-
ed under conditions of static tensile rather than of dynamic
stress.

The major effect of corrosion on the form of the S-N curve is that
fatigue Timits in the true sense are removed. Therefore, a finite
lifetime at any tensile stress or stress amplitude tends to exist,
provided that cyclic loading is continued for sufficiently Tong
pericds in the environment. It is worth noting that fatigue life
is often prolonged at high stress amplitudes by the presence of
certain enviromments. so that corrosion may lead to an S-N curve of
the form of either A or B in Fig. 2.1,

According to €.'vert [1]:

1. Corrosion fatigue cracks are usually transcrystalline, although
there have been examples of intercrystalline failure.

2. Corrosion fatigue often produces branched cracks rather than
the single fronted crack characteristic of fatigue in air.

Corrosion fatigue, under total immersion conditions is an elec-
trochemical phenomenon, because it can be prevented by cathodic
protection or by the addition o/ inhibitors to the corroding
solution.
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FIGURE 2.1: Schematic S-N curves for air and corrosion fatigue
tests, A-corrosion fatigue showing retarded initfation X
it high s.ress, B-corrosion fatigue giving a general
Towering cf fatigue strength.

v : 4. The corrosion fatigue 1imit, assessed usually as a stress that
gives failure in a specific lifetime, is insensitive to metal-
lurgical conditions and shows little correlation with strength,
in contrast to the relatively good correlation between the ten-
sile strength and air fatigue strength of many 21loys {2, 3]

211 The Application of Fracture Mechanics to Corrosion
Fatique studies

The tensile stress ahead of a snarp crack is given by Westergaard
fa] as:
opy = —Fo . (2.1

(Zp 2

where ayy is the stress normal to the plane of the crack and r
us, the stress field

the distance measured from the crack tip. ™

just ahead of a sharp crack can be characteriied by K (stress in-
tensity factor) under linear elastic conditions +nd appropriate
corrections can be made for finite sized sp.-imns and various
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crack geometries. If the crack faces are displaced normal to the
crack plane during fracture the relevant stress intensity is desig-
nated Ki (opening mode [ ciacking) and an additional subscript ¢
is used to denote the critical K level (say for unstable crack pro-
pagation) Hence, provided that certain test geometry restrictions
are conformed to a material parameter, Kj., can be evaluated ex-
perimentally to describe the toughness of precracked material under
linear etastic (plain strain) conditions.

There has been a significant move in recent years towards the col- b
lection of fatigue data using the fracture mechanics approach be- i
cause in principle the data can be made specimen independent in the

sense that tests on different geomotry specimens of tne same mate- ]
rial should produce the same crack growth versus stress intensity

data. The actua) parameters of importance in corrosion fatigue data

coilection are Kyin» Kmax. the minimum and maximum values of K

in a load cycle, and X = (Kmax - Kmin)- These are functions of

crack length as well as load so they may or may not vary throughout

the test, depending upon the details of the specimen type and the

toading schedule. Additionally, the mean stress may 2150 be impor~

tant. This is normally expressed in tems of the fatigue force

ratio or R ratio, where R = ogin/amax- Hence, R is positive

for tension-tension tests, zero for reversed bending with a minimum

stress of zero and negative for compression-tension tests.

1 1
M K = 72 gy al2 f(spectmen size, crack size. yield
strangth) it 's clear that:

1-R=1- onin/dmax " K/Kmax (2.2} A

Thus R, &K and Kpax 4ave not indeiendent test variables and care
is necessary when interpreting data where all of these parameters 1
are apparently varied, or in comparing data plotted with different 1
co-ordinate axes.

Another point of some significance for corrosfon fatigue testing is
the phenumenon of crack closure as described by Elber (5] Briefiy
in an elastic-plastic medium that undergoes limited plastic defor-
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mation at the crack tip during loading, it is possible for the
crack faces to impinge during unloading before the tensile load is
completely removed. For thin piates, Elber suggested that this re-
duced the effective A& during fatigue and has proposed the empiric-
al relationship

MKeffective = (0.5 + 0.4 R) &Kypparent (2.3)

based on the results of tests on aluminium. However, crack closure
effect: are yet far from being fully understood. This fs not sur-
prising because the details of what conditions pertain to a deform-
ing crack tip in a corrosive environment are extremely difficult to
{avestigate.

In any crack growth situation, the most dominant cracking mechanism
is likely to control the growth rate. Thus, for high frequency
loading, air fatigue growth rates tend to be unaltered by the pres-
ence of an aqueous corrosive environment simply because there is
insufficient time per cycle for corrosive effects to influence sig-
nificantly fatigue ¢ ck growth. For many systems, air fatigue
crack growth occurs only above a threshold stress intensity factor
amplitude, akyp. The growth per cycle first increases rapidly
with increasing 4K sbove AKpp then enters a region where log
da/dN is linearly dependent upon log AK and finally becodes v.ry
rapid as Kpax approaches K. or Kjc. This is shown schematic-
ally in Fig. 2.2a. In contrast, for many systems that stress-
corrode, there is a definable stress intensity factor below which
crack growth will not occur, termed Kjscc. and the log (crack
growth rate) versus log K curve first rises steeply and frequently
reaches a plateau value that is independent of K, then rises steep-
1y again when K approaches K. or Kjc as indicated in Fig. 2.2b,

There are thus three possible forms for log da/dN versus Tog X en-
vironment-assisted fatigue curves, as shown in Figs 2.2¢c, d and e.
Tne shape of curve depends on whetner or not there is a synergistic
effect of the corrosive environment and the aiternating stress that
is independent of any stress corrosion mechanism. It also depends
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FIGURE 2.2: Schematic 11lustrations of basic types of corrosion
fatigue benaviour. SCC = stress corrasion cracking;
TCF = true corrosion fatigue; SCF = stress corrosion
fatigue {58].

on what value the minimum stress intensity for stress corrosion
(Kisce) if 1t exists, has in relation to aKyp. Now the contri~
bution to crack growth from stress corrosion depends upon Kpaxs
whereas AK 1s the controlling parameter for fatigue crack growth.
Since AK/Kgax = 1 - R it is not surprising that much lorrosion
fatigue data shows an R dependence, whereas air fatigue results are
generally independent of R value.

Paris and Erdogan [6] suggested that at least part of the fatigue
crack growth conformed to the relationship:

da/oN = C & (2.4)
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The exponent n varies considerably and there is a systematic vari-
ation of C with n, The Paris equatfion is only valid for the inter-
mediate AX range where the log da/dN versus log A&X plot is linesr.
This range s a useful region to consider for investigations into
the mechanism of corrosion fatigue because it is reasonsbly certain
that in this range, growth by both air and corrosion fatigue is
often by a ductile striation mechanism.

As previously described in relation to Fig. 2.2 c, d and e there
are three types of log da/dN versus log &K plot that may result
when a material {is fatigue loaded in the presence of an aqueous
environment, Figure 2.2(c) is typical of the behaviour exhibited
by systems for which stress corrosion cracking does not occur under
static loads and has been termed ‘true corrosion fatigue' [11]. As
can be seen, the environmental fatigue curve exhibits different
values of L and n in the Paris equaiion from those relevant to an
inert environment. In contrast Figs 2.2 d and e show behaviour
typical of systems which exhibit stress corrosion cracking under
static loads when the maximum stress intensity exceeds a threshold
value desionated Kyscc. For the system shown in Fig. 2.2(d),
environmental enhancement of cyclic growth rates is only exhibited
when the stress intensity range & is such that the maximum stress
intensity attained during the fatigue cycle exceeds Kyspp- This
has been termed stress corrosion fatigue. For the system shown fin
Fig. 2.2(e), stress corrosion fatigue appears to be superimposed on
the corrosion fatigue so that environmental enhancement of cyclic
crack growth rates is also exhibited when Kpay < Kigeg. The
latter type of behaviour is the most common type of behaviour shown
by material/environment systems exhibiting so-called 'stress cor-
rosion fatigue'.

It is clear that any detailed mechanism of environmental crack
growth must be able to explain all the experimental facts partic-
ularly in relation to the effects of cyclic frequency, loading wave
form, mean stress {i.e. stress ratio), applied potential and the pH
of the environment (especially near the crack tip). Whilst it is
primarily the potential of the metal and the pH of the environment
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within the crack enclave that will determine which of the various
electrochemical reactions are possible at the crack tip, mechanical
variables such as frequency, wave form and mean stress may influ-
ence reaction kinetics and in so doing determine which reactions
actually occur at the crack tip.

2.1.2 Modeis and Mechanisws for Corrosion Fatigue Crack
Pmﬁm

The mechanisms that have been proposed to account for enhanced
crack growth resulting from the presence of a corrosive environment
during cyclic loading are not essentially different from those in-
voked in explaining stress corrosion cracking. Thus it has been
suggested (3] that localized plastic deformation arising from
cyctic loading causes the disruption of otherwise protective sur-
face films and hence promotes electrochemical activity. This sus-
taing selective corrosion related to an inherent tendency tn Inter-
granular corrosion and also facilitates the ingress of hydrogen
into & metal to promote crack growth. This effect can even lower
the energy requirements for cracking by aiding sperific adsorption.

The initiation of fatigue cracks at smooth surfaces may occupy as
much as 90% of the total so-caViad far we-life in the absence of
environmental interaction. Corrosive reactions have been known to
reduce this proportion of the service life o less than 10%. The
fmpiication, thereforz, is that contact with an appropriate envi-
ronment has about the same effect in facilitating the progression
to Stage 11 growth as does the introduction of a sharp geometrical
discontinuity onto an otherwise smooth surface. There is no short-
age of possible mechanisms whereby corrosion related processes
could influence fatigue crack initiation [7]. There is however a
marked shortage of definitive experiments and quantitative data
that would allow the feasibility of these mechanisms to be assess-
ed.

Two mechanisms of crack propagation by dissolution have been sug-
gested for envirommental cracking dua to static loads degpending
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upon the presence or otherwise of structural features (e.q. segre-
gate or precipitate) usually at grain boundaries which cause a
local galvar  ~ell to be set up. In this context the precipitate
or segregate n. .t as the anode in a local cell or as an effici-
ent cathode cau - atiack i. be localized in the immediately ad-
jacent ratrix m>.e, "at, The function of the applied stress in such
a sys em is presumably to prevent the dissolution reaction from be-
coming stifled by film formation. When pre-existing active paths
are non-existent, or are inoperative because of environmental ef-
fects, the stress may act to disrupt a protective film formed on
the metal surface to expose bare metal and so maintain relatively
high localized anodic current densities at the exposed surface.

Crack propagation by dissolution mechanisms involves 1iquid diffu-
ston of either solvating water molecules or aggressive anions down
the crack iength to the sight of rupture of the protective oxide,
at planes of slip step emergence at the crack tip, followed by dis-
solution of the newly created metal surface. Ford [8] carried out
work showing that if the strain rate at the crack tip is insuffici-
ent to maintain a bare surface condition, then crack propagation
rates will be below those predictcd by the dissolution mechanism.
Conversely, when the crack tip strain is toc hich, mechanical crack
advancement may dominate due to ductile rupture at the crack tip.
At some intermediate value of crack tip strain rate optimum cond!-
tions for environmenta) enhanced growth will exist {8].

Hydrogen embr ittlement has also been proposed as a failure mechan-
ism (3R] and adsorbed hydrogen may embrittle materials in one of
two ways:

1. Directly by adsorption at the crack tip and Jowering the sur-
face energy of the material, vy, and thereby loweriny the frac-
ture stress cf the material.

Indirectly by diffusing to some region in advance of the crack
tip where the stress or strain conditions are particularly fa-
vourable for the nucleation of cracks, e.g. at regions of maxi-

s L A A i
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mum stress triaxiality usually considered to be located at the
elastic plastic interface of the plastic zone formed at the
crack tip.

However, more important than the detailed mechanism of hydrogen em-
brittlement is whether environmentally assisted crack growth in
aqueous environments is principally assist2d by metal dissolution
or by hydrogen embrittiement. In order to urderstand which of
these environmental factors is mainly responsible for the enhanced
crack growth in corrosion fatigue, it is necessary to recognize
that the electrochemical conditions within the confines of a propa-
gating crack may be significantly different from those at the sur-
faces exposed to the bulk environment.

It is conceivable that the electrode potential distribution within
a crack enclave may vary with its depth and that the composition of
the solution within the crack may be very different from that ov
the bulk solution. This may, for example, explain why the initia-
tion stage of cracking is not necessarily circumvented, when pre-
cracks are introduced into stress corrosion or corrosion fatique
specimens, Initiation may involve the establishment of certain
electrochemical conditions within the crack enclave which are ap-
preciably different from those of the external surfaces. Not only
can compositional variations be set up in a crack, but potential
drops down cracks can also be developed [9]. It seems that whether
or not significant potential drops are likely to exist along the
Tength of growing cracks, will depend upon whether or not high net
currents can be maintained between specimen and counter electrode.
Any tendency for the material to form a continuous passivating film
precludes the development of large potential drops since the active
crack tip will be passivated. It should therefore be possible to
predict which control potentials are conducive to the development
of large potential drops down the length of cracks or crevices, by
inspection of the appropriate polarization diagrams for the metale
environment combination [9].

Gaoetta aad Rizzi [10] measured electrochemical potentials at the
o
tip of a growing fatigue crack in demineralized water at 93 C.
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The effect of frequency, waveform and oxygen content were investi-
gated on A 533 B Class 1 steel. Ouring the tests two probes were
inserted in the specimen in two parailel holes drilled in the crack
plane Fig. 2.3).

Environmentol chomber
.

Gasket

/
-— daf) e
Electrode "87] /
: Tefton tube
KCL sl e

Deminerotized water

Electroge “B"

FIGURE 2.3: Electrode assembly after Gabetta and Rizzi [10].

The central hole ('A') was internally coated by an insulating lac-
quer. Probe ‘B' was moved during the test to follow the crack
front position. Another Tefion probe (‘C') was positioned far away
from the crack, in the machined notch.

Crack length anc potential values measured by the three electrodes
are shom in Fig. 2.4 where the various oxygen contents are shown.

Potentials recorded by probe A, during periods 2, 3 and 4 show that
the probe was no longer able to follow the crack front potential.
Probe B shows that the potential increases with an increase in dis-
solved oxygen. The value of the potential measured close to the
specimen notch was assumed as a reference value, In period 1 probe
C measured active potentials indicating that the oxide formed was
not protective. As oxygen contents increassd larger differences
were observed in potentials for probes "b" and "c*. This shows
that the external surface had passivated. The different frequency
and waveform experiments [10] showed that for high oxygen levels
(period 2), the difference in potential due to the loading (moximum
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FIGURE 2.4: Cr>-k length and potentials as functions of elapsed .
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versus minimun load) was larger (up to 60 mV) than for low oxygen
jevels. This was attributed to 2 ‘pumping' effect and to oxygen
consumption by chemical reaction tncide the crack. A plat of load
and potential versus time is shown in Fig. 2.5. In this case the
oxygen content is about 200 ppb at maximum load, and up to abou®
300 ppb when the crack closes. This appears to imply that when the
crack is open, the oxidation reactions {which decrease the oxygen
content), overrule the pumping effect {which increases the oxygen
content).

When corrosion takes place on metal surfaces exposed to a small
volume of solution and where access of fresh electrolyte and dis-
solved gases is restricted, the composition of the solution within
the crack may change markedly from that of the bulk sclution.
Evans [12] has suggested that local acidity can develop due to
hydrolysis of metal tons in solution according to reactions suth
as:

Fer + MO L FeD, 8¢ 2e.
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FIGURE 2.5: An example of potential variation with loading during
period 4 {10].

It can be predicted that hydrolysis will cause the crack tip pH or
pH within a pit to equilidbrate at around 3.5 when iron is exposed
to an aqueous enviromment at the free corrosion potential. The
actual pH development depends upon the exact nature of the hydrol-
ysis reactions taking place within the crevice.

The significance of both a change in the pH and potential of the
metal at the crack tip on possible crack propagation mechanisms can
be deduced if the relevant experimental data, plotted on the appro-
priate pH diagram for the system under investigation .Figure 2.6,
for example, shows the influence of cathodic polarization on the
potentials and pH values developed within a simulated pit in a car-
bon ste=1 immersed in 0.001 M NaCl of pH 10 (Pourbaix). The extent
and directions in which the potential anc fH in the simulated pit
change are dependent up. .1 the degree of polarization applied to the
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FIGURE 2.6: Influence of cathodir polarization on the electrochem-
tcal characteristics of a corrosion pit or crevice
(carbon steel in the presence of an aerated solution of
NaOH 0.001 M and NaCl 0.001 M). From Pourbaix.

steel surface external to the pit. The potential vithin the pit
however always falls below the line representing the discharge of
hydrogen from water.

Although the above remarks refer to measurements made in pitting or
stress corrosion situations they should also be applicable to cor-
roiion fatigue cracks. The main difference with corrosion fatigue
¥s that the solution is pumped into and out of the crack producing
regular mixing of the crevice solution with the buik solution [12],
thus reducing focal polarization effects.

2.1.3 The Prevention of Corvosion Fatigue (13}

There are two possible approaches to attempting to prevent the oc-
currence of corrosion fatigue failure in structures. Firstly, the
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engineering approach in which the working stresses to which the
material is to be subjected are limited so that the stresses never
{or rarely) exceed those corresponding to some corrosion fatigue
threshold during the lifetime of the component. Secondly, in the
electrochemical approach, attempts are made to change the environ-
mental conditiuns by cortrolling the app’ied potential, using inhi-
bitors, or applying coating systems so that the damaging corrosion
reactions are less likely to occur.

A method that can be used to prevent corrosion fatigue crack initi-
atfon {s cathodic protection. Cathodic protection is a remedial
measu-e that can raise the fatigue limit of a matertal exposed to a
corrosive environment to the corresponding fatigue 1imit in vacue.
Cathodic protectior can be achieved either by coupling the struc-
ture to be protected ty a metal more base in the electrochemica)l
series, or by applying a cathodic current to the structure via an
external source such as a battery or D.C. generator. Care is re-
quired so that overprotection does not lead to hydrogen charging
which could result in hydrogen embrittlement. An alternative form
of protection which has found ~onsiderable application in prevent-
ing stress corrosion cracking is anodic protection. This technique
relies on the development of a protective passive film on the sur-
face of the material by the application of an Modic current from
an eniernal source, usually a potentiostat. In the absence of
chlorides, improvement is greatest with materfals such as stainless
steels and titanium alloys which rely on a highly protective oxide
for their corrosion resistance. It is also possible to consider
changing the composition or structure of an alloy to improve stress
corrosion or corrosion fatigue resistance. This has been the sub-
ject of some research but it has usually been found that metal-
lurgical solutfons are not economically viable.

Since inhibitive treatments are usually custly, they are normally
applied only in closed systems in which the corrosive environment
forms the working fluid, e.g. in boilers or heat exchangers. The
nature of the inhibitor employed varies according to the metal and
corrosive environment concerned but, in general, all inhibitors are
effective either by reacting with the products of the corrosion
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reactions occurring on the metal surface or by adsorbing onto the
metal surface and thereby forming insoluble protective films. 1If a
sufficiently high concentration of inhibitor is not maintained then
intensified highly localized action may result [14].

2.2 AN ASSESSMENT OF THE INTEGRITY OF P.W.R. PRESSURE VESSELS

LA L AL

The integrity of the tnick walled steel reactor pressure vessel
{R.P.V.) of a pressurized water reactor (Fig. 2.7) is vital for
safety for tuv reasons, Firstly the R.P.V. is the container for
the reactor core. Should the R.P.V. develop a leak and if the rate
of loss of coolant exceeds the maximum capability of the emergency
cooling water system, then the reactor core could become uncovered,
overheated, and unless some remedial action was immes ately under-
taken, ultimately melt, Secondly, a massive failure of the R.P.V.
itself could both serfously damage the reactor core and, at the
came time, could damage the containment building.

In this way a single postulated event could possibly outflank the
various sequential barriers which prevent the escap> of fission
products in other postulated accident sequences, namely, the fuel
cladding, the primary circuit and possibly the containment build-
ing. Therefore it is important to demonstrate that the disruptive
fatlure of a R.P.V. has a low probabiliity bordering on the incon-
ceivable. Since such accidents could give rise to large controlled
releases of radioactivity, the R.P.V. disruptive failure probabil-
ity mst be, 2t least, less than one in a million reactor years,
and prefersbiy lower. A cumulative total of 10 000 reactor press-
ure vessel service years is not expected until about the turn of
the century and, even that, will still be insufficient to gain con-
fidence in failure probabilities, should there be any!

It has become apparent, during the UKAEA study [15] under the
ct *irmanship of Dr W. Marshall, that there were no general princi-
pl.. which could be invoked to guarantee safety. Reactor pressure
vessel integrity could only be established by careful attention to
factors such as design, materials, fabrication, quality assurance,
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FIGURE 2.7: The reactor vessel of a 4-lcop P.M.R. system (Dimen-
sions given in mil)imetres) f15].

testing, inspection and so forth. Therefore the sssessment of
P.W.R. vessel integrity requires the combination of scientific and
engineering analysis, metallurgical and engineering judgement ,
together with practical experience.
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2.2.1 The P.M.R. Pressure Vessel

The priwary function of the vessel is to contain the reactor core
and primary coolant. It mu:t do so under Level A, 8, ¢ and D
Service Limits which a-e respectivel.. normal (e.g. plant heat-up
and cool down), upset (e.g. reactor trip and loss of load), emer-
gency (e.g. small loss of coolant, <mall steam line break or com-
plete loss of flow) and faull (e.g. large loss-of-conlant or large
steam line break) conditions [37]. Typical design parameters and
mean operating conditions are:

normal operating pressure 15,98 wPa
design pressure 17,13 MPa
initial hydraulic pressure 21,42 Wa
normal operating inlet temperature 288 °C
normal operating outlet temperature 327 °¢
design temperature 343 °C
no-load temperature 292 °C

design 1ife 40 yr at 80% load factor
(32 effective full power
years)

The desirability of using steel plates and forgings of high tough-
ness, adequate strength and weldability in thick sections, combined
with good service experience, curvently narrows the choice to a
number of low alloy steels cuntaining manganese, nickel and molyb-
denum. The composition, certain aspects of fadbrication and the
mechanical properties required of pressure v ssel plates, forgings
and welds are specified in the ASME Boiler and Pressure Vessel
Code, Sections 11, IIl and IX. The current choice of material is
of specific SA-533 B alloys for plates and SA-508 alloys for forg-
ings (Class 3 for improved weidability). $A-533 Grade B Class 1 fis
specified since it has the lowest range of tensile and yleld
strengths specified for SA-533 in order to achieve a relatively
high upper shelf fracture energy and low ductile-brittle transition
temperature.
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It should be noted that the composition of SA-508 Class 3 material
is very close to that of SA-533 8 and in general therefore, con-
clusions drawn from exper »mental work on SA-533 B Class 1 steel are
also pertinent to SA-508 Class 3 material and vice-versa {Table 2.1
and 2.2].

TABLE 2.1: lg;gimm Mechanical Properties Specified in the ASME
es

A5338 1 Plate JA508 3 'oram@j
207OC [ 350 °C 120 °C ]

Tensile
em—

Yield stress (MPa) 345 285(*)] 345
JUitimate tensile stress
(MPa)

522 s27 550
E1 {in 50 mm) X 18 - 18
IR of A X - - 38

Charpy Impact
Energy (J) 68 J at Riypr + 33 °C

Lateral expansion (mm) 0.89 mm at RTypr + 33 °C

Minimum ave. value (+)
of three specimens 41 J at 4.4 °C

Minimum value of one
specimen 38 J at 4.4 °C

(*) non-mandatory

(+) no% more than one specimen from a set may fall below this
value

to be specified by purchaser

Since the plates and forgings have to be welded together in the
fabrication of a vessel, it is obvious that the mechanical propei ty
requirements of the welds and the associated heat affected zones
(HAZs) can be no less demanding than those of the plates and forg-
ings, particularly as experience has shown these to be the most
1ikely location for flaws.

The ASME requirements for weld mechanical properties and procedures
are diverse, but are found mainly in Sections II, III and IX of the
Code. They appear to be less specific than those for plates and
forgings, but there is a requirement that all welds should conform
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TABLE 2.2: Typical Compositions of Modern P.W.R. Pressure Vessel Steels [i5]
A Country | Mo, of Average Heat Analysis (Weight per cent)
|of Origin| Analysis] C M N M Si [« S C A As  Sn b Co
Japan 176 0.201 1.371 0.616 0.520 0.243 0.136 0.007 0.006 0.049 0.025 0.007 0.008 0.002 -
13 0.218 1.367 0.547 0.547 0.236 0.074 0.009 0.014 0,117 - - - - -
Japan 165 0.200 1.398 0.753 0.505 0.243 0.097 0.007 0.007 0.054 0.028 - - - -
1% J- - - - - - < < < . 0.0070008- -
130 - - - - - - - - - - - - 0.002 -
86 - - - - - - - - - - - - - 0.
‘T rrance 125 0.16 1.338 0.722 0.503 0.235 0.195 0.010 0.010 0.065 - 0.016 0.011 - 0.017]
fJapan 64 0.206 0.803 0.844 0.585 0.231 0.374 0.006 0.006 ©.048 0.029 - - - -
" 8 - - - - - - .« - . 0.0090.008- -
s - - - . - - . - -« - . 0,02 -
20 - - - - - - - - - - - - - o.oxj
5 0.218 0.682 0.600 0.596 0.284 0.374 0.006 0.011 0.010 - - - - - l

- 12 -
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to a of the minimum mechanical property specifications for the
materials joined by weldments. This is clearly a desirable re-
quirement..

The inner surface of the vessel is clad with a corrosion resistant
layer by weld overlay cladding. The method is mechanized for
single curvature surfaces in order to melt a layer of constant
thicknuss, but certain regions of double curvature must be clad
manually. Two types of feed material are used; an austenitic
stainless steel which is used for cladding the ferritic steel of
the main pressure vessel and Inconel 600 for penetrations, core
support pads and on the faces of tne nozzles. The Westinghouse
Equipment Specification refers to the acceptability of the cladding
in the post-weld heat treated condition. This implies that the
heat treatment of the vessel shall in no way be modified to opti-
mize the metallurgical state and corrosion resistance or mechanical
properties of the cladding.

A potential problem associated with cladding of reactor pressure
vessels is underclad cracking. First reported in 1970, it was found
that discontinuities were formed in the HAZ of the ferritic stee:
base material, formed by the cladding proc.ss. A comprehensive
study was undertaken and the resul.s published by VYinckier and
Pense !n 1974 [16]. Cracks up to 3 mm deep were found, and in more
recent reviews the maximum depth is & mm. The authors concluded
that different steels have different susceptibilities to underclad
cracking. No cracking was reported for 5A-5338 Class 1 material,
one case was reported for SA-508 Class 3, and the remaining report-
ed cases were for SA-508 Clacs 2 steel. This pattern has beev con-
firmed by recent reviews. The cracking was all attridbuted to re-
heat cracking occasionally augmentec by 1iquation cracking.

2.2.2 Fracture Assessment

The ultimate mechanical failure of a loaded matallic structure can
occur i several ways. At one extreme, daformation can occur
throughout the structural section result\ng' ir a large dimensional
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change and possibly shape changes. Alternatively, the deformat on
may begin homogeneously but become localized as the section thick-
ness is reduced thereby increasing the effective stress under a
fixed oad.At the other extrem., the failure process may involve
only & vsery small volume fraction of the structure, with deforma-
tion being extremely jimited, resulting in the propagation of a
crack across the material section without gross dimensional
changes. Such a failure is termed ‘brittle fracture' {Fig. 2.8).
Both these modes of failure are strongly influenced by the presence
of pre-existing cracks or flaws in the structure. It is therefore
necessary to consider the conditions under which a vessel might
fail by the unstable extension, under the applied stresses, of an
assumed pre-existing crack. These conditions are conveniently re-
presented by the size of defect which will propagate and ultimately
become unstable at the stresses, temperatures, etc. to which the
vessel may be subjected. The techniques used to calculate these
sizes of defects and to characterize the material's resistance to
fatlure by unstable crack propagation are collectively referred to
as fracture mechanics.

In the first study group report [17], initiation defect sizes were
estimated using the metinds of 'linear elastic fracture mechanics’®
(L.E.F.M.). This method is based on elastic theory describing the
stress, strain and energy fields ahead of cracks subject to exter-
nal loading. The fields are described by the stress intensity fac-
tor, Kj. Ki is related to applied stress (o, and defect size
'a' by the equation -

Ki =Yoo/ B (2.5)

where Y is a dimensionless geometry factor. The initiation flaw
size is the-efore given by Kjc 2/Y2em.

ps the basis of LEFM is the elastic behaviour of solids, Ki and
therefore Kic only have significarce when the plastictty is
Vimited with respect to the crack length and remaining ligament.
This in turn places limita*ions on specimen size for the determina-
tton of Kic. The range of application of LEFM may be extended




LEFM({K) EPFM({Jy) Plastic collapse {limil toad)

|

Initation of
=~ ductite growth

Crack
growlh

g1

/Plosuc zone P<J ™ —Picslic zone
1] Ductility Increasing (Temperature)

Load Load —Fracture
P P

“~Fracture raclure ~Initiation of

ductile growth
Initiation of 9
ductite growth

e o s

Displacement b Displacement & Disptacement §

v s o e sttt e

FIGURE 2.8: A simplified diagram of various fracture modes.

+
®
L




-5 -

by the adoption of an ‘effective crack length’ derived by adding
the estimated size of the plastic zone ahead of the crack tip onto
the physical crack length. This procedure has been used to predict
the initiation of crack propagation in structures of limited size,
but LEFM becomes inapplicable at high net section stress levels
(typically where the applied net section stress is greater than 80%
of the yield stress) when the derived initiation crack sizes can be
non-conservative because large-scale plasticity effects intervene.

The constructional steels used in the manufacture of pressure ves-
sels have moderate yleld strengths, combined with high ductility
over a wide temperature range. The thickness and yield strength of
P.M.R. vessel steels are such that #f ultimate failure were to
occur at normal operating temperatures, plasticity may not be
1imited and would probably occur ove- the entire remaining liga-
ment., The problem of relating fracture to appiied load and crack
length under these conditions 1s described by means of ‘elastic
plastic fracture mechanics' (EPFM) (Fig. 2.8). Rerently, standard
test methods for the determination of EPFM paramete.s have been
putlished but as yet, no internationally agreed procedures exist
for their direct use in structural integrity assessment. One pro-
blem comion to all EPFM approaches is in the treatment of stable
crack growth occurring prior to final failure < ring ductile frac-
ture at normal operating temperatures. When failure occurs under
completely elastic conditions, the onset of crack propagation char-
acterized by Ko s usuaily coincident with instability and no
possihle ambiguity arises. However, under EPTH conditions the onset
of crack groath can occur in a stable manner such that ar increase
in load or applied displacement is required to increase the spread
of plasticity before the crack extends further. At present the
data which exists to validate the assumption that the stable crack
growth observed under laboratory testing conditions will also occur
in full-scale structures under ail possible loading conditions fis
Timited.
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2.2.3 Sub-critical Crack Growth

It is well known that the expected life of many engineering . wpo-
nents or structures can be limited by the growth of initiaily sub-
critical cracks to critical dimensions under the operating condi-
tions. Such growth at temperatures below the characteristic creep
range of the structural materfal can be broadly classified under
two headings:

Growth in inert environments due to the application of cyclic
stresses, i.e. metal fatigue, and

Growth in a chemically reactive environment due to the applica-
tion of either cyclic or nominally static tensile stresses,
i.e. corrosion fatigue and stress corrosion cracking respec-
tively. A clear-cut distinction between the latter two fatlure
mechanisms can no longer be made and environmentally induced or
enhanced growth would be a better description.

The reactor pressure vessel is subject to fluctuating stresses as a
result of both normal operation and the various tests and upsets
likely to arise during its Vifetime. Although transients include
both pressure and temperature changes, there is no high frequency
thermal cycling due to fluid ~ixing as encountered in other systems
{e.9. B.W.R. feed nozzles). It is important to know whether sub-
critical cracks whizh way be preseat initially could grow to a
critical size by any siow crack grosth processes.

2.2.3.1 Fatigue crack growth in ‘inert' environments

Tne only conceivable slow crack growth mechanism for 'dry' cracks
in reactor pressure vessel steels (both bainitic steels such as
SA533-8 ~nd SA508 and austenitic cladding steels), at operating
temperatures usually below 320°C, is fatigue crack growth. To cal-
calate the growth of postulated cracks in the reactor vessel, an
equation is required to describe the rate of growth as a function
of the number of occurrences and magnitude of the applied cyclic
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stresses. From a fundamental point of view, the rate of crack
growth should depend on the processe: of plastic deformation at the
crack tip and various models have been proposed on this basis [18-
20]. Many of these models are associated with striation growth,
so-called from the appearance of the fracture surfaces. Under con-
ditions of small-scale yielding, the elastic stress field controls
the plastic strain at the tip of a crack and the results of these
theoretical models can be translated inlo functions of the linear
elastic fracture mechanics parameter, Ki, and in pirticular, the
cyclic stress intensity range, A&Ki = Ki max - KI,min. derived
from the appiied cyclic stress range.

For a wide range of AKj, the fatigue crack growth rate is given
by:

da
w® c(aky)n {2.6)

where C and n are constants. The theoretical predicted value ot n
usually lies in the range 2 to 4. This equation was first suggest-
ed as an empirical correlation [6] and i*s general form now has
firm thecretical support. It is customary to represent experiment-
al data in this way and it provides the means of calculating the
progress of fatigue cracks in components through the 1linking mech-
anical parameter, AKi.

There are, however, limits to the range of AK] when equation
(2.6) is applicable. There exists for all materials a Tower thres-
hold of &Ky at which fatigue cracks can no longer propagate.
There is also an upper limit where the maximum value of K ap-
proaches the fracture toughness or tearing instability condition.
For tough ductile mcterials, some ductile tearing occurs as insta-
bility is approached and a gradual acceleration of crack growth to
fracture from ‘hat predicted by equation (2.8) is observed. The
complete fatigue crack growth curve therefore takes the form shown
in Fig. 2.9. Both the upper and lower 1imiting vaiues of &K are
lowered by increasing the mean tensile stress intensity about which
the fatigue cycie oscillates, whereas the linear portion of Fig.
2.9 represented by equation (2.6) remains relatively unaffected
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FIGURE 2.9: Schematic representation of fatigue crack growth rates,
da/dN {crack extension per cycle), as a function of
& (18]

(for the case of tinert environments). The mean stress or stress

intensity level in the fatigue cycl is usually represented in

Kmin
terms of the stress ratio, R & o .
Kmax

In relatively inert enviromments such as dry air, the form and
quantitative relationship of Fig. 2.9 is surprisingly invariant to
metallurgical variables and mechanical variables such as frequency
and stress wave shape. However, the same cannot be said for more
chemically reactive envirgmments. Establishing a safe, but realis-
tic crack growth equation of the form of Equation (2.6) in order to
carry out calculations on a reactor pressure vesse! can be a diffi-’
cult task and in some instances for wet cracks, described later,
contributes the greatest uncertainty to the calculations.
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2.2.3.2 Fatigue crack growth in P.W.R. environments

In the first study group report [17], the validity of the ASME Sec-
tion XI Appendix A Code recommendation for the upper bound crack
propagation curve for dry sub-surface cracks was questioned, parti-
cularly for high R ratio cycles, and the 'High R Dry' crack growth
curve substituted. These curves are show in Fig. 2.10. (For the
purpose of this part of the discussion, air, .-en at 300 °C, is
assumed inert as far as crack propagation is concerned. This is
not strictly correct but the errors arising are considered small.)
The 'High R Dry' curve takes into account known crack propagation
data at comparatively low values of the cyclic stress intensity
factor, AK. In fact, fatigue crack propagation in air in SA533.8
and SA508 steels and typical weldments is comparatively well cate-
gorized. The range of variables covers frequencies from 0.17 to
160 Hz, temperatures from 20 to 300 °C, specimen thickness from §
to 100 mm, stress ratio from O to 0.8 and neutron irradiation up to
total doses of 5.7 x 101° neutrons/cm? (E > 1 MeV) [21-23]. Wone
of these variables has significantly increased or decreased crack
growth rates outside the scatter band cbserved in room temperature
air and whose upper bound is represented by the "high R Dry' curve.
This result is expected because fatigue crack growth in ductile
steels is rot strongly influenced by composition or microstructure
provided that the normal ductile striation mechanism operates and,
that no alternative saverely embritiled pathways exist.

The more recent results of the U.K.A.E.A, experimental programme on
SA533-8 steel in an fnert helium environment at 288 °C, shown in
Fig. 2.11, also suggest that the ASME Section XI Appendix A Code
growth curve for dry cracks does nut represent an upper bound {15}
For predictions of dry crack growth, an adequate representation of
these results is:

1
:_: «1x10°1 X3 metres/cycle (& in Wam/2)  (2.7)

which is identical with a proposed upper bound to data for several
pressure vessel steels reviewed several years ago [24].
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frum the gereral form of Fig. 2.9, an R ratio dependent lower crack
growth threshold would be anticipated and has been observed [21,
24]. However, at high R ratios of 0.5 to 0.8 and low valu.. of X,
there is evidence to define a limiting fatigue crack growth thres-
nold.  This limiting value of Ky = 2 Wa.m'/2 (in common with
other ferritfc steels) has been observed at room temperature at
288 °C, independent of R for values in excess of about 0.8 [21].
Therefore equaﬂonl {2.7) is only applicable for values of &K fin
excess of 2 Mam 2. As might be anticipated, when this value
{s substituted in equation (2.7), the resulting value of da/dN is
about one atomic spacing.

2.3 ENVIRONMENTAL CRACKING

Ferritic iron-base alloys react in pure deaerated, high temperature
water to form a . stective oxide film based on magnetite, Fey0,. In
P.M.R. primary water at 300 °C, the austenitic cladding corrodes at
only  £lightly lower rate than the base material. This is in con-
trast to the considerable differences in corrosion behaviour of the
two matertals in aerated water at room temperatures. P.W.R. primary
water is Lreated with three additives: Molecular hydrogen to getter
radiolytic decompostion products of water, lithium hydrox ide to in-
crease the solution pH and thus lower the general corrosion rate,
and boric acid for nuclear reactivity control {boron has a large
surface area for neutron adsorption). It is commo. knowledge that
dissociation of water in boric acid solutions under reactor irradi-
ation could be suppressed by H, in the coolant. The required hydro-
gen concentration increases with boron fissioning rate (boric acid
concentration). The boron constituent varies over a very wide con-
centration range of 10 g/ml with new nuclear fuel to zero at the
end of a fuel cycle. This does not seriously affect the corrosion
rates of austenitic or feiritic steels at high temperatures because
the acid associates with increasing temperature. This again is in
contrast to room temperatures, where ferritic pressure vessel
steels would corrode rapidly in the boric acid solution [25).

The quality, tenacity and rehealing (passivation) properties of the
oxide film are of great importance in environmental cracking and
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can be influenced by details of the water chemistry and microstruc-
tural features of the steel, In the latter category, localized se-
gregation of a second phase, such as manganese sulphide inclusions,
or of any element in a continuous network having significantly dif-
ferent electrochemical properties from the matrix, can produce a
highly active dissolution path over which the protective oxide film
may not properly form. Similarly, applied strains above a certain
threshold, whether static or dynamic, can also break the oxide
film, which under adverse electrochemical conditions will not re-
heal, resulting in environmental cracking. These two categories
just described are called pre-existing active path dissclution and
strain-generated active path dissolution.

In addition to these dissolution processes at sites of fractured
oxlue films the electrochemical theory of corrosion dictates that
an equal amount of charge must be passed in a corresponding cath-
odic reaction. In the absence of oxygen, this will be a hydrogen
evolution reaction. The effective hydrogen pressure at the corrod-
ing surface is several orders of magnitude greater than that of hy-
drogen deliberately added to P.W.R. primary water. Thus, in prin-
ciple, if hydrogen enters the steel, embrittlement fs a possibil-
ity. However, with steels of the type and strength level used in
the pressure vessel, hydrogen induced crack growth is unlikely,
particularly at temperatures in excess of 100 °c.

2.3.1 Corrosion Fatigue Data

Very little corrosion fatigue data for pressure vessel steels in
P.N.R. water was available prior to the First Study Group Report
[17], but what there was, clearly indicated a marked enhancement of
the rate of crack propagation if the cyclic frequency was Tow (e.g.
0.0167 Hz) and the stcess ratio was high (e.g. R = 0.7). The high
R ratio data, in particular, exceeded the ‘ASME Wet' crack growth
curve and the 1978 Addendun to ASME X1 restricted the use of the
ASME X1 Wet curve (Fig. 2.10) to cycles with stress ratios R <0.2.
These few results led to the ‘High R Wet' upper bound curve shown
in Fig. 2.10 and this equation was used for the first study group
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report [17] to evaluate the growth of wet cracks in the P.W.R.
pressure vessel independent of the nominal R ratio of the reactor
transient considered. This was partly because the nominal R ratio
was difficult to estimate and partly because the level of residual
tensile stress present after stress relief, which could increase
the effective R ratio, was also no. kn.wn precisely.

The most recent review of the results from Westinghouse shows that
this position has not changed significantly (Fig. 2.12), Crack
growth also for simulated P.W.R. primary water conditions are shown
in this figure derived from more than thirty suvcimons manufactured
with a variety of orientations from >A-5338 plate, SA-508 Class 2
steel ind weldments thereof. At high R ratios {4 particular, the
data for each snecimen often falls on a characteristic ‘'hook-
shaped' curve on a log da/dN versus log X plot, the upper part of
which is referred to as a 'plateau’, indicating da/dN almost inde-
pendent of AK.

Fatigue striated fracture surfaces have been consistently reported
in these experiments and this observation has been {independently
verified in fractographic examinations of Westinghouse specimens by
the UKAEA. This indicates tnat during crack advance, the material
is behaving in an apparently ductile manner which would be consis-
tent with a combined fatigue/dissolution mechanism. In 3 series of
exper iments at room temperature in boric acid solutions, brittle
cleavage facets have been observed in SA-5338 steel [26]. Never-
theless, the crack growth rates were only marginally greater than
thote predicted by the old 'ASME XI Wet' curve (1974).

Present shortcomings appear to be that neither the frequency nor
the R ratio effects on crack growth rates have been systematically
examined to determine their most adverse combination. There is
therefore no guarantee that a near upper bound curve to the present
data represents a worst case for the simulated P.M.R. conditions
tested. It should be noted that these data do not cover the full
range of reactor transients with respect to loading rate and R

ratio.
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FIGURE 2.12: Corrosion fatigue data from Westinghouse for A533-8-1
and A508-2 base metals and weldments in P.W.R. primary
water [15].

To date, some of the testing variab'es that have been investiqated
include different parameters c1 metallurgical, mechanical and chem-
ical factors. The metallurgical parameters are the range of the
chemical compositions of the materials {essentially the sulphur and
carbon contents), and the nature of the ~oducts as determined by
the processing conditions (rolled and torged steels). The mech-
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FIGURE 2.12: Corrosios fatigue data from Westinghorse for A533-8-1
and AS08-2 base metals and weldment: in P.W.R. primary
vater (15].

To date, some of the testing variables that have been investigated
faclude different parameters on metallurgical, mechanical and chem-
ical factors. The metallurgical parameters are the range of the
chemical compositions of the materials (essentially the sulphur and
carbon contents), and the natur- of the products as determined by
the processing conditions (rolled and forged steels). The mech-
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anical parameters are the load ratio R, tie waveform, the frequency
and the loading (increasing or der,eas - XK).

Amzallag et al. [27, 28] tected .sth SA508 CA3 (forged steel) and
SA533-B-1 {(rolled steel) pressure vessel steel in two environments
(C1 and C2). The C1 environment was pure water without additives,
whereas C2 contained boric acid and lithium hydroxide additions,
In both cases the oxygen, chloride and fluoride levels were very
low viz below 0.10 ppm 02 and 0.15 ppm C2-, F-. Testing was carried
out at temperatures of up to 300 ©C, 140 bar pressure and tie tests
wore performed in static autocalves. Table 2.3 shows the test
matrix and the parameters studied include: (1) The sulphur level:
between 0.079 and 0.01R%; {2) The ... e ~~m: trianguiar and Sinu-
soidal at ~ Y2 and R = 0.6, ) he cvrancy:  between 0.1 cpm
and § Hz® 37 i Guldran:r o secreasing K.

TABLE %7 lest Wa . iy
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Reference tests were conductud with a triangular waveform (R = 0.2)
at frequencies of 1 and 60 cpm on material having sulphur cc-tents
in the range 0.005 - 0.013% (Fig. 2.13). For the two steels it was
found that a slight, but significant effect of the P.W.R. environ-
ment was observed (relative to air data). The results for the two
steels are very simitar,

T 1 VTl
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T

PWR_ R=02 _ Triangle

"o A53381 Hedt A (1HT18) f=ic
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£]
-A~AS08CL3 Hoa' C (H248002) t ¥
Fv  AS08CLL HeptD (T3} f-1¢

Z/SC.\TTERBAND OF AIR RESULTS H:
[sl
il

Loded

100
AK ( MPaVR)

FIGURE 2.13: Effect of various heats of 508 and 533 material on the
fatigue crack growth rate.
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Amzallag's work revealed the following:

1.

The fatigue crack growth rate (F.r G.R.) of SA§33-B ° <teel
(S = 0.018%) is higher than that of the steels having Jiphur
levels below 0.014%. The da/dN - &K cu-ve exhibits a plateau-
1ike shape (low slope).

The two waveforms give significantly different results for the
material containing S = 0.013% with R = 0.2, The triangular
waveform results in a typical fatigue type behaviour. The
sinusoidal waveform leads to a stress corrosion-type behaviour
with a rapid fincrease of the growth rate followed by a plateau
(Fig. 2.14). For the low sulphur steels the effect of waveform
was less pronounced. The effects of different waveforms (sinu~
soidal, triangular, sawtooth, trapezoidal) have already tren
examined by Cullen et al. [29] and by Bamford et 21. [30].
These authors have also shown that the sinusoida) waveform fs
the most detrimental.

The effect of R ratio (0.2; 0.6; 0.9) was studied in .ow
sulphur steels (S < 0.010%). It was shown that, for these test
materials and test conditions, both the P W.R. environment and
the load ratio R have only a limited influence on the crack
growth rates.

The effect of frequency was also oxamined by performing tests
at frequencies ranging from 0.1 cpm to 5 Hz, on low $ content
material (S<0.010%). The results obtained did not show a sig-
nificant effect of very low frequencies (f = 0.1 cpm).

The results obtainad by increasing and cecreasing &K were simia
lar within the X range investigated. It therefore seems that
the high slope regions, relative to the onset of corrosion
fatigue are independent of loading.

Metallurgical examinatiuis revealed that when the crack growth
rates are high and the curve presents a plateau-like shape
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FIGURE 2.14: Effect of waveform on the crack growth rate of AS33-
8-1 matertal [27].

{high sulphur materials), the fracture surface is a ‘brittie’
type. Moderate increases in F.C.G.R. (medium sulphur steels)
corresponded to local brittle features especially around MnS
inclusions. When the crack growth rate in P.W.R. envirorments
is only slightly higher than in air, the fracture surface con-
sists mainly of ductile striations.
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One of the most important parameters determining the F.C.G.R. was
seen to be the sulphur content. Estimations of the increase of the
£.C.G.R. as a function of the sulphur content are plotted in Fig.
2.15 by combining the results of several sources [30 - 33]). An
increase in the ratio da/dN (P.W.R.) + da/dN (ASME air) with the
sulphur content and a relatively wide scatterband around the mean
curve is observed.
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FIGURE 2.15: Accumulated results of variations in crack growth
rates in P.W.R. environments (with respect to air
environments) for given sulphur content steels (27]).

Scott and Truswell [34] studied the effect of simulated P.W.R. en-
vironments on the corrosion behaviour of several ferritic prossure
vessel steels. These included A533-B and A 508 C143. In a previous
paper [35], Scott described an extensive study of the infiuence of
various water chemistry variables within the range permitted in
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both P.MW.R. and B.M.R. reactors on the rate of corrosion fatigue
crack growth in A533-B steel. It was found that in P.W.R. water,
pure water and B.M.R. water (at normal oxygen levels i.e. <10" pob)
there was very little environmental influence on the rate of crack
growth vhen compared with an inert helium environment at 288 ©¢.
These experiments covered a range of stress ratios between 0.2 and
0.7 and cyclic frequencies as low as 1 cpm (0.017 Hz). However, a
large environmeantal effoct was obtained in Scott's experiments at
higher cyclic frequercies of the order 1 to § Hz, and R ratios of
0.7 to 0.9. It was argued [35] that the environmental influence
was due to the operation of a dissolution-controlled stress corro-
sion process. Its suppression at lower cyclic frequencies was be-
lieved to be due to a fast passivation rate which competed with the
rate of mechanical oxide rupture and prevented significant crack
tip dissolution at all but “he highest cyclic frequencies. The
factors controlling the passivation rate could differ between
experimental rigs and lead to a different response of crack growth
rate to cyclic frequency. These could be related to either the
water chemistry, or steel metallurgy and microstructure, or to both
simultaneously. However, since no water chemistry varisble within
the normal range permitted in P.M.R. or B.W.R. systems was observed
to cause substantial environmental effects in A533-8 steel st low
frequencies in Scott's experiments, attention has increasingly been
focussed on metallurgical variables, especially steel sulphur con-
tent.

Scott and Truswell [32) were concerned with the effect of various
metallurigcal variables, i.e., different heats of A533-8 steel and
other pressure vesse! steels, on crack growth rates when {mmersed
in P.M.R. primary water a. 288 °C. The testing was carried out in
sutoclaves that gave turbulent conditions in the vicinity of the
fatigue specimens (flowrates of 40 2/min), Sample compositions,
properties and orientacion with respect to the rolled or forged
produc. are shown in Table 2.4 and Fig. 2.16.

Steel samples were interchanged between Harwell and Westiaghouse
laboratorie, and it was .oon evicent chat the Westinghouse data
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TABLE 2.4: Composition {percent) and mechanical properties at
20 °C of SA533 grade B class 1 steel [34]

Heats A B c
Orientation L-S L-5 L-T
Cast No. (8938 63758.1 HSST-02

ASME
Country of origin Specification UK France USA

Carbon 0.25(max) 0.2L 0.18 9.22
Nangenese 1.10-1.66 1.8 1.395 1.85
Phosphorus 0.016 0.010 u.011
Sulphur 0.012 0.006 0.019
$t1icon 0.20 0.195 0.22
No1 yodenun .41-0.64 0.49 0.485 0.53
Nickel .37-0.73 0.66 0.65  0.69
Chromium 0.08 0.130 0.12

Vanadium - -
Copper 0.09 0.095
Aluminiun - 0.022
Cobalt 0.013 -
Tin 0.012 -
Tantalum <0.002 -
Tensile strength, MPa 552-5689 §71-601 607-612
yield strength (0.2 percent

offset), MPa >384 398-408 468-472

Elongation in 50 mm, percent i3 23-25  28-29
Reduction of area, percent 62 -

[
)

[}

L]
r\;//’,.-, «oomtan

FIGURE 2.16: Specimen orientations from (A) forged cylinders and
(8) rolled plates (387,
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led to results greater than those of Harwell (by approximately
10 x, given &K). It was therefore postulated that differences in
results were probably not due to S stringer effects.

From a mechanistic point of view Scott discussed why several rigs
showed different crack growth rate results. He concluded that
crack growth rates arec dependent on a competition between cyclic
rupturing of the protective, passivating oxide film at the crack
tip and its repair by passivation. It is believed thal the elec-
trochemical conditions which govern the rates of dissolution and
passivation may be different In different experimental rigs and
hence give rise to the observed variations in rhe inflyence of
cyclic ‘requency, in particular. The electrochemical potertial of
the specimen s probably the cructal controiling parameter, and
this will be set by factors such as water chemistry, water firwrate
and steel metallurgy.

Atkinson and Lindley [36] studied the effect of frequency and tem-
perature on the crack propagation of EnS6C (a martensitic stainless
steel) and A533-B-1 a low allny pressure vessel steel. Testing was
casried out in vacuum, laboratory air, distilled water and neutral
3% NaCi,

Some of the conclusions drawn from this work were:

Crack growth rates in air (EnS6C) are 3 - 6 times greater than
those in vacuum, although there is little effect of .requency
on fatigue crack growth in air. A similar conclusion was drawn
for A533-B-1 oressure vessel steel.

1t is clear for both steels that the aqueous environmental en-
hancement of fatigue crack growth rates increases as the fre-
quency of testing was decreased, using either sine or triangu-
lar waveforme over the /K ranges shown. it was found that max-
imun ¢ owth rates occurrad at a ‘peak’ frequency: 0.025 Hz at
3

/2

90 °C for AS33-B-1 at a & of 50 MM
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8-1 [36).

Distilied water and the 3% NaCl environment at open circuit
potential led to enhancement of fatigue crack growth rates.

Square wave or negative sawtooth loading [36] at 0.1 Hz reduced
the fatigue crack growth rate almost to the Yevel observed in
air. Triangular and positive sawtooth waveforms led to the
same environmental enhancement of fatigue crack growth rate.

In all the experiments carried out it was found that the
£.C.6.R. fincreased with increasing test temperature in the
range 20 - 90 °c.
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Mager et 3l. {37] have also studied the fatigue crack growth char-
actaristics of A533-B-1 plate in P.W.R. and B.W.R. environments.
The fatigue crack growth data for the five specimens tested either
in a'r or in P.M.R. and B.W.R. primary grade reactor water at
288 ©C and at 1 cpm are summarized in Fig. ? 3, From these re-
sults 't can be seen that:
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.
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FIGURE 2.18: Crack growth rate, da/dN, versus X for AS5338 steel
showing the effect of environment, frequency and. R -

ratio [37]).

the implications of
sion condition, de-

rived from the fatigue results, could be incorrect. Mager ex-
plains that the lower crack growth rates, at high &, for
P.W.R, and B.W.R. environments could be due to crack branch-
ing. In the absence of a plateau region, crack branching is

The plateau region would suggest that alt
the exist.nce of a static load stress corro
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self limited due to decreasing K at the tip when a branch
forms, and the high K dependence of the crack growth. Within
the plateau region, the strong A dependence no longer exists,
and when the applied &K level i:; sufficiently high, then macro-
branched cracks have sufficient driving force to allow ;- opaga-
tion. Tests carried out in hydrogen sulphide showed no macro-
cracks and therefore no pl  au. The macrobranching has been
found to depend strongly on the material being tested in that’
branching has not been observed in forgings, and seems to be
1imited to plate material.

Fractography revealed that the only crack growth mechanism was
by ductile striation growth. This agreement held for all values
of R ratio and cyclic frequency.

Hinninen et al. [38] presented an interpretation of the experiment-
a1 data based on a hydrogen-induced cracking model. The material
used was 1.0.C.G.R. group round robin test material (AS33 8 C 1).
The specimens were tested in P.W.R. environments (288 °¢, 02
<100 ppb) high purity water. Testing was conducted at 1 cpm and
R-ratio of 0.2, sinusoidal waveform, The cyclic crack growth rates
for two steels (AS338 and a Cr-Mo-V steel) are shown in Fig. 2.19.
The two steels were chosen since although they have the same sul-
phur content, there were marked differences in the MaS tnclus’.n
content, morphology and distribution.

The fractographic examination revealed principally three different
fracture morpholoaies, Fig. 2.20.

(1) Transg-anular, ductile st-iations, (1) Transgranular ‘brittie’
striations, and (i) Striationless cleavage-like fracture. A
fairly dense aggregation of elongated Ma$ inclusions fis evident
whenever the fracture mode exhibits brittle features. Clusters of
inclusions can generate a brittle mode of crack growth, which
spreads like a fan over the remaining part of the iracture surface.
This was evident only in A5338 steel. In the Cr-Mo-V steel speci-
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Mo-V steel. Important test parameters are given in
the da/dN - &K plot.

wen, no similar fan shaped areas could be obsarved. This is proba-~
bly due to the fact that in this steel the inclusions are smatl,
round and more evenly distributed.

The inclusions are dissoived Juring the testing leaving only empty
sites. However, near the crack tip partly dissolved MnS inclusions
can be observed and next to the crack tip unchanged, exposed inclu~
sions are present. Thus, the dissolution of Mn$ inclusions is 3
time dependeat process. Hanninen et al. [38] favour hydrogen em-
brittiemcnt as the main crack propagation mechanism (c.f. dissolu-
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FIGURE 2.20: Schematic illustration of the macroscopic features of
the fracture surfaces of A5338 stexl (1HT14) and Cr-
Mo-V steel specimens. DS = duciile striations, BS =
brittle striations, C-L = cleavage-like, elongated
dots = inclusions.

tion controlled cracking). Their opinion is based primarily on the
fractographic evidence discussed above. The above study shows that
the MnS inclusion form, size and distribution has a more important
impact on the fracture than the S content as such. Often ‘nclu-
sfons are equated with cracks in the material. The beneficial as-
pect of spherical inclusions is in the reduction of notch sensiti-
vity,

In Suzuki‘s study on SA5338 Class 1 steel [39], major emphasis was
placed on the crack growth along the weld heat affected zone. Ef-
fects of stress,waveform and hold time on the base material were
also examined in connection with the possibility of time dependent
cracking under sustained tensile stresses. The study revealed the
following:

1. Triangular wave form resulted in an increase in F.C.G.R. with
decreasing frequency (B.W.R. environment). All data followed a
Paris type law and Table 2.5 gives th: value of the exponent n.
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TABLE 2.5

r— Structure Testing Environment

ase Water
tal Air

AZ (coarse grained Water
mrtensitic? Alr

AL (fise qrained Water
sorbitic) Air

2. In contrast to air testing it was found that microstructure had
a large influence on fatigue crack extension in B.W.R. environ
ment testing. The fine grained structure has a faster crvex
growth rate in the lower range of XK, while the coarse grained
structure has a faster crack growth rate in the upper X range.
Attention, therefore, should be devoted to the microstructural
aspect to understand the crack growth characteristics of press-
ure vessel grade materials including weldments. The micro-
structural effect is more pronounced at higher temperatures.

James [40] undertook a number of experiments dealing with fatigue
crack propagation in {rradiated reactor pressure vessel stesls,
tested in afr. The steels included ASTM alloys A3028, A5338, AS08-
2, AS43 and weldments in A543 steel. Neutron implanted fiuences
and irradiation conditions were generally typical of those experi-
enced by most power reactors. Neutron irradiation can produce $ig-
nificant changes in some of the properties of ferr.tic pressure
vessel steels. It was therefore postulated that neutson irradiation
should have & marked effect on the fatigue life of P.W.R. vessel
steels, since fracture toughness behaviour is closely related to
the concept- of fatigue crack growth (the fracture toughness pro-
viding the 'end of life' criteria for terminating fatigue crack
growth calculations). The study conciuded that all datz indicates
that, under the conditions studiej at 288 °c, neutr agiation
has a neyligible effect upon the fatigue crack growt. ay ‘our in
the steels.
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Cullen [41] also studied the effects of neutron irradiation and
temperature on the F.C.G.R. of AS508-2 steel, the main difference
being that testing was carried out in a P.W.R. environment. Neutron
irradiation was once again seen to have no effect on the F.C.G.R.
of A508-2 steel. The effect of temperature was that the maximum
£.C.6.R. occurred at about 200 °C for P.W.R. environment testing.
for B.W.R. environment testing the opnosite was fouru i.e., the
minimum 7.C.6.R. occurs at approximately 200 °C,

Corrosion Fatigue of ASTM A3028 steei in d.W.R. ervironments was
investigatec by Kondo et al. [42]. The resulls plotted as da/dN
versus AK[, the stress intensity factor range, are shown in Fij.
2.21. The resu'ts indicate that the slope of in-air tests is 4,
while those in high temperature water show the value 8 to 9.
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FIGURE 2.21: Effect of stres. intensity factor on the crack growth
rate [42].
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The effect of temperature was seen to reverse at about 200 °C.
Consequentiy, the fatigue crack growth seems to become moderate as
temperature is shifted to that normally attained for power reactor
operation. Frequency effects {see Fig. 2.22) show that the number
of cycles to failure is steadily decreased as the freque~ty is de-
creased.
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SIGURE 2.22: Plots of number of cycles to fracture as a function of
loading frequency for fatigue testing in ambient air
and in water [42].

However, below about 1 cpm, the F.C.G.R. tended to increase in a
somewhat random fashion. Sometimes an incubation period was ob-
served so that the ‘ife was extended.

2.3.2 Stress Corrosion Cracking

Clearly aspects of stress corrosion cracking (s.C.C.) are directly
relevant to corrosion fatigue stufies and hence it is desirable to
have a ful) understanding of S.C.C. in carbon -teels. The stress
corrosion susceptibility of SA333 - grade 6 carbor steel was inves-
tigated over a broad range of temperatures in pure water containing
controlled amounts of oxygen [43). Experiments were conducted in
high temperature/high pressure systems using slow strain rate tests
(S.5.R.T.}. The corrosion potential was measured and tnhe potential
plotted against dissolve! oxygen.
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The extremely large difference in potential for low and high values
of dissolved oxygen (Fig. 2.23) cannot be explaired by local corro-
sion rate effects or by thermodynamic explanations. A reasonable
explanation for the large potential shift has been proposed for
similar results with type 304 stainless steel [44]. In general, the
carbon steel surface potential is dominated by exchange reactions
of the metal surface with the dissolved gases, or the cathodic
rather than anodic portion of the corrosion reaction (a systen
under catkodic control).

FOTENTIAL (Vgue!

SA333-Gr6

'
10 100 10.000
EFFLUENT O3 (ppb}

FIGURE 2.23: Potential/Oxygen summary {a3).




At very low levels of dissolved oxygen, it is postulated that the
de iinant cathodic process is the reduction of protons to form hy-
drogen. Thus the carbon steel behaves like a hydrogen electrode.
At the high oxyger. concentrations, the cathodic process is undout .-
edly the reduction of oxygen. The steep rise in the potential/
oxygen curve results from a transition between the two reactions.
The thermodynamic difference in potential between the twu reduction
reactions:

2 4 20 *+ 20H- + H, and

de + 02 * Y+ 20 .5 in geod agreement with the exper-
ime.tal potentia) difference of 0.2 V at 525 °F.

Comparisons with even sensitized Type 304 staimless stee, indicate
that stress corrosion is gensrally a more difficult process in car-
bon steel. In high temperature water, it was found that the lower
the potential, the less the susceptibility of Type-304 stainless
steel to transgranular stress corrosion cracking [44]. Since, at
any temperature it may be postulated that the lower the potential,
the less susceptibility to stress corrosion. It may be predicted
that from an environmental/electraochemical view, carbon steel ought
to be more resistant to stress cerrosion than stainless steel.

Stress corrosion cracking is known to be very specific in terms of
material/stress/water chemistry combinations. West inghouse data
[15] shows that crack growth can be produced, particularly in HAZs
of SA§338 and SAS08 material. However, the initial delay and sub-
sequent intermittent nature of the cracking suggests that the con-
ditions necessary to sustain stress corrosion cracking were not al-
ways present. It was concluded that static stress corrosion would
be unlikely in a P.W.R. constructed of current mate: tals with well
controlled water chemistry, Furthermore, it should be noted that a
breach of the cladding over the base metal defect is a necessary
precursor for stress corrosion.

2.3.3 Fracture of the Cladding

Previously cracks in the fercitic budy of the pressure vessel 1t~
self and their implications for its integrity under various condi-
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yions have been considered. Although not directly vital to this
question, the possible failure of the cladding is a matter of prac-
tical fimportance following the incidence of underclad cracking
found in some vessels in France [45). Underclad cracks resulting
from the weld overlay process were usually rather small: up to &
maximam of 7 - B nm high and 12 - 20 mn long in the direction per-
pendicular to the weid run. Considerations of claddir, integrity
are ralevant to whether it {s appropriate to use 'wet' or ‘dry'
conaitions to assess the fatigue crack growth in the ferritic-base
material. In principle, cracks could penetrate the cladding in
three ways:

by fatigue growth of either underclad cracks formed after the
application of the stainiess steel overlay or a pre-existing
surface crack in “he vessel mll;

by the rapid extensiun out through the cl.dding of a crack in
the vessel itself as a result of the hi » stress or strain
developed in the Tigament duri.g a severe tr-asient;

by environmental cracking of .he cladding itsel:

Framatome have recently collated 6 sets of crack growth data for
austenitic steels in the as-cast, wrought and welded condition, in
air in the temperature range 260 to 320 oC at R-ratfos .05 [es).
The data (Fig. 2.24) originated from West inghouse, Hanford, General
Electric, ML and Creusot-loire. Framatome fitted a curve of the
form da/dN = CAK* to the data from each test specimen, adjusting
the value of C to ensure an upper bound to the crack length ‘a'
versus cycles 'N' curve. From this they obtained a crack growth
equation which, when integrated, predicted the shortest life in
this low R-ratio data as follows:

%:T = 7.5 x 10-'? &" metres/cycle (XK in W v m) (2.8)

Experimental measuremeants of the growth of underclad cracks ' ¢'ad

specimens have also been made which indicate that the r? of
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FIGURE 2.24: Compilation of crack growth rate data in the reduced
form da/dN - [K/{1-R/2)] for stainless stezis in the
300 °C temperature range (45].

growth is the same as in specimens made solely of the cladding
materia. [45].

The Framatome analysis [45] considered all normal and upset transi-
ents and indicated that for the i °t nozzle the maximum crack
growth into the cladding from a crack 8 mm high initially would be
4.2 mm leaving a remaining minimom cladding Tigament of 3.3 mm.
The equivalent figures for ihe ritlet nozzle are 3 crack growth of
4.0 mm and a remaining minimm cladding 1igament of 3.5 mm. The
actua) clad thickness in these caies was 7.5 mm.




- 56 -

Type 304 and type 316 stainless steels have been examined in corro-
sion fatigue experiments in at least two laboratories, Westinghouse
and Framatome. Resuits for simulated P.M.R. environments cover a
range of frequencies from 1 Kz to 10-? Hz and R-ratios from 0.2 to
0.7 (46, 47). Mo significant effect of the P.W.R. environment on
€atigue crack propagation in these steels was observed. TVests at
high R-ratio {0.7) on aged (3000 hours at 427 °C) materfal showed
an initial transient above this curve but the sustained growth rate
s consistent with that obtained on un-aged material.

2.4 INTERPRETATION AND APPLICATION OF CORROSION FATIGUE
CRACK GROWTH TO THE INTEGRITY OF P.W.R.'s

The following model has been put forward to explain Westinghouse
results {15]:

It has been possible to examine the bounding rate of crack advance
by electrochemical penetration alone and compare it with the mech-
anical fatigue crack growth rates for cycling over a range of fre-
quencies. Important parameters are clearly a lower limiting value
of Ky denoting a given crack tip opening, A, which allows the ex-
posure of fresh surface by oxide film rupturc and transport of fons
from the crack tip, and the rate of change of K1, i; or the strain
rate ¢, which uetermines the rate of oxide fracture and repassiva-
tion. Qualitatively, the mechanistic picture once K| exceeds its
1imiting value,is that {11ustrated in Fig. 2.25. At very high fre-
quencies the mechanical damage due to fatigue cycling occurs at
such a rate that no electrochemical process can produce damage at a
comparable rate. At intermedfate frequencies, the oxide can be rup-
tured at a rate which .llows significant electrochemical activity
which is comparable wi¢ . or greatly exceeds, the fatigue crack
growth rate. Finally 1. very low frequencies the oxide rupture
rate is so slow that repascivation occurs so rapidly compared with
the mechanical fatigue damave componeut that again the electrochem-
ical contribution is negiig. ‘2. Thus 3 mechanism can be percefvec
for which, given any set o electrochemical conditions, there is
likely to be a set of mechanical .alues, stress intensity range,
R-ratio and frequency, which can maximiec “he electrochemical con-

tribution.
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The uses of fatigue crack growth analysis are many and varied, but
the primary purpose of such an analysis from the standpoint of Sec-
tion X1 of the ASME Code is to estimate the growth which a flaw de-
tected during inspection would experience during an upcoming period
of service. This calculatian is part of the process of determining
whether the detected flaw should be repaired, or whether the size
of flaw, even after its expected growth, is still small enough to
Jeave the integrity of the structure unaffected.

Appendix A of Section XI ta the ASME Code has shows good relfabili-
ty for air tests. However the reference curve for <ater environ-
ment was based on very little data, and recent results have shown
that the actual behaviour is considerably different. In a water
eavironment, the crack growth is strongly affected by the R ratio
(minimum oad/max imum load) n addition to the range of applied
stress intensity factor. Also the shape of the crack growth beha-
viour s not a ~ingle s'raight line, as prasently shown on a logar-
ithmic scale, but is curved, with the slope of the growth rate

curve somewhat lower at high values of applied stress intensity
factor as shown in Fig. 2.26 [48]. Thus revision of this reference
curve was reconsidered.

It is important to reach some overall conclusions concerning the
crack growth rate behaviour of the steels of interest in light
water reactor environments (same trends expected in P.W.R. environ-
ments). To this end Fig. 2.77 was prepared. Although it is sche-
matic in nature, it is helpful in conveying certain trends and is
believed to be rather close to the true behaviour. At low & values
the crack growth rate is not accelerated and is the same as in air.
As & increases, the crack growth rate increases dramatically. The
point at which the crack growth accelerates is dependent on the R
ratio, as shown in the figure. At higher R ratios the growth rate
takes off sooner, but this effect is believed to saturate at R
equal to about 0.70 - 0.75. The amount of acceleration is depend-
ent on the cyclic frequency or Joading rate of the test, with the
most acceleration at lower frequencies or equivalently slower load-
ing rates. This effect i3 21s0 believed to saturate at 0.1 to 1.0
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FIGURE 2.26: Effect of R ratio - 5338C2-1 and 508C1-2 base meta)
and welds in P.W.R. enviroment [48].

cycle per minute. As shown in the figure, the crack growth rate
increases morz slowly with AK once the plateau is reached, and
eventually rejoins the air crack grc«th curve.

2.5 PROGRESS IN FATIGUE CRACK GROWTH RATE DATA ACCUMULATION

 —————————————

Within the last few years, several other 1aboratories have commis-
stoned experimental rigs for corrosion fatigue studes in L.W.R. en-
vironments. Figure 2.28 shows some recent results obtained for the
U.K.A.E.A. P.N.R. project for SA-5338 steel in P.W.R. water of
various compositions at 288 °c [49]. A comparison with Fig. 2.11
reveals that there was comparatively little effect of these aqueous
enviconments on crack growth for cyciic frequencies in the range 10
to 0.0167 Hz compared with tests carried out in helium gas at the
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same temperature. An upper bound to these results representing an
increase in growth rates of no more than four times those observed
in an inert environment is:

de 11 a3
R « 4 x 10 &3 metres/cycle (XK in MPa / m) (2.9}

Their data at room temperature [53] has not shown an increase in
growth rate ~mpared with that obtained at 300 °C. This increases
contidence in using the same crack growth equations for evaluating
plant transients which involve cooling to low temperatures as well
as those occurring orimarily around 300 oC. However, the influence
of temperature on corrosian fatigue crack growth {s not well char-
acterized over the whole temperature range and some experimenta)
work devoted to tni- aspect is required. )

A examination of the Westinghouse data has revealed that the older
and more impure steels containing >0.015% sulphur gave high crack
propagation rates, whereas fow sulphur steels <0.010% exhibited
smaller environmental enhancement factors {s2]. This conclusion
specifically referred to experiments at relatively tow R ratios of
~3.2, Framatome has also reported results which support the con-
clusion regarding the importance of steel sulphur content under
similar test conditions. Westinghouse have recently tested ex-
smples of the U.K.A.E.A SAG338 plate specimens at a high R ratio of
~0,7 and preliminary analysis shows high crack growth rates cos-
parable with much of their e.per imental data to date.

1t has become apparent from a round robin test series that water
flowrate past the <oecimens could be an important factor. Only
very low flowra> . - static systems, were used in both the
Westinghouse and . .matome exper iments, whereas 2 flowrate designed
to give turbulent flow past the specimens was used in the
U.K.A.E.A. programme. Turbulent fiow condsiions are relevant to
most locations of the pressure vessel in an operating plant, the
excention being the upper head area.
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variability in data fror different experimental rigs on nominally
the same materials is strong circumstantial evidence that partic-
ular metallurgical and water conditions combie to produce the
electrochenical conditions (i.e. the electrochemical potential)
necessary vor high sustained environmental cracking rates. However,
the evidence suggests that clean, low sulphur steels combined with
realistic turbulent flowrates lead to lower crack growth rates.

Further evidence for the importance of the electrochemical potenti-
al which is established by steel in simulatud water reactor cool-
ants comes from investigations using B.W.R. water at 288 °C and
steels to the same or similar specifications as for the P.W.R. pro-
gramme. Ver; small concentrations of oxygen of the order of 10 -
100 ppb can produce step changes in potential which are flowate
dependent. At very high uxygen contents of the order of 8000 opb
(air saturation at room temperature), corrosion fatigue and con-
stant extension rate tests at 288 °C indicate considerable eaviron-
mental cracking sensitivity and high rates of crack growth. In
particular the constant extension rate test results for stress
corrosion cracking are known to be flowrate, oxygen concentration
and temperature dependent, all indicative of a strong dependence on
electrochemical potential established under each environmental con-
dition. These B.W.R. results as they stand may not be strictly
relevant to the P.W.R. case except possibly under start-up condi-
tions but they do emphasize the important r3le of oxygen at ex-
tremely low concentrations and by impl ication, potential, in exper-
imental work‘in this area.

No studies of the influence of irradiation simultaneous with corro-
sion on environmental crack growth have been published for pressure
vessel steels. However, results on steel pre-irradiated to typical
end-of-reactor 1ife, doses of 5 x 10'° neutrens/em? (E > 1 MeV),
have shown no additional effect on crack growth rate. The effect
of fonizing radiations on the oxidizing potential of the environ-
ment could possibly influence environmental crack growth, although
the probability is not considered to be high in the chemically re-
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ducing P.M.R. water environment, certainly at temperatures >80 °C
where fonfzing radiations initiate a rapid reaction between mole-
cular hydrogen aud oxygen.

Defect-free rladding constitutes a significant barrier against the
ingress of water to any cracks beneath the cladding. Under these
sircumstances the dry crack growth equations would apply. However,
in the unlikely situation that water ingress to a ,ub-cladding
crack occurs, then the calculations of crack growth must be based
o corrosion fatigue and stress corrosion data:

a) The data base fur corrosion fatigue crack growth in pressure
vessel steels exposed to P.W.R. water has increased substanti-
ally over the past decade. In spite of this, significant vari-
ations in the results from individual laboratories still exist
and the available data relates directly to only a limited . ange
of the transients ~xperienced by a P.W.R. pressure vessel.

Only limited data is available on relevant materials {ittle
for weldnents) in high flowrate P.W.R. primary water. These
show significantly lower growth rates than the bulk of the
westinghouse data which were obtained mainly on high sulphur
steels in low flowrate conditions. Modern steels in well con-
trolled normal flowrate P.W.R. primary water are not expected
to give rates of corrosion fatigue crack growth more than four
times greater than those obtained in an inert environment at
the same temperature. However, because of the limitations in
waterial variables covered in the U.K.A.E.A. experiments, the
West inghouse data base cannot at this time be disregarded as
irrelevant to a U.X. P.W.R.

A mechanistic interpretation of the corrosion fatigue data has
been developed. It is based on a working hypothesis that high
corrosion fatigue crack growth rates arise only when a strain
rate sensitive strass corrcsion process under crack tip disso-

Yution rate control operates coincidentally with fatigue crack
growth. Most transient events on a p.W.R. would lead to strain
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rates below the effective strain rate threshold. Nevertheless,
further work is required to validate this mechanistic interpre-
tation and it wouid appear that hydrogen embrittiement process-
es can be easily applied to explain large increases in crack
growth rates and many microstructural features.

The Westinghouse corrosion fatigue data forms the Lasis of the
growth rate equations given in the recent revision of ASME Sec-
tion XI, Appendix A (1980). It is predicted that a crack in
the bottom head 37.5 mm high initially would grow a maximum of
78 mm during one design life. Similarly a line crack initially
26 mn high would grow a maximum of 7 mm. The higher growth
rates represented by the Code are unlikely to occur in practice
and therefore calculations based on it would be conservative.
Careful attention will need to be given to sulphide inclusion,
size, shape and morphology characterization.

2.6 SUMMARY

The fatigue properties of a P.W.R. are influenced by the P.W.R. en-
vironment resulting in ¢ synergistic sction of a corrosive eaviron-
went. and fatigue.

There appear to be two main 'schools of thought' concerning mech-
anisms of C.F. crack growth. Firstly localized plastic deformation
arising from cyclic loading causes the disruption of otherwise pro-
tective surface films and hence promotes alectrochemical activity.
Secondly, hydrogen embrittlement processes causing regions of fast
fracture especially about ™S inclusions. The latter zndel s
gaining more and more credibility as a result of microstructural
observations, but clearly both crack growth mechanisms could be
resulting in accelerated C.F. crack growth.

Fatigue crack propagation in air in SAS338 and SAS08 steels and
typical weldments is comparatively well categorized. The range of
variables covers frequencies from 0.017 to 60 Hz, temperatures from
20 to 300 OC, specimen thicknass from 5 to 100 mm, stress ratio
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from O to 0.8 and neutron irradia fon up to total doses of 5.7 x
1017 neutrons/cm?.  None of these variables has significantly in-
creased or decreased crack growth rates outside the scatter band
observed fn room temperature air and whose upper bound is repre-
sented by the 'High R Ory' curve in the ASME XI Code specifica-
tion. This may, however, not be the case when embrittled or segre-
gated crack growth pathways exist.

Data produced by Westinghouse for P.W.R. environment testing has
shown results to be consistent with the new ASME XI Code for high R
ratio testing. Fracture surfaces have shown ductile striated
growth, However, brittle cleavage facets have been observed in
SA5338 steel [26] and crack growth rates have been shown to be
larger than those predicted by the old ‘ASME XI WET' curve {1974).

To date, some of the testing variables that have been investigated
include different parameters on metallurgical, mechanical and chem-
ica) factors. Amzallag et al. [27, 28] have shown that high sulphur
steels exhiLit faster crack growth rates than low sulphur steels.
Clearly this effect will depend on sulphide size, shape and morpho-
logy. The work also revealed that sinusoidal waveform loading is
the most detrimental. This has been confirmed by other authors
{29, 30] who have investigated sinusoidal, triangular, sewtooth and
trapezoidal wave loading. Amzallag's work showed 1ittle effect of
R-ratic on the crack growth rates of low sulphur AS33.-8-1 steel.
Testing at various frequencies (0.1 cpm to 5 Hz) did not show a
significant increase in crack growth rates for very low frequen-
cies. Metsllurgical examinations have revealed that fast crack
growth rates correspond to brittle fractographic features and Tocal
brittle features occurred about MnS inclusions. Low crack growth
rates, which correspond closely to air line data show ductile
{striated) fracture surfaces.

Scott's werk [34] has placed an emphasis on metallurgical aspects
(different heats) on crack growth rates of A533-B steel in P.W.R.
primary water at 288 °C using a fast flowrate test rig. Steel
samples were interchanged between Jaboratories (Harwell and
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westinghouse) and results varied by up to 10 times. It was there-
fore postulated that differences in resulls were probably not due
to MS stringer effects. Clearly this would depend on MnS string-
er's size, shape and morphology about the crack plain. Scott ex-
pleined the results by stating that electrochemical conditions
within different rigs might be different,

Atkinson [36] concluded from his studies on A533-B-1 steel that
crack growth rates increase with decreasing frequency but that the
effect only lasts until some ‘peak’' frequency is reached after
which crack growth rates decrease with decreasing frequency.
F.C.G.R.'¢ all increased with increasing test temperature in the
range 20 - % °C.

Winninen [38] has presented voluminous work whereby his experiment-
2l data is explained using a hydrogen-induced cracking model. Two
steels of similar composition, but marked differences in sulphide
stze, shape and morphology were tested in P.M.R, enviromments.
Brittle fan shaped fractographic features about MnS inclusions led
to increased crack growth rates, Spherical inclusions were shown
to have a beneficial affect sinc. they -educe notch sensitivity.

Suzuki's work [39] on SA5338 C11 heat-affected zone testing showed
a large microstructural effect in B.4.R. environments which in-
creases with temperature. A1l tests did therefora not show eahanc-
ed crack growth rates with respect to the base plate.

Jemes' studies [40) revealed that for air tests, neutron irradia-
tion had 1ittle effect on the fatigue crack growth rates of press-
ure vessel steels. Cullen {41) has since carried out simitar expe-
riments in P.M.R. water and he also found little effect of neutron
frradiation. Cullen also showed that in P.W.R. environments a tem-
perature of 200 °C gave the highest crack growth rates for R.P.V.
steels (the opposite was true for B.W.R. envirorments). This ob-
servation was confirmed by Kondo (42] f A3028 steel in B.W.R.
environment testing.
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Framatome hav’ recently collated 62 sets of crack growth rate data
for austenit: *iding steels. The analysis that fcllowed showed
that during 23 ;Y 'life-time' pre-existing cracks of assumed
proportions woul. it grow through the cladding.

The production of voluminou: data will eventually lead to a clearer
understanding of F.C.G.R.'s in P.W.R. environments. However, care-
ful attention must be given to testing conditions, specimen charac-
terization and data interpretation.
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DESIGN OF WATER CONDITIONING AND CORROSION FATIGUE TESTING
LOOPS

The water chemistry make-up and flow system for the simulation of
P.W.R. conditions has been designed from knowledge gained both
through literature orn iLhe topic, as well as through discussiins
with severa) members of the I1.C.C.G.R. group who are presently
undertaking research in the field of corrosion fatique. Clearly
the design has been modified in order to suit firstly the budget
and sacondly the local market i.e, all parts of the design are
tocally available or can be made locally. The initial design is
for so-called 'low' temperature (room temperature to below the
boiline point of water) and low pressure (close to atmospheric
pressure) corv:osion fatigue testing in simulated P.MW.R. environ-
ments. However, flexibility needed to be incorporatad into the
design so that a high temperature (up to 300 °C) and high pressure
(up to 14.5 WPa) corrosion fatigue facility could, in due course,
be link: . to the water chemistry make-up and storage facilities.
The facility for carrying out both low temperature (T}, pressure
(P) and high T, P tests simultaneously was deemed necessary.

Figure 3.1 is a flow diagram of the low T, P loop and water condi-
tioning unit. This set-up is envisaged for dual testing conditions
(1.e. Yow T, P and high T, P testing). The high T, P loop can
simply be coupled (via Swagelok fittings) to the 450 12 supply tank.

Tap water is processed by filtration and deionization before being
treated in an activated carbon-virgin resin bed, oxygen scavenger
bed, and a fina) polishing unit. The demineralized, deoxygenated
water is then passed through a fine filter before entering either
the make-up or storage tanks. The conditioned water will be stored
in a storage tank of about 450 2 capacity. This tank will serve as
a 'base' for recirculating water, since the unit will need to be
run as a recirculating system, This is necessary for a number of
reasons. Firstly the deionizer capacity will not be able to cope
with long periods of use without regular replacement of the car-
tridues. Secondly, dosing chemicals will be lost to the drain, and
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this is simply uneconomical. Thirdly, water conservation is imper-
ative in tne Republic of South Africa. The economics of the situa-
tion dictatc that a recirculating system without water clean-up
{f2)lowing the initial clean-up process) should be carried out.
When water chemistry levels are not to specificacion, the stored
water will need to be discarded and a new batch will need to be
made-up.

Both the 200 % make-up tank and the 450 2 storage tank have hydro-
gen gas bubbling facilities. This means that oxygen Tevels can be
reduced by purging with hydrogen and the water wil) therefore be
kept under a hydrogen blanket, Continuous venting to atmosphere
can be obtained through pressure relief vaives, aithough this might
not be necessary once oxygen levels are '«ithin specification.

Both tanks cave a hexagonal bolt on the tank roof. However, once
these bolts are removed for dosing to take place, oxygen will flow
into the system, Dosing (boric acid, lithium hydroxide) will
therefore need to be carried out in the 200 t make-up tank, which
can be isolated by valves from the rest of the system.

Once dosing is complete, hydrogen purging can be used to reduce
oxygen levels to those of the 450 2 storage tank. Both tanks can
then be pumr mixed using polyethylene diaphragn pumps.

ks the high T, P corrosion fatigue facility will only be introduced
at a later tage it will not be discussed in this thesis. Only low
Y, P testing will be carried out and it was therefore found that
the 450 2t tank need not be incorporated into the testing loop.
Figure 3.2 shows the modified flow chart for the low i, P testing
facility. The use of the 200 2 tank has made testing more economic-
al in that: (1) The amount of make-up water required is reduced:
(2} The time to reduce oxygen levels is lowered and therefore less
hydrogen is consumed: (3) The quantity of chemicals required for
dosing will also be reduced. The ‘problem' of allowing oxygen in-
gress to the system during dosing i minimized by the relatively
short time required to reduce the oxygen levels during hydrogen
bubbling.
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The system has been piped using low density polyethylene (1.0.P.E.)
tubing and all valves and relating couplings have been manufactured
from brass or cadmium coated brass. Such fittings are used exten-
sively in the petrochemical industry. The use of plastic tubing
and brass fittings was chosen because of the economics. Economic
conside. ations preclude the use of stainless steel valves and fit-
tings. It was also thought to be a good trouble shooting exercise
in.that experimentation with the flow loop system could be carried
out relatively easily. Budget requirements meant that L.0.P.E.
pump heads were required instead of stainless steel and therefore
the use of L.D.P.E. tubing was Justified.

Analytical chemistry facilities would be needed to determine:
Boron, Lithium, Chloride, Fluoride, pH, Conductivity, Oxygenm,
Hydrogen and Sulphate concentrations.

3.1 WATER CONDITIONING

Tap water is initially passed through a Sartobran Capsu'2 filter.
A similar design filter is placed after the corrosion fatigue test-
ing cell so that contaminated water is filtered hefore entry inte
the storage tank. These filters are complete filte units for ve-
1iable and economic filtration. The Sartopran Capsule filters are
presterilized with ethylene oxide gas and can be repeatedly auto-
claved at 121 °C in which gas ana chemical sterilization are also
possible. Subsequently, after connection of the tubing, the fittra-
tion system is ready for use. These complete units are both dispos-
able and reusable, and both cleaning and autoclaving are extremely
simply. The main advantages of these filters are the small dimen-
sions and the large filtration area.

The fiiters contain cellulose acetate filter material and are seat-
ed in polypropylene housings. The miximum operating pressure is
§ bar and operating temperatures of 120 ¢. Connections are 10 mm
house nipples and two screw-hole valves can be used for venting
trapped gas.
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The filter for tap water cleaning has a 3 ym absolute rating and is
used to prolong the life of the deionization and deoxyganation
plant. The filter positioned after the corrosion fatigue cell has
a 0.2 ym absolute rating (i.e. 100% confidence that all material
greater than 0.2 wm w111 not pass through the filter). The choice
of 0.2 um is consistent with the final filter after the water pro-
cessing unit (0.2 m Pall filter). This means that no material
greater than 0.2 will be present in the storage tank water,

Af or the filtration pretreatment, the water pasies through a 25 %
capacity mixed bed deionizer before entry into the wmiin clean-up
section. This rougher serves to increase the fon removal capacity
at a later stage and, more importantly, helps to reduce replacement
time on the final deionization cartridges. Thus the initia) de-
fonization column improves the running cost efficiency of the
plant. (Plate 3.1 shows the filter and deforizer.)

PLATE 3.1: Filter (3 micron absolute rating) and 25 & mixed bed
defonizer.
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The ‘rouched’ water then passes into a NANO pure 1i defonizer. The

NANG pure system can deliver water with the following character-
istics:

NANO pure 11
Down to 0,05

Conduct ivity
(us.cm" ! Min)

Specific Resistance Up to 18.3
{Megohva, Min)

Total Solid Matter <.l
(Mg/2, Max)

Silicate

(Mg/ £, Max)

Culture/Colony Count
(Colony forming units/ms)

The system measures up to the stringent requirements of: AS.T.N,,
C.A.P. {(College of American Pathologists); §.C.C.L.S. (National
Committee for Clinical Laboratory Standards). 1.e. producing type
)} grade water. Type 1 water will be free of particulate material
larger than 0.2 ym. (Free of particulate matter is defined as less
than 500 particles/2 which are greater than 0.2 wm.) (Plate 3.2
shows the NANO-pure Il systes.)

PLATE 3.2: NANO pure 11 water treatment facility
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The NANO pure Il (Fig. 3.3) incorporates a microprocessor-control-
led purity system that automatically:

& &= &— 4— +Recirculating Line e——e @
(behind unit) 1

‘Smaft In-Line

Set_ Purity Meter Resistivity/Temperature Cell
Point 3 H

Selector

lugged

e “Outlet for
Remote
Piping

N | i Ball
Valve
=4 Faucet

‘Pressure
Regulator
Check Valv

\ ] i ! i 0.2 micron
Recirculating . i Final Filter
Pump

=)

Pretreatment Mixed-bed Drionization
Cartridge Cartridges

FIGURE 3.3: NANO pure II water purification unit

tivity
It

Monitors fon exchange cartridge conditions with a resis
sensor that is mounted in-line as required by AS.T.M.

compares purity against user selected 1imits of 16.7, 10 and 1
megohm - cm. If purity falls below the set point the system

warns the oprrator with a plinking display.
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Monitors the resistivity ceTl for low water levels, entrapped
air or cell failure and alerts operator by a blank display and
blinking decimal points.

Measures temperatire with a R.T.D. (resistance thermometer
device) which iz sunerior to a conventional thermicior, and
therefore gives more accurate resistivity measuraments.

Temperature compensates resistivity readings to 25 °C aé pre-
scribed by established standards.

Checks digital display. All segments and decimals are {llu-
minated when the system is turned on, for visual verification.

Performs a periodic check of the measurement circuit and
alerts operator by displaying a 'C' {f performance is not
within tolerance limits, eliminating the need for a manual
test button.

The temperature of the water within the system may be display-
ed with a simple push of a button.

The main advantage of the NANO pure II system is that it is extre-
mely easy to maintain. Cartridges are simply unscrewed and replac-
ed. The pump has an automatic switch-off device if inlet pressures
become too high. (This prevents destruction of the system.) The
unit can deliver a maximum flowrate of 120 /hr.

The NANO pure 11 system being used in the P.M.R, corrosion fatigue
work contains four cartridges:

No. 1: Pretreatment cartridge: The cartridge increases the ion
removal capability of standard mixed bed cartridges by a factor of
30. 3t contains a combination of granular activated carbon and
virgin, macroreticular resin. It effectively removes colloids,
bacteria, organics and chlorine. The bacteria removal capability
in conjunction with the recirculation system of NANO pure II is
particularly effective in maintaining Jow bacteria levels through-
out the system, thus prolonging the 0.2 um filter Vife.
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Mo. 2: Oxygen removal cartridge: This cartridge is identical to
cartridge No. 4, the only difference being that the ultra-pure
cartridge has been regenerated with sodium metabi-sulphate. This
bonds to the resin and acts as an oxygen scavenger by reducing 0,
fevels from 8 ppm to less than 1 ppm. A product of the reaction is
the formation of S$04,2" fons which need to be removed in
cartridges No. 3 and No. 4.

Wo. 3: High capacity cartridge: The high capacity mixed bed de-
jonizer cartridge is used as a 'rougher' in the 4-module units, It
has more grain removal capacity than the uitre-pure cartridge, but
to a lower purity level. When used in conjunction with the ultra-
pure cartridge it dramatically prolongs their life and performance
by a factor of 2 and cuts operating costs by as much as one third.

No. 4: Ultra-pure cartridge: The ultra-pure mixed bed deioniza-
tion cartridge produces water with a resistivity up to 18.3 megohm-
. Ultra-pure cart-idges contain nuclear grade strong acid cation
and strong base anion resins in a mixed bed form to achieve this
high purity performance. It has a total grain removal capacity of
about ’/3 that of the ‘rougher' cartridge but it is indispansable
for the production of high purity water.

After the demineraltzed water has passed through the cartridges,
it can be recirculated for further clean-up, or it can be passed
through a final 0.2 ym filter (absolute rating) before being passed
into the 200 & tank (Fig. 3.2). The 0.2 ym filter is & p'-ated
membrane filter that removes all bacteria. These filters are radi-
ation sterilized at time of manufacture.

3.2 CORROSION FATIGUE TESTING LOOP

e ————————————

Following the production of demineralized water, the water fiows
into the 200 2 supply tank. At this point the water is dosed with
boric acid and lithium hydroxide to simulate p.W.R, environment
conditions {Plate 3.3 shows the supply tank). Hydrogen purging
through the tank ensures that the oxygen levels are reduced to
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