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ABSTRACT

A survey is presented of the current work, both
reported and in progress, to study the corrosion
fatigue of the pressure vessel steel A533B C.l I
in a BWR environment. This report is based on the
available literature, laboratory visits, and
attendance at the Metals Society conference
(April 1978) .

The parameters which are considered to have the
most influence on the fatigue crack growth rate
are considered in turn.

Because of the sparsity of the available infor-
mation an International Cooperative Group on
Cyclic Crack Growth Rate Testing and Evaluation
has been established. The initial work of the
group and Swedish participation are described.
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SAMMANFATTNING

Korrosionsutmattning är ett både viktigt och ett

intressant område för forskning. Det är viktigt

därför att det sällan är möjligt att undvika

varken den korrosiva miljön eller den cykliska

belastningen som orsakar både uppkomst och till-

växt av utmattningssprickor. Dessutom kan det i

en så komplicerad konstruktion som ett tryckkärl

för ett kärnkraftverk inte uteslutas att någon

defekt redan finns så att initieringsskedet vä-

" sentligt underlättas. Därför behandlas endast

spricktillväxtskedet i föreliggande rapport.

f) De olika faktorerna som påverkar spricktillväxt-

hastigheten (cyklens frekvens och form, förhåll-

andet mellan högsta och lägsta last, temperaturen,

miljön, spänningsintensitetsfaktorn, materialets

struktur, bestrålning) diskuteras, och olika

förslag till förklaringar av fenomen presen-

teras. Hittills har ingen lyckats att komma med

en teori som förklarar alla parametrarnas in-

verkan. Det är också viktigt för tolkningen av

experimentella resultat hur sprickans längd mäts

och hur resultat utvärderas. Denna del av rap-

|) porten är baserad på en litteraturundersökning,

besök vid olika laboratorier som är verksamma

inom området, särskilt sådana som arbetar med

l| tryckkärlsstål, och deltagandet i The Metals

Society konferens som hölls i april 1978.

Eftersom det finns så lite information tillgäng-

lig över spricktillväxthastigheter hos tryck-

kärlsstål i kärnkraftsmiljöer har Electric Power

Research Institute (EPRI) och US Nuclear Regula-

tory Commission (NRC) tagit initiativ till att

bilda en internationell samarbetsgrupp på området.

Till deltagare i gruppen har inbjudits represen-
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tanter från alla forskningslaboratorier som har,

eller kommer att ha, verksamhet inom området.

För närvarande finns det ett 30-tal deltagare

från 7 länder, 5 europeiska länder, USA och

Japan. Sverige representeras av Studsvik

Energiteknik AB.

Hittills har gruppen tagit fram information om

deltagarnas olika utrustning och innehåll i deras

program. Kommersiella intressen gör att resultat

inte är tillgängliga i samtliga fall. Ett första

försök till en bedömning av utvärderingsmetoder

har inletts, och det är bestämt att alla ska

köra några identiska prover med samma värde på

parametrarna för att senare ku ma jämföra resul-

taten.

Det finns mycket lite litteratur om området korro-

sionsutmattning i tryckkärlsstål i BWR-miljö.

Av det som finns är huvuddelen amerikansk, och

kommer nästan uteslutande från tre forsknings-

laboratorier, US Naval Research Laboratory (NRL),

Westinghouse Electric Corporation (WEC), samt

General Electric Company (GE).

Nästan allt det arbete som har utförts vid NRL

och WEC har varit inriktat på PWR- och inte BWR-

miljön. Arbetet utfört hos GE har varit kon-

centrerat till BWR-miljön men på A508 material,

som används mest i stutsar här i Sverige, och

inte på A533B. GE har också använt en unik metod

att mäta spricktillväxt på: proven har försetts

med små trycksatta hål på jämna inbördes avstånd

utmed sprickans tillväxtväg. Spricklängden re-

gistreras genom tryckfallet när sprickfronten

passerar ett hål.
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1. INTRODUCTION

During recent years it has become increasingly

apparent that the mechanical properties of ma-

terials can be strongly influenced by environ-

ment. It is therefore impossible to predict the

behaviour of a material in one environment on

the basis of laboratory testing, or experience,

in another environment. In this respect air must

also be considered as a specific environment.

I
Because of this, for structures which are to be

exposed for long periods of time to media other

- than air (for which much data is already avail-

able) , mechanical testing should be performed

in the relevant environment. Such areas of current

interest are the aircraft, offshore and nuclear

industries for aircraft, oil rigs and reactor

pressure vessels respectively. In such struc-

tures the presence of defects must be assumed.

It is then essential to know how such a subcri-

tical defect propagates to become of a critical

size. Information is required on the kinetics

of the accumulation of damage which results in

- a critical condition and subsequently can cause

failure. Programmes have been underway for a few

years to establish, amongst other things, the

growth rate of fatigue cracks in the cladding in

* ' the chemistry of the various light water reac-

tors around the world. But it is not sufficient

to test material which during normal conditions

should be in contact with the reactor environ-

ment, since penetration of the cladding could

result in the pressure vessel steel coming into

contact with the water. Different opinions exist

as to whether it is necessary to study the

pressure vessel steel with an overlay of the

cladding material, Kondo (1).
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In Sweden a programme is under way to determine

the fatigue crack growth rate of SIS 2333 in a

simulated BWR environment. This work is being

carried out by Studsvik Energiteknik AB and is

supported by the nuclear utilities.

To date no experimental work has been performed

on A533B (in Sweden), the steel which is the

dominant material for the pressure vessels in

Swedish reactors. Programmes, predominantly in

PWR environments, are however planned or under

way in the United States and Europe, mainly in

the United Kingdom. Most of the facilities out-

side the United States are not yet fully com-

missioned.

In this initial stage of the project an attempt

has been made to collect information which will

give a balanced picture of the various efforts

to date. To this end three areas have been con-

centrated upon: attendance at The Metals Society

conference "Corrosion Fatigue" held in Newcastle-

upon-Tyne, 17 - 19 April 1978; a retrospective

literature search of available reports; and

participation in The International Co-operative

Group on Cyclic Crack Growth Rate Testing and

Evaluation, initiated by the United States

Nuclear Regulatory Commission.

Corrosion fatigue data available either in the

open literature or by private communication arc

very sparse foi the pressure vessel steels of

interest and under conditions typical either of

normal operation or during different transients

of a nuclear reactor. Those data which are avail-

able indicate that many parameters affect the

fatigue crack growth rate in the water environ-
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ments that have little or no effect in air.

Neither is there any reason to suppose that

data obtained in an environment typical of a

PWR is relevant to the BWR environment with its

very different water chemistry.

f

I

I
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2. THE METALS SOCIETY CONFERENCE "CORROSION

FATIGUE", NEWCASTLE-UPON-TYNE, 17 - 19

APRIL 1978

Four invited and twelve contributed papers were

presented by almost exclusively British workers.

Of these, two of the invited (Scott and Tomkins)

and one of the contributed (Atkinson and Lindley)

papers dealt with pressure vessel steels in a

nuclear environment, see Appendix 1. The papers

•. were not however based on their own results, but

mostly on the work carried out in the United

States and Japan (see next section).

• Scott has to date concentrated on steels, sea-

water and temperatures relevant to the North Sea

oil-rigs. Tomkins has recently begun to consider

the phenomenon of corrosion fatigue as a continu-

ation of his earlier work on fatigue cracking and

propagation mechanisms. Both Scott and Tomkins

are employed by the UK Atomic Energy Authority,

at Harwell and Springfields respectively. The

Central Electricity Research Laboratory, at

Leatherhead, is starting a programme to study

corrosion fatigue in nuclear environments. To

™ date they have concentrated on conventional

materials and environments in thei/ corrosion

fatigue studies (the example presented at the

fy conference was for a pump storage scheme).

Contributors were invited to submit manuscripts

of their presentations for consideration for

publication in a special number of "Metal Science"

This number has not yet been printed.

Although most cL the contributions did not con-

sider materials which are directly comparable to

pressure vessel steels, much of the discussion
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pointed to problems which are relevant to all

systems. The conference concentrated on the

various mechanisms which are operational during

corrosion fatigue, as well as the experimental

techniques used, and those which could be appro-

priate. These were mostly concerned with low

temperature and pressure environments such as

sea-water or gaseous hydrogen.

Rather than treating the contributions separately

in this section, they will be discussed in con-

junction with the literature survey. A complete

list of the contributions and authors is attached

as Appendix 1.

I

I
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3. PUBLISHED RESULTS OP STUDIES OF CORRO-

SION FATIGUE OF A533B IN BWR ENVIRONMENT

Most of the work concerning A533B which is avail-

able in the open literature considers the PWR

environment. This has a lower oxygen content

than the BWR chemistry. One of the pioneers in

the field of corrosion fatigue in nuclear en-

vironments, Kondo, (1), considers it important

that both environments are studied since incu-

bation times could vary considerably between the

two media.

Since only a few articles have been published,

a retrospective literature search was performed

on the computer file INIS (International Nuclear

Information System). This computer file mostly

contains reports which have not been published

in the open literature, as well as conferences.

Even here little information was available.

In the United States three laboratories have

initiated programmes to study corrosion fatigue

in nuclear environments. They are the two major

vendors: General Electric Company (GE) and

Westinghouse Electric Corporation (WEC), and

the national research laboratory the US Naval

Research Laboratory (NRL). GE have, to date,

concentrated on stainless steels and A508 Cl 2,

the forged variant of A533B Cl 1. They also have

their own method for measuring fatigue crack

growth rate, which has not resulted in results

comparible to the other published values.

WEC was the first laboratory to study corrosion

fatigue of A533B Cl 1 in a nuclear environment.

The initial work was carried out in a chemistry

typical for PWR. Together with Kondo (Japan
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Atomic Energy Research Institute) their early

results have been used to establish the so-

called "water" and "air" lines in Figure 1, for

surface flows in the two environments. This has

been taken directly from ASME Boiler and Pressure

Vessel Code Section XI (2). These two lines

represent the upper and lower scatter bands for

corrosion fatigue tests carried out on A533B Cl

1 steel in nuclear reactor simulated water (not

specifically PWR or BWR) and air respectively.

The scatter bands encompass data generated by

Clark, Paris, Mager, and Kondo, as well as later

work carried out at WEC.

These results are now discredited but continue

to be used for comparison when reporting data.

There is now a complete flora of results reported

around the water line. The ASME Subcommittee is

awaiting the results of a programme now under

way in the United States before altering these

lines (3). The programme is sponsered by the US

Nuclear Regulatory Commission (NRC).

On studying the available literature it is

apparent that the following parameters affect

corrosion fatigue in an aqueous environment:

frequency

wave form

load ratio

crack measurement

temperature

data interpretation

water chemistry

load/displacement control

specimen geometry

galvanic effect
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No direct studies on the last three parameters

have been found in the literature. It is also

extremely difficult to make a direct comparison

of the parameters from the various reports,

since many of the articles omit one or more of

the parameters when they specify experimental

conditions. Most workers have used load con-

trolled systems, these being most convenient for

subsequent fracture mechanical analysis. Kondo

is the exception: he used a displacement con-

trolled system which he considers gives him

results which are easier to analyse; the effec-

tive crack length is estimated continuously by

observing the change in the maximum tensile

load.

NRL and WEC have been commissioned to jointly

perform the experimental corrosion fatigue

matrix which is a part of the HSST (Heavy Section

J5teel Technology) programme. This work has only

been initiated recently and virtually no results

are available. The most recent document is a NRL

progress report (4).

Discussions are still being held as to how the

results should be evaluated, and why the initial

series of comparative results differs so greatly

between the two laboratories. Not all the appa-

ratus is yet fully commissioned.

The NRC matrix is designed to characterise the

hydrostatic and leak transients, the heat-up and

cool-down transients, as well as the normal

operative conditions. It is primarily concerned

with the effects of frequency, wave form, tem-

perature and R ratio on the fatigue crack growth

rates of pressure vessels steels in both PWR and

BWR environments.
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The important parameters will be considered in

tum.

3.1 Frequency

All workers who have studied the effect of fre-

quency have found that at low frequencies (below

1 cycle per minute) the fatigue crack growth rate

increases (e.g. Kondo (1), Bamford (5), Gerber

et al (6), Amzallag and Dusfresne (7)). Bamford

reports that he has observed a saturation effect

at cyclic rates of 0.5 cycles per minute (3).

Kondo also points out that the number of cycles

to failure decreases as the frequency is decreased.

Atkinson and Lindley (9) reported observing a

peak growth rate as the frequency was reduced

for a pressure vessel steel in aerated distilled

water.

':.' r."
".' n'

Figure 2

Schematic effect of environment and frequency
on the fatigue crack growth rate of pressure
vessel steels, after Atkinson and Lindley (9)
(log-log plot).
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According to Shahinian et al (10) there is not

the same increase in fatigue crack growth rate

when decreasing the frequency after irradiation

that is found in unirradiated specimens. These

results were obtained in air, and the authors

point out that water would appear to be an

essential ingredient for the effect of frequency

to become apparant.

3 . 2 Wave form

Most workers have round that some wave forms

affect the fatigue crack growth rate. Regular

wave forms, square and triangular as corrnared to

sine, do not result in an increase ir the fatique

crack growth rate. But with the so-called positive

saw-tooth and trapezoidal waves (the latter is a

saw-tooth wave containing a hold t i m e ) , where

the rise time is longer than the fall time, then

the fatigue crack growth rate is increased.

To date only two workers have reported there to

be an effect of hold time. Atkinson and Lindley

(9) observe that introducing a hold at maximum

load results in a decrease in the fatigue crack

growth rate. Watson (11) is more specific: only

when he combines a 3 minute hold time with a 1

minute ramp does he observe an effect. This

combination results in the fastest crack growth

rate he has yet measured. Individually these

parameters have no effect; nor does varying the

rise time (within the possible lim i t s ) . Bamford

(12) reports that he observes no effect of hold

time, and nor does Hale (13) , but considers rise

time to be an important parameter. Mogford and

Atkinson, on the other hand consider that both

rise time and hold time are important parameters

(14). They have found that introducing hold
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times at maximum load, results in a lower fatigue

crack growth rate than that which is obtained

for a triangular wave form. Load flutter during

the hold period has not been investigated but

could affect the results.

Austen and Walker (15) explain the effect of

rise time as follows: if the rise time is shorter

than the incubation time for hydrogen embrittle-

ment, then there will be no increase in the

ratigue crack growth rate. In the hydrogen

embrittlement mechanism atomic hydrogen from the

electrolytic environment diffuses to the plastic

zone around the crack tip, where it recombines

to cause embrittlement resulting in cleavage.

They also consider that the hydrogen embrittle-

ment mechanism is balanced by crack tip blunting

and hence the influence of rise time.

3.3 Load ratio

The load ratio, or R, is defined as the ratio

o . /c , where a . and a c-e the minimam m max' m m max
and maximum stresses used in the test.

Apart from the results of Paris (16), no effect

of the R-ratio has beer, reported for specimens

tested in air. The effect of R-ratio is strik-

ingly different for BWR and PWR environments,

being much more pronounced in the latter. This

is not to say that there is no effect in a BWR

environment as has been reported by the workers

at GE (e.g. Hale (17)). Kondo (18) found that

for high values of R the fatigue crack growth

rates increased. This has been also confirmed by

Amzallag and Dusfresne in a PWR environment (7),

and Bamford in a PWR environment at 288°C (5),

whc reports increases of more than a factor 10

in fatigue crack growth rates on increasing the

R ratio.
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All the data published for pressure vessel steel

A533B up to the end of 1976 are summarized in

Figure 3. This is taken from reference (19).

The line denoted "high R wet" is the upper

bound of the data from a PWR environment at

300°C and with an R-ratio of 0.7.

^ *- . -. r• .

Figure 3

Summary of published fatigue crack growth data
for PWR and BWR environments (from ref (19)) .

At values of R of 0.2 all the results lie under

the "water line" of Figure 1.

One unsatisfactory feature of the upper boundary

line is its continued dependence on the R-ratio

as R approaches unity, i.e. a static loading

condition.

Whether or not residual stresses affect the R-

ratio or not, is not known, but they should

perhaps be taken into account when considering

real structures, since they can affect the mean

stress level.
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3.4 Crack measurement

The various methods which have been reported are

summarized in Table 1.

Table 1

Methods used for crack measurement

Author/Laboratory Method

Harwell (20) LVDT*

™ Potential drop considered
but not tried

Atkinson & Lindley Optical
• (21) DC potential drop

WEC (8) LVDT

NRL (22) LVDT

(11) Remote TV system for optical
measurement of irradiated
specimens

(23) Ultrasonic crack growth
monitor

GE (13) Capillary holes
LVDT

Studsvik LVDT

I
GE use a method denoted as "capillary holes" in

Table 1. They bore four holes at regular inter-

« vals along the centre line of the specimen, to

which they attach capillary tubes and note the

change in pressure when the crack passes a hole.

This they combine with a microscopic measure-

ment at five points across the specimen. They

have been worried about the effect on the stress

pattern but consider that is not important. The

effect on the chemistry at the crack trip could

be of importance. However, they claim that the

method is reliable and reproducible (13). It is

understood that they in the future intend to use

LVDT.

LVDT stands for ^inear Variable Differ-
ential Transformer.
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WEC have used ultrasonics unsuccessfully; it

was necessary to clamp the specimen to the lid

of the testing chamber (24) . They have also

tried using optical grids which were photo-

graphed onto the specimens.

The continual application of a potential drop

current results in a somewhat increased crack

growth rate over the linear pation of the da/dN

versus AK plot, Jones and McGeachie \25).

Atkinson and Lindley (9) reported unsuccessful

attempts to use acoustic emission. The process

is too quiet to be heard above the noise of the

strvohydrauiic machines.

3.5 Temperature

As can be seen from Figure 4, which is taken

from reference (1) , a temperature reversal

occurs in the plot of fatigue crack growth rate

versus the reciprocal of the temperature (an

Arrhenius plot) at about 200°C in water. All the

fatigue crack growth rates are faster than the

corresponding values in air.

This means that it is necessary to study the

entire range of temperatures from room tempera-

ture to the operating temperature if one wishes

to make a complete statement concerning the tem-

perature dependence of fatigue crack growth rate

in water. For example Gerber et al (6) report,

for A508 pressure vessel steel, an increase in

the fatigue crack growth rate of four to eight

times that in air.



JTUDSVIK ENERGITEKNIK AB STUDSVIK/MS-78/239

1978-08-24

16

-'60 MO »O 00 «0t

t'

rf.
I

Y >u, -SO nj^w •

<5TM A3J» WITH COAf EDGE
CIUCKS TMIOUOH » W *

I)

Figure 4

Arrhenius plot from (1).

Klausnitzer and Hinckling report (26) that they

have observed that the combination of low fre-

quencies (0.03 Hz), high R-ratio (0.5 - 0.75),

and high temperature (228°C) result in a signi-

ficant increase in the fatigue crack growth

rate in air.

The effect of temperature in the lower tempera-

ture range is more pronounced at higher AKs;

in the higher temperature range, at AKs above

64 MPa m ' , there is a tendency for fatigue

crack growth rates to become the same at all

temperatures. This Clark (27) attributes to

strain ageing, since he does not observe the

same effect in the weld metal (28) } there the
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fatigue crack growth rate increases with in-

creasing temperatures above 24 C. In the same

article he reports difficulties in obtaining

results from the heat affected zones as the

fatigue crack tended to propagate into the

adjoining weld metal. All results, 24 - 288°C,

from welaments were encompassed by the upper

scatter band from the fatigue crack growth rates

measured at 24 C for the base material.

Most workers have either studied the low tempera-

ture region and extrapolated, which results in

excessively high predictions; or they have taken

points at room temperature and in the operating

region, which leads to the conclusion that there

is no temperature dependence of the fatigue

crack growth rate for A533B Cl 1 in a nuclear

reactor environment.

3.6 Data interpretation

Various methods have been used for data interpret-

ation and for obtaining the plot of crack growth

rate, da/dN, versus AK from the crack length, a,

versus the number of cycles, N.

ASTM (29) recommend that the incremental poly-

nomial method should be used. It involves fitting

a second order polynomial to sets of seven suc-

cessive data points using the equation

(N-CJ (N-C,)
a = (1)

where b , b, and b_ are the regression par-

ameters estimated as the square of the devi-

ations between observed an fitted values of crack
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length. The parameters C. = y (N-_3~N- + 3)
 an<*

C2 = 2 *Ni+3~Ni-"* a r e u s e d t o scale the input

data. To obtain the fatigue crack growth rate

the above equation is derived, giving

da bl +
 2b2

dN

This method has been used by WEC and NRL in

their most recent work (30).

Previously they had both used a graphical method

of fitting slopes to the plot of a versus N to

obtain da/dN versus AK.

GE have a different approach developed by LeFort

(31): they assume that over the region of in-

terest, the equation

H = A(AK)B (3)

is valid, and they determine AK from the ex-

pression

AK = Aoo(na)
1/2f(a/w) (4)

where Ao is the nominal stress range for an

unflawed specimen of width w, a is half the

crack length, and f(a/w) is the correction for

the boundary conditions at the edge of the

specimen. By using an exponential represen-

tation of this width correction, the crack

length can be obtained as a function of the

number ol cycles. Then, using a least squares

fitting procedure, they determine the constants

A and B in equation (3).
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Several workers have hinted that the current

way of presenting data in the form of the

fatigue crack growth rate versus the range of

the stress intensity factor is not correct. It

would perhaps be better to use the "effective

stress intensity factor", since this is not

necessarily the same as that which is calculated

from the loading and crack length data. At least

partial crack closure can occur even in tension-

tension loading as a result of the plastic de-

formation and residual compressive stresses

normal to the fracture surface, which result

from the passage of the fatigue crack through

the material. This has the effect of reducing

the value of AK by some, as yet undetermined

magnitude. Hale (32) has begun to use such an

approach where he corrects the value of AK by

incorporating the R-ratio, thus normalizing his

data with respect to R-ratio. The expression he

uses is

Keff = Kmax
0.5 (5)

Figures 5 and 6 show the effect that such an

approach can have on data presentation: the

ASME XI "water" and "air" lines then become

conservative with respect to his data.

Other authors do not specify how they convert

their a versus N data to da/dN versus AK plots

for a fracture mechanical representation of the

fatigue crack growth rates.
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Figure 5

Crack growth rate versus stress intensity range,
from ref (32).

Figure 6

Crack growLh rate versus effective stress in-
tensity factor, from ref (32) .

3.7 Chemistry

That the fatigue life of specimens is consider-

ably shortened in water as compared to air has

been reported by several workers (e.g. 1, 5, 22)
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The initiation stage for cracking is often

longer but the later stage is characterised by

very quick crack propagation (1).

The environments typical for BWR and PWR are

given in Table 2.

Table 2

BWR and PWR water chemistries

Water con-
ditions

P

T

n

°2
H2

LiOH

H3BO3

Cl"

F"

PH

MPa

°C
uS

ppm

ml/kg at
STP

ppm

ppm

ppm

ppm

at 25°C

Total suspended
solids ppm

BWR

6.9

288

0.1

0.05-0.3

0.04

-

-

< 0.1

< 0.1

6.5-7.0

< 0.2

PWR

17.2

300-315

1-40

< 0.1

0-50

0.7-7.0

0-5 000

< 0.15

< 0.15

4.2-10.5

< 1.0

The chemicals tend to associate at higher tem-

peratures. For pH values of less than about 12,

atomic hydrogen is an active component. At pH

values of 12 or more the hydroxyl ion becomes

active.

If the amount of dissolved oxygen is sufficiently

high pitting corrosion can occur and this can

affect crack propagation. It is therefore necess-

ary to specify the precise environment in which

the material is to be operated, rather than to

extrapolate from one medium to another, even

between PWR and BWR environments.
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Mogford and co-workers (14) report that the

fatigue crack growth rate of A533B Cl 1 press-

ure vessel steel is frequency dependent in a

water environment at 90°C. This frequency depen-

dence disappears at high frequencies, when no

effects of environment have been found.

Scott and co-workers have found there to be a

marked effect of chemistry on the fatigue crack

growth rate of low alloy steel. In particular

•' they report (33) that the pH of the solution is

important: in alkaline solutions they only ob-

serve fatigue striations, whereas in more acidic

|) solutions, pH = 4 due to additions of boric

acid, they usually find ductile striations,

but have also seen cleavage at low frequencies.

Only in solutions containing boric acid when

experiments are carried out at high R-ratio

values, do Scott and co-workers obtain data for

pressure steels which fall above the ASME XI

"water line" in Figure 1.

Amzallag and Dusfresne (7) believe that oxygen,

boron and chloride contents affect the fatigue

crack growth rates of A533B. They have not yet

published any results to substantiate this

claim. Klausnitzer and Hinckling report that at

288 C in air, they find that hydrogen has such a

significant effect on the electric potential

that it affects the corrosion rate of A533B

steel (26) .

"" *-e can be significant changes in the water

chemistry during the operation of a nuclear

power station and these could be sufficient

to have an adverse effect on the fatigue crack

growth characteristics of the pressure vessel

steel.
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3.8 Stress intensity factor, AK

Discrepancies in results can either be attributed

to differing experimental conditions in the par-

ameters discussed above or to other factors not

previously considered to be of primary importance.

One of those currently under much discussion (not

as yet so much in the open literature) is the

so-called "starting AK": the value of AK at

which the fatigue crack growth rate measurements

were started in a given experiment. If this is
1/2too high (20 - 30 MPa m ) then no environmen

effects are observed, Scott (34), Bamford (8).

The fatigue crack growth rate increases greatly

as AK approaches the fracture toughness of
ITiclX

the material (KT ). It decreases to zero at a

threshold value of AK which varies somewhat for

different R-ratios, see Figure 7. Paris et al

(16) report this threshold value for AK as

being 7 MPa m1//2 for A533B in distilled water

at normal temperatures and pressures. Kondo et al

(1) obtained a value of 10 MPa m ' for A302 and

A533B steels in BWR water at 288°C. Whereas

Atkinson and Lindley (21) report that at values

of AK less than 20 MPa m , they observe crack

arrest after approximately 1 mm crack growth,

in A533B in distilled water.

All workers who have studied the fatigue crack

growth rate of A533B over a sufficient range of

stress intensity factor have found that Paris

Law, equation (3), is only valid for the central

region of the log-log plot of da/dN versus AK.

The plot is typically sigmoidal in shape as is

illustrated schematically in Figure 9. Some

workers have reported that they observe plateaus

in their plots of da/dN versus AK. these, in
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Figure 7

• • .

Effect of R-ratio on fatigue crack growth rate,
from ref (16).

some cases, can be attributed to interruptions

in the experiments, to such an extent that the

experimental conditions have in effect been

changed.

According to Suzuki (35), all workers apart from

Gerber (of GE) have obtained values of 8 - 9 for

the exponent B in equation (3) for A533B in a

simulated nuclear reactor environment. Gerber's

data gives a value of about 4.

Work by Bamford (12) has shown that at low AK

the increase in the fatigue crack growth rate

for a given increase in AK is much greater than

at moderate or higher AKs. See Figure 8. He

couples the effects of starting AK and R-ratio:

high R-ratio and low AK and the reverse have

significant effects on the fatigue crack growth

rate. This is not however Scott (34) interprets

the available data, nor does it comply with his

experience.
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Figure 8

Effect of starting AK on fatigue crack growth
rate, from ref (8).

It was pointed out at Newcastle-upon-Tyne that

changes in the fracture topography can result in

differences in the calculated values of AK.

These could in turn affect the results and their

accuracy. At low values of AK striations are

observed, whereas at high values of AK the

fracture has a quasi-cleavage appearance,

Atkinson and Lindley (9). At values of AK above
1/2

15 MPa m brittle striations have been ob-

served, and below this level the fracture is

intergrannular, Scott (34). The amount of

scatter would also appear to increase as AK is

increased.

3.9 Microstrueture

Kondo (18) has studied the effect of microstruc-

ture on the fatigue crack growth rate of A533B

in a BWR environment. Part of his effort is

directed towards determining the spread in re-

sults which are caused by variations in the

parent plate. But he has also considered the
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differences between base material, weld metal

and heat affected zones (HAZ), both real and

simulated. He has not found any significant

differences in the behaviour of weld metal and

base material. However the tempered martensitic

zone of the HAZ appears to be more susceptible

to environmental effects, and he reports that

it has a faster fatigue crack growth rate.

f>

Hale has not observed any difference in the fa-

tigue crack growth rates of sensitised and as-

received material (17) . However he reports (32)

that results from weld metal are normally more

scattered due he thinks to inhomogeneties in the

microstructure.

Klausnitzer and Hinckling (26) report that they

have also found that the fatigue crack growth

rate is greater in HAZ than in parent plate.

This is consistant with the experience of Suzuki

et al (35).

f>

Clark (27) reports that he has observed there

to be less scatter in results obtained from

large specimens. This he attributes to the fact

that local variations in microstructure will

have less influence on the fatigue crack growth

rate than in smaller specimens, which must thus

be considered to be less representative of the

material.

3.10 Irradiation

James (36) as reviewed the work published up to

the middle of 1977 on fatigue crack growth in

neutron-irradiated ferritic pressure vessel

steels. All the work he included was reporting
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tests carried out in air and at frequencies

between 1 and 600 cycles per minute, but his

general conclusion was that neutron ir-

radiation has no effect (neither beneficial nor

detrimental) on the fatigue crack growth rate.

All the differences could be explained by the

scatter which is to be expected in results from

different laboratories. Very little information

is available - four references (23, 37, 38, 39)

consider A533B in particular and one further

reference (40) considers other pressure vessel

steels: A543, A302B, and A508-2. No differences

were reported in their behaviour.

Amzallag and Dusfresne (7) have not noticed any

effect of irradiation on A508-3 base material.

However when weld metals of A508-3 and A533B

are tested in air they observe an increase in

their fatigue crack growth rates.

Shahinian et al (23) report an increase in the

fatigue crack growth rate for irradiated mat-

erial at low values of AK: less than 42 MPa m1 ,

Above this value of AK the fatigue crack growth

rate is the same as for unirradiated material.

This they attribute to the decrease in fracture

toughness of the material after irradiation.

These differences James considers to be within

the scatter of results to be expected.

At the low AK values Shahinian et al also ob-

served that specimens in wiich the fatigue

crack propagated perpendicular to the rolling

direction had a lower propagation rate than

those in which the crack propagated parallel to

the rolling direction. They could not (in 1972)

explain this effect satisfactorily, but thought
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it might be due to a difference in the sensi-

tivity of the two orientations to moisture.

None of the above work was performed in auto-

claves under pressure, or under simulated reac-

tor conditions, but merely in environmental

chambers in which the humidity could be con-

trolled. The wave-from was saw-tooth, from zero

to tension, and the frequency high: 10 cpm.

Gupta et al (41) performed an in-situ experiment

on A533B Cl 1 steel, and concluded that after

an exposure of a pre-loaded and pre-cracked

specimen for 939 hours, to a fluence of up to

1.2 x 1019 n/cm2 (E > 1.0 MeV), and an ir-

radiation temperature of 47°C, the material

displayed a great susceptability to stress

corrosion cracking. He had however no control

specimens to compare with; the test conditions

were not typical of a power reactor, and the

duration of the test was relatively short. This

work cannot therefore be considered as conclusive,

3.11 Corrosion fatigue mechanisms

The mechanisms which are active in corrosion

fatigue in the ferrite-water system appropriate

to a nuclear reactor have been considered by

Tomkins (42) an Austen and Walker (15) . These

include anodic dissolution of freshly exposed

surface, and hydrogen embrittlement due to the

diffusion of atomic hydrogen into the plastic

zone ahead of the crack tip. The general form

of the crack growth rate versus stress intensity

range is shown in Figure 9. Any theory which is

to be accepted much incorporate explanations and

descriptions of all three of major regions.
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Figure 9

General form of the fatigue crack growth rate
versus stress intensity curve, alter Tomkins
(42) and Scott (34) (log-log plot).

Austen et al consider that two separate pheno-

mena exist: true coiiosion fatigue and stress

corrosion fatigue. True corrosion fatigue de-

scribes the situation "where fatigue crack

growth rates are enhanced by the presence of an

aggressive environment through a synergistic

action cf corrosion and cyclic loading"; it

occurs below the stress intensity at which

stress corrosion cracking occurs (K_ ). Stress

corrosion fatigue is the situation where static

stress corrosion occurs under conditions of

fatigue. To date there is no evidence that

stress corrosion fatigue occurs in pressure

vessel steel, although in some steels both

phenomena have been reported according to the

conditions of operation.
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Pirkins (43) considers that any pumping of the

electrolyte resulting from the opening and

closing of the crack during fatigue, will only

affect the "open end" of the crack, and that at

the crack tip diffusion is the dominant factor.

Tomkins (42) also considers that the only effect

that an aggressive environment has on fatigue

crack propagation is at the crack tip, and he

supports the hydrogen embrittlement mechanism

as forwarded by Vosikovsky (44) and Austen et al

(described above). Tomkins develops these ideas

further and correlates the occurrance of ductile

striations (as in mechanical fatigue) with the

form of the da/dN versus AK plot, see Figure 9.

He also wonders whether there is a second

threshold value of AK between Stage I and Stage

II cracking.

Mager et al (45), on the other hand, considers

that the effective mechanisms in corrosion

fatigue are similar to those in stress corrosion

cracking: either the film rupture model or the

slip step dislocation model. Bamford (5) also

considers the mechanism to be comparable to

stress corrosion cracking, even though he has

been unsuccessful in causing stress corrosior

cracking in A533B which is consistent with the

general observation that more environments

promote corrosion fatigue than stress corrosion

cracking.

Most workers at the Newcastle-upon-Tyne con-

ference considered that the corrosion fatigue

and stress corrosion cracking mechanisms were

the same, the only difference between the two

phenomena being the superposition of fatigue in

the former instance. Several described corrosion

fatigue by the equation
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(da\ = (da\
(6)

where the suffixes CF, SCC and F stand for

corrosion fatigue, stress corrosion cracking and

fatigue respectively.

Austen and Mclntyre (46) designate this as the

"Process Competition Model" and give it forms

such as

**) = /da\ /da\
N/CF VdN/ref \dn)

SCC
(7)

The question then arises as to which medium one

should consider to be the reference - air? argon?

or vacuum?

It is very difficult to determine which mech-

anism is operative from the shape of a plot of

crack length versus number of cycles.

One of the standard methods of determining which

mechanism is operative is to measure the acti-

vation energy of the process. This is readily done

from the Arrhenius plot. One problem however is:

where should the crack growth rate, da/dt, be

measured: on the ascendent part of the cycle or

at the peak? Steels appear to fall into two

distinct groups: one at the level appropriate

for lattice diffusion and the second in the

region for grain boundary diffusion.

Results have not y^t been reported for A533B

pressure vessel steel. In high strength steels

(HY80 and HY130 used by the British navy) it has

been noticed that the activation energy increases

as the crack growth rate decreases.
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An energy balance approach to describing the

mechanism of corrosion fatigue proposed by

Cottis and Hutchings (47) was not well received.

This was mainly on the «• rounds of their attem-

pting to perform an energy balance on a system

which is not thermodynamically reversible, such

as the one described: a situation of anodic

dissolution accelerated by a strain activation

mechanism and repassivation. They assumed corro-

sion in all directions at the crack tip and this

should result in deviation of the crack front on

to the plane of maximum shear strain.

One thing that none of those who have considered

which mechanism is operative in corrosion fatigue

have managed to explain is the phenomenon of

crack branching which most workers have reported.

It is more prominant in specimens tested in a PWR

environment than a BWR environment. It might, at

least in part, account for the unusual plateau

which is often observed in PWR data.

f)

Crack branching results in a reduction in the

effective stress intensity. Mechanism models

must also explain why cracking does not propa-

gate sideways.

Attempts to quantify the phenomenon of corro-

sion fatigue of pressure vessel steels in a

nuclear reactor environment, either PWR or BWR,

have not to date succeeded in incorporating all

the parameters which have been shown to in-

fluence the fatigue crack growth rates under

such conditions.
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Amongst other questions that were raised at the

Metals Society conference were:

what influence does the plastic zone
resulting from the precracking have on
crack propagation? What would be the
effect of annealing it out?

are deep-side-grooved specimens valid
for crack propagation measurements
(no reports of such specimens have been
found in the literature for A533B)

crack growth in specimens is not neces-
sarily the same as in real structures,
as a redistribution of the load could
cause AK to remain constant for some
time in a real structure. This is not
the case in the laboratory. It was not
however considered to be realistic to
carry out tests with decreasing AK values

are we saying enough about experimental
techniques?

are net section stresses important?

do some of the plateaus which are reported
arise from changes in the experimental
conditions resulting from interruptions
in the test?

To summarize: it can be said that for reasons

unknown, the results obtained by Kondo and co-

workers of the Japan Atomic Energy Research In-

stitute, and Gerber and Hale and co-workers, of

GE, are comparable, despite the fact that Kondo

has used specimens containing much higher strains

than other workers; Gerber and Hale have used

their own unusual method of registering crack

propagation. They are however different from

the results obtained within the HSST programme,

this programme however is concerned more with

the conditions in PWR nuclear reactors which

have a different chemistry, and therefore it is

perhaps not unexpected that the results are not



STUDSVIK ENERGITEKNIK AB STUDSVIK/MS-78/239 34
1978-08-24

the same as those reported from a BWR environ-

ment. Within the NRC programme WEC and NRL also

have differing results - they currently wonder

if these are attributable to the fact that the

experiments have been started from different

values of AK (30).

None of the data in the literature referred to

in this report have been taken from specimens

which were electrically isolated from the test

I') apparatus. This is one of the features of the

apparatus in Studsvik and other workers are con-

sidering whether they should not also include

#} such details in their facilities.
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*. THE INTERNATIONAL COOPERATIVE GROUP ON

CYCLIC CRACK GROWTH TESTING AND EVALUATION

In conjunction with the 1977 NRC Fifth Reactor

Safety Information Meeting, the initial meeting

of the International Cooperative group on cyclic

crack growth testing and evaluation was held on

November 9, 1977 in Gaithersburg, UFA. To the

meeting were invited all those who vere known to

have an interest in the determination of the

fatigue crack growth of pressure vessel steels

• in nuclear environments. A list of those who

attended is attached as Appendix B.

I ' It became apparent at this initial meeting that

most of the participants did not know what

facilities or programmes the others had. It was

therefore agreed that for the next meeting

everyone would submit a short description of

these, which could then be distributed to the

members. It was also decided that, since sc much

doubt exists concerning testing methods and

evaluation of results, everyone should test

identical specimens, to be provided by the

Electric Power Research Institute {California,

I' USA), with the same parameters.

The short contributions describing facilities

f and programmes are summarised in Table 3. With

regard to Table 3, it should be noted that the

inclusion of a particular material does not

necessarily mean that work has been performed or

is even under way as yet, nor that the results

are available. Some of the European programmes

use European variants of A533B and A508 pressure

vessel steels. These have been denoted as the US

variants for clarity.
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Table 3

Facilities and programmes of the members of the International Cooperative Group on Cyclic
Crack Growth Testing and Evaluation

Laboratory Material Emphasis Test parameters

H
G
O

nzw

z
M

Central Electricity
Research Laboratory
Leatherhead, UK

Japan Atomic
Energy Research
Institute

UK Atomic Energy
Authority
Harwell &
Springfields

Rolls-Royce &
Associates
Derby UK

A533B plate, HAZ

A533B,
304, 316 stainless
steels
base metals & HAZ

A533B, A508-3 plate
A533B welds
316, 321 stainless
steels HAZ
Ducol W30

Low alloy steel plate,
forging and weldments.

Fatigue and stress cor- Waveform, frequency,
rosion problems associ- R-ratio, temperature,
ated with turbine, press- steam/water mixtures
ure vessel boiler tube constant K, AK.

Effect of LWR environment Frequency, R-ratio, Kmax<
on fatigue crack propa-
gation and corrosion fa-
tigue/stress corrosion
cracking interactions
in low alloy and stain-
less steels.

The safety of PWR sys-
tems and SGHWR.

To develop appropriate
growth design curves for
the materials employed
in pressure vessel con-
struction .

AK, ramp rate, hold time,
microstructure, composi-
tion (stainless steel).

Wave form, frequency,
R-ratio, temperature,
starting AK, material
variables, coolant chem-
istry.

Waveform, frequency,
R-ratio, specimen orien-
tation, dAK/da.

*-> CO
vo i-9
-J C
oo a
I CO
o <
00 M

I
00

Centro Informazioni
Studi Esperienze
Milan, Italy

BWR and PWR steels
(programme not yet
underway)

Effect of environment on Temperature, water chem-
fatigue crack propagation istry, rise time, hold
on BWR and PWR steels. time.



Table 3 continued

v
H
G
O
CO
<

Laboratory Material Emphasis Test parameters
M
Zw
g
M
•-3
W

Naval Research
Laboratory
Washington, USA

Babcock & Wilcox
Ohio, USA

A508-2, A533B
plate and welds

Carbon steel,
austenitic steels
A508 HAZ and weld

Environmental factors and Wave form, frequency,
operating conditions af- R-ratio.
fecting fatigue crack
propagation in PWR press-
ure vessel materials.

Effects of environment on Temperature, R-ratio,
the fatigue properties of frequency, water chem-
materials. istry, steam, constant

AK.

Westinghouse
Electric Corporation
USA

Creuson-Loire,
France

Kraftwerk Union
West Germany

A508-2, A533B
plate and welds

A508-3, A533B
SA216
316 stainless steel

A508-2, A533B-1
welds and HAZ

Environmental factors
and operating conditions
affecting fatigue crack
propagation in PWR press-
ure vessel materials.

Fatigue crack propaga-
tion in PWR materials.
Influence of weld de-
fects on fatigue crack
propagation.

Wave form,
R-ratio.

frequency,

Waveform, R-ratio, tem-
perature, irradiation,
frequency, rise time,
PWR water chemistry.

Effect of environment, Frequency, temperature,
including irradiation, on R-ratio, chemical compo-
fatigue crack propå- sition, crack tip chem-
gation in PWR and BWR istry.
systems.

1—'
VO

00
1

o
oo
1

CO
•-9
C
O
CO

M

as
i

oo

to
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Table 3 continued
to
"-3
c
o
CO
M

zw

n
z
H

Laboratory Material Emphasis Test parameters

Material Priifungs
Anstalt,
West Germany

A508, A533B
HAZ (real and simu-
lated) and welds

Effect of PWR and BWR
environment on corrosion
using degraded materials.
Also interaction in clad/
metal interface and the
resulting electric poten-
tial.

Not available.

General Electric
Company, San José,
USA

Studsvik,
Sweden

Australia

Holland

A533-B, A516, A508,
304, 304L stainless
steels, Inconel 600

A533B
304 stainless steel

Environmental factors
and operating con-
ditions affecting
cyclic crack growth on
BWR piping and pressure
vessel steels.

Fundamental studies of
corrosion fatigue in
austenitic stainless
steels in simulated BWR
environment.

Work in progress. No information available.

Work in progress. No information available.

Frequency,
R-ratio.

wave form,

Frequency, temperature, «>
rise time, water chemistry.£{

i
o
oo
I
to

I

I
-o
00
•s.

NJ

V0

00
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At the second meeting (held on May 19, 1978 in

London) the parameters and form of the record

sheet for the round-robin test were agreed upon.

EPRI were to be responsible for the manufacture

and distribution of the specimens. It was hoped

that the tests would have been performed during

May and June, but the specimens were not ready

in time. It was agreed at the meeting that all

participants would try to have one of the two

specimens tested before the third meeting, which

will be held in November 1978.

In order to try and assess the various methods

of evaluating the data produced by different

laboratories a set of data generated by one

laboratory (UKAEA Harwell) were distributed for

evaluation by all the participants. The results

of this effort are also to be presented at the

next meeting, after being analysed by Scott of

Harwell.

D
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T H E M E T A L S S O C I E T Y

CORROSION FATIGUE

17 - 19 April 1978

University of Newcastle-upon-Tyne
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1. The mechanisms of corrosion fatigue and
the role played by electrochemical
processes.
Professor R N Parkins (University of
Newcastle-upon-Tyne).

2. The role of mechanics in corrosion
fatigue.
Dr B Tomkins (UK Atomic Energy Au-
thority, Springfields).

3. Corrosion fatigue in pressure vessel
steels.
Dr P M Scott (Atomic Energy Research
Establishment, Harwell).

4. Corrosion fatigue of offshore struc-
tures .
Dr T Gooch and G S Booth (The Welding
Institute).

Contributed Papers

1. Theoretical models for corrosion fatigue
crack propagation.
R A Cottis and J Hutchings (Fulmer Re-
search Institute, Stoke Poges).

2. Corrosion fatigue on high strength
Al-Zn-Mg-Cu alloys.
A W Bowen (Royal Aircraft Establishment,
Farnbcrough).

3. Influence of grain size and corrosive
environment on the fatigue crack growth
behaviour of age-hardened alloys.
J Lindigkeit, G Terlinde, A Gysler and
G Lutjering (Deutsche Forschungs- und
Versuchsanstalt fiir Luft und Raumfahrt,
Cologne, West Germany).

4. Fracture analysis of exfoliation of an
aluminium alloy.
J C Radon (Imperial College, London).
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6. The corrosion fatigue crack propagation
behaviour of steels and aluminium alloys.
R A Cottis and J Hutchings (Fulmer
Research Institute, Stoke Poges).

7. Stress corrosion cracking of Mg-7 Al
under fluctuating loads.
J T Evans, R A Olieh and R N Parkins
(University of Newcastle-upon-Tyne).

8. Corrosion fatigue of a high strength

f steel in low pressure hydrogen gas.
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9. The effect of aqueous and hydrogen
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10. The influence of initial stress inten-
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in HY type steels.
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J Congleton, I H Craig, B M Denton and
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Attendees at International Meeting on Cyclic Crack Growth
Rate Testing and Evaluation Held on Noventer 9. 1977
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Federal Republic of Germany
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France
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Federal Republic of Germany

General Electric Co.
175 Curtner Avenue
San Jose. CA 95125
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ttrfversftjr of dryland
Department of Mechanical Engineering
College Park. M> 20742

U.K.A.E.A. - Safety and Reliabil i ty
Directorate
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Culcheth, Lancashire, UK
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H. Okamura
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Japan
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U.S. Nuclear Regulatory Commission
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Washington. D.C. 20555

Kraftwerk Union AG
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08520 Erlängen
Federal Republic of Germany

Central Electr icity Research Laboratory
Materials Division
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University of Tokyo
Department of Mechanical Engineering
Bunkyo-ku, Tokyo, Japan
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61101 Nyköping
Sweden
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France
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