
ac? D E M U C a  ACHII.IJ&3

.1 u l l . l l l  u r  s i n .

JolKimii'Mbui % 1 VH(i



M C ' - M A I l C a

I ( t i ' c l n i r  t h a t  t h i s  i l l f K P t r . i t b m  I s  m\ own u n . i i i h d  w n r k ,  * x r r ; ) i  

w h f i f  d u r  r r f f i P i i t ' f  1 s imailr t o  o t h r i s  I t  i s  h r  1 s u h m l t t i d  l e t  

th e  Dey.iPP n f  M.is: r  r  uf S r l r n r r  i n  Knp, ( t i r r i  a t  t h r  U n i  v i-1 s i ( v 

(i I  thm W11 w a : e t  a r i . m l  J o l in u n p s h u r R  I t  ! u s  n o t  b r r n  s u h m j t t e d  

h r f d i r  f u r  ... 4 r p i p p  c i  r x ; i m ln . i t  i n n  I n  i%nv o t l i r r  Uni  v r r s i  ( v

l( (, A  .

KliY UKKKMK ALl l l t . l

'  I ll d„y  o f  A|i r  i I M H I '



ABSTRACI

n( w n  i * |)ui (

. i nunn w h  1'  i i

H i e  i I '  o f  f . i ( l  pu 

I I I Kl 'V y'( e . ' l

"r: ci

(I. ■.!

d.,

Cindr R Class 

* ' f f r r ( s  o f rn v lT o n m o i  

nmp 11 ( udo 1 nad 1 up, a( low (rmi' 

i n i l l c a t p f l  a m . i r k f i l  f i n , u r n ,  v 

Wmirr Rnaotor i-nv 11 oim,, id

r.i^Xoodi loading ( lodoopj t i 

consistentlv hi phri :hnn t ho;r 

c.nii'lucied usinp the spert: im 

c/'dence of tefmidntlon o* del 

crack growth rate. Ar low f : r pi 

the 0.9 R-ratio component ooniill.utnl si^nlflcantlv to ( 

extension. Kracto%%.iphlr ohservat Ions np,re.u| w, 11 w 

observed mairocrntk p-rowili 1 eh.ivl,,n Hvdrotn.n assistrd 

was nfiown to be (he most arc# p(,iWo moo, I foi espl.iinln;; 

crack Rtrowth beliaviout as well as (he ii.nto^i.iphh ob':e 

found In all the tests conducted 1 this sludv

>?

,'l'K



ACKMOWI-KDCKMKNTS

r t u -  , \  p i  t i e i i  ' - ,  , - n  ( I n i s  i .1 .-.m . i n d  ' . ' i , ' f . i n  l I n  j p w i t h

0  I m\  s u p r  l v  i s u i  , 1)1 I H h n  1 11 t h  . i ; .  i 11 ( I u I I v  .1

. . u d  I ) :  K A l . i i !  I : ,  a l s o  y i . H i l r l i ' .  t

1 I n  s s l r . m i  e o f  M i  f  h  H i i k s »  i I :i i  r  i ' .i  n i  o  I ( I n

d e l  u l s  i s  a i k i i D w l e d i u d  c & i  h  ( l , . m k  ^ .

I l i r  f i a . m c i . i l  x u p p o : )  o f  i h , -  A ( o , n t t  I n c i & ' v  C o mmt

I I n  l x  ( a m  e  u  I M ) k * ( D :  t 11- w i t h  l l)% o m p u ( i

.s .iL k n o w  l e d ^ r d  w i H i  I h a n k s  .

I  a  1 s o  v  m l  ( o  ) h . i n k  l . a w n a  S t m n l l  1 ,0 h e  l p a l  1

p i  0 (  e s s  l np_ I h  I H d  I s u e  l I .1 ( i o n  .

K l i i . i l l v ,  1 W o u l d  I l k , -  l o  I I I . i n k  l. i \  1 0 l l e . 1p . n e s  o l



CONTENTS

UKCLAKA1 ION (' i i)

ABSTRACT iili

ACKNOWI.KIXiKMKNTS (iv)

CiiNTKNTS fv)

1 INTRODUCTION 1

1.1 Background and Motivation 1

1 2 Objectives ?

2 LITERATURE REVIEW 4

2.1 Introduction /*

2 2 Factor# Affecting th# Rate of Fatigue Crack

Prnpagat inn 6

2.Z.1 Environment 6

4 2.1 I Anodic Dimaolut inn Meibinl^m 4

2 2.1.2 Hydrogen Fmbr 11 t 1 omen; Mei Imu i :,m 11

'> .1. I Frequency 1 j

2.2.2 I True CorroaIon Fatigue 14

2 . 2 . 2 2  Low Streaa Inien&itv Ia»vr 1 s IS

2.2.2.] Strcaa Corrosion Fatigue lo

2.2.3 Wave Io nn 1 '

2 2.4 Non - Me ( ml 1 i r I m: lus irnm <’ 1

2.3 Variable Amplitude Loading 24

2 1 1  Retardation 2S

2 .3 . 2 Crack Closure MefTuinlsmH 2 7

2.3.2.1 Plasticity Induced Crack Closure 27

7 . 3 2 . 2  Oxide Induced Crack Closure 78

2. 3.7. 3 Rnugbners Induced Clack ( lo o n e  24

2.4 Suramar y V)

3 EXPERIMENTAL SYSTEMS 4 3

3.1 Testing System 4 3

3.1.1 E.S.H. Se rvo ■■ hydrau I i c Tes t I ug Modi 1 ne 43



3 . 1 ?  Computer C.uitiol

3.1.3  Mjci'oi'ompulrr I n l e i h u r  U n i t  / , / ,

3.2 Environmwural Circuit

3 .2.1 PVR Wat rr Pii< u H  /tH

3.2.2 Water Conditioning

3.2.) Rcrlrculatlnx Svstum 'j]

3.2.4 Analytlial Ki;ulpmrn

3.3 Environmental Cell y,

3.4 Crack Length Maaauramant

3.4.1 Rower Supply <)/

3.4.2 Recording Syutem

3.5 Argon Environmental Syat.m

3.6 Summary

4 EXPERIMENTAL PROCEDURES /,

4.1 Material Specification ;;

4.2 Teat Programe&e ;)

4.3 Water Chemlatry Control

4.4 Fatigue Teating

4 '*1 Prefat Igue Clacking /1,

4 4.2 Visual Crack Length Me.isurcment /5

4 4.3 Crack Curvature Cor reef ion /f,

4.4 4 Calibration n| the Fotmti,*! Di„p Irchnhpu- 76

4.5 Computer Control and Data Logging //

4■ 6 Data Reduc:ion Technique ;q

4.? Variable Amplitude f a d i n g  81

4 8 Argon Syatem 82

4.9 Summary pi

5 RESULTS

3.1 Crack Growth Rate Data <;o

 ̂  ̂ 1 ('Unhtant Amplitude UO

^ 1 1 1  Environment 40
) 1 1.2 Frequency 91

5 . 1 . 1 3  Waveform 92

5.1.1.4 High R-lUt h> Tests >) I

J.l 2 Variable Amplltuih' leading qs



.1.2.1 3 llz Ar Ron Trs( q V5

. i . A ; ) Hz I'WK (n' Tesl s V)
1 . 2 . 3 0.3 Hz i'WK Wwipi Ti'St* 96

. 2 F r m c C o g r m p h y 4 6

, 2 . 1 Const ant Am|)l 1 ( udp

. 2 . 1 . 1 10 Hz TVstm 9/

. 2 . 1  2 1 Hz rnsltivr SawiooiH Tests 9/

. 2 1 3 1 Hz Sine Wave Tests 9 8

. 2  4 0.1 Hz Sine Wave Tests 94

2 . 1  .» High k Rat 1o Test s 99
2 . Variihl* Amplitude l.iatllng U J 1

. 2 . 2 . 1 3 Hz Argon Tests 1.01.

3 Hz PVR Water Tests 101
2 ; 3 0.3 Hz PVR W a t M  Test s 102

DISCUSSION 198

6.1 Constant Amplitude 198
6.1 1 Envlronment 198
6.1 1 1 Argon Et'vl ronmnnt 198
6 I 1 ? PVR Water 160

2 Frequency 1 6 3
6.1 ] Waveform 1 (: 7

- - 6.1 High R Ratio ToalN it.y
9 %  6.2 Variable Amplitude Loading i;;

6.2 1 Argon Teats 1 / 7
" M  6.2 2 PVR Water Test a 180

7 CONCLUSIONS '

7 .1 Constant Amplitude 1 8a
1 . Envl roiuarnt 188

/. i ? Frequency 188
/. 1 3 Wrtvt- form ,H4
7.1 /» High X Rat In Teat a 190
7.2 Variable Amplitude Loading 191
;. 2 1 Argon Tests 191
7.7 2 PWR Water Tests 19 1
7.3 Mechanisms 192

|r



/i I

.1.2.1 3 Jz Argon Tost s 

.1.2.7 Hz I'WH Watei TesLM

.1.2.3 V i  H- I’WR Vatff Tests 

.2 Fractography

2 .1 CoTis t mn( Ampl 11 udr 

2 1 1  10 Hz Temtm

.2 1 7  1 Hz Positive Sawtooth Test'

2 1 3 1 Hz Sine Wave Tests

2 1 4  0.1 Hz Sine Wave Tt s(a

2.1.9 High R Ratlo [eat a 

2 2 Variable Amplitude I/iadlng 

2 2 1 3 Hz Argon Testa

2 2 2 3 Hz PWR Water Teats

7 7.3 0.3 Hz PWR Water Teat a

9

9 3 

96 

4 6 

9 / 

9/ 

9 /  

98 

94 

94 

101 

101 

101 

107

DISCUSSION

6.1 Constant Amplitude

4 . 1 1  environment

6 1 1 1  Argon Environment

6 1 1 ? PWR Water

6 1 2  Frequency

6.1.3 Waveform

6 1 4 High R Ratio Testa

6 2 Variable Amplitude Loading

6 2 1 Argon Teat a

6.2.2 PWR Water Teat a

lt.0 

It,3

1 6 / 

:t,9

i

i / / 

180

CONCLUSIONS

7 1  Constant Amplitude

7 . 1 1  environment

2 1 7  Frequency

7 1 1  Waveform

7 1 4  High R-RatIo Tests

7 • 2 Variable Amplitude Loading

7 7.1 Argon Teat s

7.7.2 RWR Water Test s

7.3 Mechanisms

188

188

188

189

1 9 0  

V U

191



8 RECOMMENDATIONS

REFERENCES

APPENDIX



I . I Barkgrnuinl m i d  jiali Y & U . V W

Tho ma(u[y of nutlpai powet ('lootM Is uf ^.iramouni I w p n i i m u r  in 

the pporration of nui''rai fir'ip.v. Aoip/» onfcilmifitp

cases of failure limvr heoo n x ^ n  I eiu %'U, sin li .is Dni'p Mile Isloinl 

and (he discovery, in (he Japanese Cower uK-mons; r / 1 or, Ke.ic for, 

of cracks - #ome of which |ienet rat ed Uirouf,h the liner teaihin^ 

I he base metal. These failures have furussid *r ( er r I on even m/jre 

acutely on the need for safe narration of nuclear power p 1 .in.s 

Til is safety dependm mainly on the 1 nt e%i 1 r / of h m h  the reuc tor 

pressure vessel and the pilmaiv coolant circuit of (he reactor 

system.

During the operation of modern nuclear reactor plants. stringent 

pressure and temperature limitation: for heat up and cool down of 

the reactor coolant system are imposed to provide adequate safety 

margins against the possibility nf Ia(lure of t he # c r r i(i c 

pressure vessel swsterlals. Krarturr mrcharlca is the best 

available science that ran quant 11 u( 1v r 1v a . c i n t  lor the factors 

that influence the true factor of smlcty or d.prre of rellaolllty 

of a slructute. fhls is based on the so railed oefect t o 1crant 

approach. in which the prime cons I d m  at Ion in dictating the 

lifetime of a component is taken as tire tlrre r number of cycles

required to propagate a suhcr11lea 1 iiark 11 an assumed initial

defect size (often taken as the limit of tin in dc.tiiutivc test 

method used) to the critical size where .,1 failure occurs

cat as ( r nhlral ly This appioailr has lien . i-'led In a widely

used procedure for the quantItailve evalu. i defect growth

in hotlr a stable and an unstable manner du :/ rvlce vi;.., the 

ASMP. Boiler and Presaur e Vessel Code, Set . . : . The ASMK-XI 

standard gives code tequlrcmonts (or In s, vr inspection, .rnd 

Appendix A of section XI requires that de ci revealed during

inspection be evaluate' for accident loading conditions as well 

as for fatIgue.



Tnr 'nmmencemeiit of powrr d'*" Koeherp, nuclcmr power

plane lias necessitated a Rieatei understanding In South Africa of 

ihr various factors affeitlnp fatigue traik propagation In 

reactor pressure vessel steels. This understnndlnp, will 

contribute to both the Rsfe operation and "h." efflrien* use of 

the nuclear power station In (hat (lie premature closing down of 

such an Installation for repair can he extremely costly This 

iheals reports on the results of an experimental 'rst programme, 

sponsored by the Atomic Knergv Commission, with the aim of 

investigating the effect of certain start up transients on the 

rate of fatigue crack propagation In the reactor pressure vessel 

steel. These include examining some of the effects of

environment, frequency. waveform and variable amplitude loading 

at low temperature and pressure.

1.2 QblfCLlYf]

Th# aim of th# present study was to develop a testing facility to 

quantify the rate of corrosion f .it 1gue crack propagation in 

reactor pressure vessel steels, under specific conditions that

sisrulate reactor start up transients in the low temperature and

low pressure regime This necessitated the development of the 

following techniques and systems:

(I) the cor,struct Ion of an envlioiment a 1 cell capable of 

maintaining simulated fWR water at temperatures up to QO'C 

while simultaneously accommodating fatigue loading of a 

one inch thick compart tension (IT CT) specimen under

leakproof c n o  it Ions,

(II) facilities for remote yet reliable and accurate crack

length monitoring within such a cell,

(ill i dt- , e 3 opment of a simulated PWR water environment system. 

(This was done by P flicks [ 1 ) ) ,
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2 LITERATURE REVIfW

? . I Intioducllou

Duiinp rfreTit y«aim Nvs(rni.«(l(' 

propaRAtlon 1" steel# huvr l.d u,  ̂

ihe relative e!lerT s oi those m$ 

vmrinhlea whlvh rontrul the iat* o| 

Such an umtermtandinR has hern de\ 

t.l\e us ̂  if f % Lure merhaulcs.

r ul r i)!. i (,u f a t I ̂ ue < r/i' k 

an Impii'vcd unde: standing of 

net hanl' al and env 1 ronm# nt a 1 

)| cniioslo.i laii^ue damage 

"joyed lyumtltuLlvely tliroUgh

It Is well known that * at 1 yue ciark yjowt I't itself (I.e. pure 

mechanical fatigue eifnets) can lie Uoscilhed in fraclute 

mechanic* term* since the rate of iattRuc track Rruwtli per cycle, 

da/dN. Is uniipiely governed hv tlie cyclic range of stress 

intensity, AK, see Ritchie [2) inr example. The typical 

sigmoidal fatigue crack growth behaviour exhibiting essentially 

three separate regions is illustrated sclu mat really in Figure 2.1 

where the principal feature* are

(a) the existence of threshold at res 1nt e n s 11 y rang* ^rh'
below which crack* do ni t me. 

fatigue cycles, typically 10' ,

;urably propagate during numy

(b) tho termination of stable fatigue crack growth when K*,%

in _ho cycle readies K , . I e tho onset o( un*tahle last 

fracture.

(c) a substantia] region of behaviour he!ween t lie exr rcmcs of 

(a) and (h) which may he described by the Carls - K.idogan 

(1| growth law,

!lu - 'XAtn"

where C and m are material constant.-



The r n h m i r r m r n l  o l  r i f i r k  p / o w t h  i ; , ( c  , lu r  to  ( l ie

e n v i r o n m e n t  hHR i c o e l v e d  murl,  n r t ' - n t l o n  ( . . , w  ( o r  r x . i m ^ l e  t h r  NACF

conference on Cuiinslnn KHtl^ur. I'*/,'). Complex fti»f|urnrY nnd 

rempermture dependent oimck growth hrluivltMir hns heen found for 

mquenua envlronmenls resulting In cli.nqpH in hotli C and m In the 

Parls-EidogAn equation.

Stress corrosion crack &iuwth In a xraTir..]ly loaded stiuctuie is 

caused h/ the conjoint action ol (lie chemical end mechanical 

processes at the track tip In a sust opt Ihle mlrrostrurtw,. The 

highest stress Intensity l.ictu; value at whiih suhct 11 leal 

(stable crack growth hefoie the onset of last l.illute) crack 

gtnwih does not occur in a material loaded statically in an 

aggressive environment Is designated K j wl ich represent ,i

threshold stress Intensity value I or stress corrosion cracking 

(SCC) . This (hresliold stress intensity for stress r.orToslon, 

^Iscc' provides an importanr sepaiat ion point between what are 

now known to be distinctly different forms of corrosion fatigue 

behaviour (4-8). It is convenient to teler to these as "True 

Corrosion Fatigue" anu Stress Corrosion Fatigue" and thes^ may 

be defined thus

True Corrosion Fatigue iTC H  . identifies the behaviour where 

fatigue crack growth rates are enhanced by the p m  nee of an 

aggressive environment through a synergistic action of cot rosI on 

and cyclic loading This is "below K;,,cr" behaviour and 

applies to materials whrte t lie peak c rack tip stress intensity 

dors not exceed

Stress C o n oslon Fatlgup (Si:K) : des, rib,'* curroslou under

fatigue conditions which occurs whenever the stress In'ensity in 

the cycle Is above 1 " "above behavlout.

The dlffeiences between true corrosion fatigue and fatigue in an 

inert environment may be characterised by different values of the 

intercept C and exponent m of the Pat Is Krdogan equal 1 on The 

slope m may be such that ihe stialght line portions of tho inert 

and aggressive curves may converge. diverge or be parallel 

(figure ?.?a). Stress corrosion fatigue behaviour for materials
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which do nol exhibit cnvinmmrnl;,! ruliniKfrnciiL until 

Is reached is shown In Klp.mc ?.yh. This imuy he ch.iiacuulsod hy 

Lhe [ormatlon of a growth rate )late;,u. i.e. crack Ricwt.h rate 

la inaenslLive to AK level. The most common type ol behaviour 

pertains to maierlal-envlronment system? which exhibit stress 

corrosion fatigue above the «'"(l also true corrosion

fatigue at all stress intensity values. Such behaviour Is shown 

in Figure ^ .? c .

2 2 Factors Attectlun the Rate of ImLltue Cutik l'TA'pagnl ior, 

2.2.1. Environment

Corroalon fatigue is a generic term that describes the response 

of a material to the combined actions of cyclic loading and 

environmental effects Previously, coirosion fatigue was most 

often used to describe the failure of muterials under cyclic 

loading in overtly corrosive environments, such as salt water, 

high temperature gases and those pievalent in chemical processing 

applications. Corrosion fatigue can he extended to fatigue in 

ordinary air, where, although ovcit e n n n s i u n  is considered to be 

of little consequence, there is still a measurable effect of the 

environment.

Environments employed in the labor.#! ot y con be listed in three 

groups:

a) Non-aggressive dry envi ronm* nt s (vacuum, argon, 

nitrogen).

b) Mildly aggressive enviionmrnt m (humid air, distilled

c) Significantly aggressive electiolytic londitions (salt 

water)

In an aggressive environment 1s t Igue crack growth should he 

axpocled to consist of at least the environment attack, which is 

time-dependent, and the fatigue damage which Is cycle dependent.



DeppnUciue on Lime Implies n fiequerty ef(er(. This efferr w,;s 

cleatly demonslraLed fot mildly mp^resslve environment#

(9.10.11.1^,1')! . An exam tie Is shown In Kly.ure 7 .1 vhlch 

poritays the crack growth rute as a hu:c'lon oF ihe water v/.pour 

pressure and sup,Rests a slpmnldal relntlon with a satu.ntlon at 

higher pressure levels. Kutthcrinuie (he ahrupt transition in 

Fatigue cracl; growth rate is clearly d r p m d r n t  on lictjuoncy.

Environmental elferts on fatigue r m c k  gK.wlh exhibit a (tndincy 

to diminish and ultimately vanish at high values It 1# 

generally supposed that Fatigue crack growth at high AK values j# 

primarily a matter of ley*. I Ic) plasticity and consequently 

environmental conditions should therefore he less significant.

Recently more attention has heeu focussed on the environmental 

Fatigue crack growth behaviour of reactor ptersure vessel (RPV) 

steels in light water reactor (L W R ) envtiormcnts (If,,15,16.1/]. 

Dufresne (17] has studied the effects of accidental deterioration 

of tha high purity water used in reactors A bibliography of 

Incidents affecting the chemical charac t e r 1st If s of the reactor 

coolant in a PWR environment Indicated that the frequency of 

these incidents was very low, because unlike the sreuudarv 

avstem. th# primary coolant system does not have the risk of a 

raw water Intake to the condensers since Its pleasure is much 

higher. The only pollution occur*Ing In practice Is produced by 

th# demineralisat Ion system and is general 1v caused by chlorides

[in.

Extrapolating from an analysis of the abnormal occurrences 

encountered during operation in PWR plants. the following out of 

specification incursions lor tho reactot coolant were anticipated 

for the 25 year-service of a 1*WR pnwei plant:

4 chloride Incursions with a maximum level of 0.80 ppm 

mainly during power opirat Io n ,

2 oxygon incursions with a maximum level of 2.5 ppm 

during startup periods (temp "-llhrc),
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1 oxygen Inruralon with m maxlimum level ol 0 ? ppm 

ilurlnR (.pcimtion outslJe Riaitup periods,

J iucurmtons due to pollut|(,n other tlmn ('hlorld,^ or 

oxygen, mainly due to lluoildes or sodium during a 

mLailuo p"ilod.

A crack growth trat ptogranume was per I»imnd hy hulresnr [1/j 

under the tnllowlng conditions

non-polluied water,

10 ppm chloride,

10 ppm m o d l u m .

3 ppm oxygen,

I ppm ovygen and 10 ppm c h l o i i d e ,

3 ppm oxygen a.id 14 ppm chloride.

This programme produced the (ollow'ng main result* (Figure 2.6). 

In the abaence of oxygen, aodlum or chloride concentrations of 

about 10 ppm do not significantly affect fatigue crack growth 

behaviour in the PWR environment. Oxygen concent rat Ions of 3 ppm 

led to an increase In the crack growth rate (compared to the 

nominal environment) by about an order of magnitude at low values 

of AK (-20 M P a / m ) ; with increasing 6K level the extent of 

Increased crack growth is reduced. The simultaneous presence of 

chloride and oxygen (Cl concentration : 10 lo 14 ppm, 0^

concentration: 1 to 3 ppm) led to fatigue crack giowlh rates

similar to those recorded in oxygenated I'WR water.

Two mechanisms, dissolution controlled and hydrogen-induced, have 

been suggested Lo explain environmentally enhan ed crack growth

In simulated light water react or environments | 18 2 8 | . In the

first, mechanism the crack growth is controlled by anodic 

dissolution of the metal at the crack tip, while in tho second 

the physical separation of t lie metal matrix at t he vrack tip is
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asslslcd by liydroRfn rnibiltilriBcn;. Ko(h driirnd on iho Ram*, imie 

ilcieimlning viz , Lu;)luif rl 'Up nxlJ(: film a( Uie

crack tl|), and ihls makna It difficult tu dlfffinnilato Ijctwren 

them experlmrntally |I8).

2. 2.1.1 Anodic UlasulnLlon Mriftmil&m

In a dlsaolullon mfchantsm (Kigutr 2.9; ill*, rnvlroiunrntml 

contflbullon lo cracking Involves mcial dlss^ilutloi) at the crack 

tip which la anodic In nalute. This mechanism has hreu explained 

by a number of models, viz ,

I) 11 lo Site Dimaolullou. M'iU&i I" model, crack growth
by anodic metal dissolution at the crack rip occurs as a 

result of the »uptur* ol an oiheiwlse piotecl've sut face 

film by the erne gent dislocations.

ii) Stream Sorutlon Model here, there is adaorptlon of the

surface active apocles onto Die exposed surface at tlie crack

tip and Dila results in a reduction of the fracture stress.

ill) Britt e F11& Rupture Model In this particular case crack

growli la caused by the repealed formation and rupluie of

the brittle film which Is growing Into the metal at m e  

crack tip.

Dolg and Flewltt [1%] stressed the Iwpoitance of the local

environment chemistry and mechanical conditions which pievall

locally at the crack tip. W e a l  I zed cor.os ion In crevices and 

pits result in the development of chemical and elect roi.icmlcal 

differences between the occluded corrosion cell and the hulk 

environment. The tip of n growing coirosion (allgue crack iu 

electrochemically dlfI <- rent 11om t hr crack and bulk material 

surfacea in that localized plasticity presents a film free

surface to the environment which 1ntinduces a galvanic

contribution to t lie overall corrosion c e l l .

Crack geometry and length are important in rout tolIing t he 

localization of the chemical enviionmcnl within lhe crack and
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I h m c h y  ihe elrcLrorliPmlcAl roiidltlnns n( tlir crnrk (i|) wlUrh 

determine the environmental (onlilhutlun to the overall ciarl; 

growth klnetlis. Here the <r.i(k velocity derteaseR with 

lncieasln% crack length fot a ronstmit a^illed Rtrems intensity 

as the rrmtk lip !PRlon heeomes mote remote from the Influence of 

the free surface and hulk e nvliom 'tit The main difference 

between the static and eye 1ic load conditions, as far as solution 

chemistry Is concerned. Is that cyclic loadiiiR may produce 

solution mixing and renewal hy the pumping action of the ciack. 

Also the electrode reactions, partliulat 1v crack tip dissolution, 

may occur only d m i n g  part of (he fatigue cycle such that the 

steady slate conditions are not established

Enhanced crack tip dissolution occurs when the local dynamic 

strain and electrochemical conditions are sufficient to maintain 

the crack tip region free fiom a protective oxide film During 

fatigue loading the dynamic strain, conditions for enhanced 

anodic dissolution may be reproduced by the fatigue loading 

cycle. Thus, enhanced growth may be promoted In other 

environments and at sttess Intensity levels below those required 

for stress corrosion cracking hut only duting that part of the 

load cycle for which critical local strain rate and environment 

condition# exist Thus the proport I on of the loading cycle over 

which theme conditions are satis!led will depend on load 

frequency, amplitude, mean load and cycle shape. At higher 

frequencies the corrosion reartIons at a crack tip have little 

time to contribute to the mechanical crack advance which occurs 

with each fat Igue cycle and environmental enhancement nf c.ack 

growth under these conditions is negligible. This s 

particularly true for high K values where (he solution chemlstiy 

within the crack achieves a pseudo equilibrium with sufficient 

time for diffuslonml processes to smooth any composition or 

potential differences :esul( Ing from ciack tip electrochemical 

reactions. As the test frequency and strain rates decrease, hoth 

the corrosion and the d 1fI us Iona1 processes become more 

s IgnlfI cant with 1onger ope ratlonal tI m e . T h u s , e nv1ronmental 

changes may occur at the ciack tip duilng the fatigue cycle 

which, in turn, influence tho range of strain rates over which 

enhanced anodic dissolution may o c c u r .
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ihrrehy (hm elortrochrmlcml K m d l t l o n R  wl. Tlir rrnck ti;, wlHch 

drtrrmiiiw dif cnvliuiimrnlml conlrilHMluu (» (lie overall n o c k  

growth klnptlrm. Here (he (:ark vrloclty decreaseR with 

Increasing crack length fo. a constant applied at terns intensity 

ms the crack tip region h e m m e s  more remote liom the Influence of 

the free murlace and bulk environment The main difference 

between the static and eye 1Ic load conditions, as far as solution 

chemistry la concerned. Is that cyclic loading may produce 

solution mixing and renewal hy the pumping action of tha crack. 

Also the electrode reactions, partIculaily track tip dissolution, 

may occur only during part of the fatigue ry,le such that the 

steady state conditions are not established

Enhanced crack tip dissolution occurs when the local dynamic 

strain and electrochemical conditions are sufficient to maintain 

die crack lip r e g l m  free from a protective oxide film. During 

fatigue loading the dynamic strain iunlit ions for enhanced 

anodic dissolution may he reproduced hy the fatigue loading 

cycle Thus. e n h m c e d  growth may he promoted in other 

environments and at s t > , ;.v.,* 11 y levels below those resulted

for stress corrosion cracking hut only during that part of the 

load cycle (or which critical loial strain rate and environment 

conditions exist Thus the proportion of the loading cycle over 

which these conditions are satlslled will depend on load 

f requeuev. amplitude, mean load and eyele shape. A: higher

frequencies the corrosion reactions at a crack lip have little 

lime to contribute to the mechanical crack advance which occurs 

with each fat igue cycle and e n v 1ronment a 1 enhancement of crack 

growth under these conditions Is negligible. This Is 

particularly true for high R % a lues where t he solution chemist ry 

within the crack achieves a pseudo e q u l 1IbrIum with sufficient 

time for diflus Iona 1 processes to smooth any compos it ion or

pot ent I a 1 difference?? resulting from r rack tip electrochemical

react Ions As the test frequency and strain rates decrease, both

the corrosion and the diflus Iona I processes become more

significant with longer ope rat Lonal time. Thus, environmental 

changes may occur at the ciack tip during the fatigue cycle

which, in turn, influence the range of strain rates over which 

enhanced anodic dissolution may o c c u r .



7.2 1.2 MvdiPZfiL

In the hvji ii mcrluinlsm, (Kly/m; the

riivirnnm*»ncal & n:-'" t * riAikuiR Invulvea )iy<lf(;g*'n nloms

Inside he mei.i (hetphy li'HiUn# lu sump form of m.iteilal 

degradtlon. flydroKPu mny rutri ilii' mnleiial from *x(prn«l 

envfionmenta s m h  as hyilro^rn niimiiniun fiom phyul and 

chemlsorptlon of R a s m u s  hvdioy,rn, nr l a H m d i c  producljou of 

hydroRfn a(oios In af|urnus e n v l i o i w i r s  SrvriHl modfls have bpen 

opomed Lo explain Lhl* mo< haul mm v l % ;

1) Presaure Model Tills Is as a result of the pressure huild 

up In internal voids of molecular hydrogen.

U )  Decohemlon Model Here hydrogen causes a decohesion of the 
metal lattice

ill) Stfemm Sorption Model Admotpt ion of liydrogen reduces the 

surface energy and honce the fracture stress is much 

reduced

lv) W c a m t a  rich Miasc (I.C llYdrldc) In this model hydrogen

r e a d s  with s o w  compositional elements to form a hi itt le 

hydrogen rich phase.

Hydrogen affected plastic deformation This involves the 

transportation of hydrogen lo tho aieas of maximum stress 

trlaxlallly and w x i m u m  dilation.

Ihe most important issue. Insofar as It relates Lo 

phenomenological understanding of load envi:onment interac tions, 

appears to be the Identification of the rate controlling process 

lor environment assisted crack growth Ihe possible si';ueutlal 

pi oresses involved in environment ass Ist rd crack growth are 

Illustrated schematically In figure 2 /  for a ferrous alloy 
exposed to a hydrogenous gas (29).

Unlike the anodic dissolution mechanism, fraclography has in

many cases produced definite evidence to Indicate that the 

hydiogeu embr i t t1emont mechan I am is ope rat Ive. Corros ion f at igue



mud stress corrosion rrnckiug !,|m( imons under cathodlr 

polarisation exlilhlted slwllai features such as fan shaped facets 

that wcie usually associated with mangnuctc sulphide inclusions. 

Bulloch and huchauan (IS] In ( h d i  study showed that the 

appearance of these fan-shaped facets at low nK levels can ho 

aaaoclatad wiih the Initial envi:onment a 1 acceleration in cyclic 

crack growth rale. Also, such features wire markedly reduced at 

the plateau velocity .md at post plateau growth rates. The 

correlation of (heae fan r' aped features with envi rnnmeut .illy 

aaalaled growth nehavlour has heen recently reported hy a number 

of Investigators (IS,20,21,21] hut the fact that they are usually 

associated wiln manganese sulphide inclusions shows t hut ihe 

inclusion level could he an impoit ant f act m  in cor I os I on fatigue 

behaviour. Wilson (25) showed that the type II MnS Inclusions 

increased the fatigue crack growth behaviour of SA 531 B steel in 

air Since these inclusion formations act as planes of weakness 

due to th# decohesion at the steel inclusion interfaces, this 

decohesion appeared to take place without much difficulty or 

resistance at the Interface at all AK levels

It has recently been desicnalrated (70] that in a PWk environment 

manganese sulphides readily dissolve to fotm soluble sulphide 

species (H^s, H5 . 5^ ) and therefore inclusions can have

a greater effect on fatigue behaviour In a water envi ronment than 

in air (24). Tire fraclographlc results presented hy Bulloch and 

Buchanan (15) suggest that the inn shaped facets do not result 

from a simple mechanical effect associated with Inclusions, hut 

that a store likely reason 1 s t he 1 oca 1 alteration in t he water 

chemistry at the crack tip (hat results liom the dissolution nf 

the MnS inclusions in a w. tor environment This localized change 

In crack tip water chemistry results it an "nvlronmont which Is 

aggressive enough at tin start of the test to cause fan-shaped 

facets due to II^S preventing the iecomh1nalIon of atomic 

hydrogen and thus morn hydrogen can cuter (he metal matrix. 

However, as the test progresses the ciack tip water chemistry 

becomes less aggressive, mm a result ol the pumping art ion of I he 

crack, and the extent of environmro ify enhanced crack growth is 
much reduced.
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RecenC workcrm |̂ fi| Imvc nhsi'ivcd i!wi( wlicn irilinncmd ^rowt.U traies 

weiP r h y n v o d  (hr fia('(ur,rn|«}iy Irmn A mnlrily ducillc

striated structure ('ontflnliiK Ncime ml(ruv(,lds to one of Almost 

entliely m l c r n v o M  inAlesceiire It was su^^ested that (lie 

transition (row the mainly ductile stile ,d surf nee to on,, of

almost entirely dimpled ru^tuie (ml(tovo|(l.) wns telated tu &

local variation In test conditions nuu/oi tl,r onset of rtnp.e III 

growth. However, It Is ;w,ssihlc that (he oif irrnce of 

mlrrovolds and concomitant enviionment ally assisted fatigue (/rack 

growth. could tesult 1rom a hydrogen assisted crac klnR mechanism 

similar ; o that dlscuased hy Penclnm (//I

2.2 2 frequency

The effects of frequency on fatigue crack ^lowth behaviour have 

been Investigated over a wide ian%e of frequencies In weveral 

envirmusents end in vatlous m a t n l a l s ,  v l r . , high and medium 

strength steels (9,10,In,28,29,30), aluminium alloys (6,31),

stainless st els 132] and t11 anlum allova. (6.7). It was 

reported that accel it I on of the I at igue crack growth rate 

occurred and that the magnitude of this acceleration is 

frequency, environment. material and stress Intensity dependent. 

That is. the magnitude of the env1 1onment a 1 acceleration can be 

Increased or decreased subst ant I a 11y hv chinglng one of these 

parameters. The effect of frequency will uuw he discussed under 

the following headings.

(I) True Corrosion Fatigue.

(II) Low Stress Intensity levels ,iud

(III) Stress C m i o s l n n  Kat gue 

? -  ? 1 True Co r rosion lot l&\ic

ll I* generally accepted that lot steels and nt medium 

frequencies (I.e. l-2(X) Hz). the futlgue crack growth r.'e is



t ndvpt-ndctH of 1 t vquency in n 11 . An up|K-i bound giowth law, for 

SA b 1 ̂ B 1 c o H e c t e d  both in all and icarior water environment at 

vailous Irequ .rleq. Is presented In Appendix A to Section XI of 

the ASME Code (Figu'n 2.A). This curve is Intended as a 

inference curve I oi t he est Imat Ion ol t he growl Ii which ;i f law 

deiected during Inspection would c x p n l o n c e  during the 

t <.)! t hcoming period oi service.

In *.n "aggremslve" enviionment. howevei, theie Is an Increase In 

the rate of fatigue ciack giowth with a decieasm in frequency. 

Also, at higher frequencies the track giowth rate Is essentially 

the same as in air. thus the enviionnw nt ham a negligible effect 

on the fatigue crack growth rate. Ihis cun he explained In terms 

of tha idea proposed hy Barsom ('i j that corrosion fatigue crack 

propagation below is an unstable equilibrium process due

to a balance between two opposing mechanisms. One process Is due 

to environmental attack, which etvhauc*s fatigue crack propagation 

ratei compared to an Inert environment, bur which disappears at 

vorv high frequencies or last loading rates when there is 

' sufficient time for environment a 1 it t ark The other competing 

locemm viz . oxide layer formation, wnlch leaults in a reduction 

in the environmental compiuent of crack propagation, controls the 

crack giowth rate at very low fiequenclea The magnitude of the 

effect of cyclic frequency depends strongly on the environmental- 

material system.

Atkinson and Llndley (10 j ohsetved that under constant AK and 

K,nnx conditions. there was a very p' onuunced peak in the da/dN 

vs. frequency nlot for Fn S6C and SA SI) B 1 (Figure 2.9). There 

existed a critical frequency (f^. |;) at which maximum

envIronmenta I attack occurred, I .e he t ween 0 0 1  and 0.1 H z ,

while below f (. r ̂ f the fat I gue ci at k pi oagat ion rat e decreased 

as the testing frequency was lowered Dal a on k.n56b revealed

that: the critical frequency I nc leased with incre.u ing

temperature. Cerber et ml (lA) t c t l n g  SA 508 cl2 found (hat

lowering the frequency from 0.1/ to 0.01/ cpm (0.0061/ lo

0.00061/ Hz) in a Bolling Wat er Reactor (BWk) environment caused 

0,1!'/ a small Inc rease in the growth rate This result suggest s 

tlo.t. in tills c a s e , the effect of frequency may saturate at low 

y levels Bamford | H )  found that the crack growth rate



increases wl'h cvi llc ir.iclU;,^ 4 maximum
a c c p l n a l L o u  at a frciurnry l)«'twr«'ii 0.1 ;m,l l.U «p,n (0 OOlf,/ .nxi

(..M.) lf;/ Hz).

?. 2 . .  2 Low a%11.y_.Lcy.tls ,Mi:Ui. 6 / 1±yyJji 1

KaClRue crack ^rowtli U.ita (oi SA S M  n I Ly Karis pf ,,i

[34) in Klgurc / ''1 sppms (n su^^i-st tint (hr flirrsh-ild stipss 

inteitaliy factor, is u n a l h c t r d  by anupuus cuvlimuatn.L.

Similarly data by S^rldt'l rt al [(,) s u ^ p s t s  (lint AX,. . lor 

a h m l n l u m  mixi mm^npsl\um alloys, Is also '-sscntial y uoallectrd by 

various uqurous euvirnumputs. Howuv«'i, to establish AK,, wltliln 

a reasonable test lime, these dat.i we'e ob' iluud at faitly hi^h 

cyclic freqi.ancles. Since at hl^li i i eqociu ies (lie environment 

ha* significantly less el feet on the late ol 1 at I %ue ciack yjowt.h

below Ki^fc- the invariaiue of at high cyclic

frequencies in aggi essive envi i oiument s Is not sui ;ir i s ing .

Limited data relitlng to the eflect of cyclic frequency on AK,u 

in aqueous environments has been obtained fo; various steels with 

some »hat surprising results Cunt I a v to wliat might be expected, 

viz , a lowering (f A K ,^ with a lowering of frequency, Barsom

(3")) found that for A314 steels tested at 0 2 Hz In 3% sodium

chloride solution. the A K , | ,  level was about 12 MPa/m which was

about double the A K , v a l u e  irrnrdcd In air at ambient 

temperatures Buccl and Dona Id ( lb] observed that t lie

environmental" AK, in a 2DU grade maiaging steel forging was 

h 1gher than that in a Ir and cone 1uded ! hat salt water appeared to 

pi oduce an inhibiting e (feet on !a t1guc c racking a ( very 1ow AK 

levels. Paris et al [ iA | al so uiseivrd that t lie threshold sttess 

Intensity of SA S H  Crade B 0 1 ass I steel in dist i I led w„ t e i was

greater than t ha t established in ait eI ambient temperature.

Atkinson and Llndley (10) found that at l„- ^20 MPaym) and low

f requon y (I II/.) the c rack re t ai da I I on effect illustrated in 

figure 2.11 was observed in SASII R 1 duilng a constant AK step. 

Ihe fat I rue crack growlh iat e was initially faster than an 

equivalent test, in air, but gtadually w lowed down and eventually 

ciack arrest ocrutrcd after about Imm of fatigue track growth In 

an air environment f or the various steels tested, thr thresliold



(AK,u). Is ln(lc|)ri)Ll*'n( of cyclic lic(|urucy. Since nR^rrsslve 

environmental effects nu latlRiie cr^ck growth decreHse wich 

increasing frei|nency, the cnrrnslun fatlgne at very high

frequencies would have a value close to that of fatigue In air 

n Lest can theiefore he lonsrlv cons dered as a corrosion

fatigue test at extremely low frequency because with decreasing 

teat frequency the actual threshold condition approaches the 

Kl.cr " 1 " "

Hence, the value of the envlt onment a l 1y assisted AK.» at

intermediate cyclic frequencies muse he greater than AX,;, for air 

and lees than the value of for the environment material

ayatem under consideration. Baaed on the preceding observations, 

a schematic representation of the corrosion fatigue behaviour of 

steels subjected to different frequencies has been constructed, 

as shown In Figure 2.12 (3/)

The rate of corrosion fatigue crack growth above K* ^ must be 

greater than the rate be low Kj because whenever the 

stagnltude of the maximum stress intensity factor In a given cycle 

becomes greater than , the rate of corrosion fatigue crack

growth should be accelerated by stress corrosion cracking Based 

on the assumption that above the fatigue crack growth In

an aggressive environment is enhanced by the same magnitude as 

that for crack growth under sustained loads, Wei and Ijuwles {3Bj 

developed a 1 Inear summation mode I to predict the corrosion 

behaviour above for high strength steels

his model can be used for making quantitative estimates of (he

effects of cyclic loading variables (such ms ( r e q u e m y  , wave I m m

and stress ratio) on environment-enhanced fatigue c rack growth 

for certain a 1loy envlronment systems
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da 1
dN j'l

lH thlm modrl. llim (uUil rulioslou f.i(lp,up rra'k %tuwlh imLt: 

(dm/dN)?. Is (unsldert'd to Ur (he sum of two rom^oiMiits. viz., 

one represent the rate of fatl^ur (i.*ik growth In fi. inerl

envlronmenL, mnd Huotfiei ((UMernlng the stress

corrosion (All^ue ctnck growth rate component, whe;e (da/dN;

Is the stress cotroslon cimik p.iowth late computed hy Inte^ialion 

of the rat* of sustained load (rack growth. (da/dt), 

corresponding to the loud profi e, K\t', over one cycle of

loading. The effects of frequency and other loading variables 

are incorporated through the load profile, K(t) (i e. ihe 

v a r ! lIon of the crack tip stress inteuwlty factor K over one 

loading eyel e ) .

following the original formulation of the model, compaiIsons were 

made with available experimental data on an IB Nl(250) maraging

steel tested in dry (dehumidified) hydro g e n . and the samv medium

carbon, low alloy, high sliength sttels tested in distilled water 

and In dehumidified gaseous envlronmenta ( )8|. As shown in 

Figure 2. ' 1 tfiese comparisons allowed that this superposition

model essentially predicted the effect of frequency. Thus, it can 

be seen from Figure 7 .13 that as the f m p i c n c y  decreases the rate 

of crack propagation increased. Caution has to he exeiclsvd when 

using the model since there aie difinlte limitations. Such

limitations Include 'he fact that it Is only applicable for 

stress corrosion fatigue since It Is assumed that tlw

envlronakental contribution to (racking arises solely Iron,

sustained load stress rortosluu cracking

2-2.3 Waveform

Available data indicates that (he environmental effects on the 

rate of fatigue crack growth in corrosion fatigue hclow 

is highly dependent on t he shape of the cyclic st resr wave 

( 8 . 10, 39 4 | | This dependent e , as shown by Ba t son! | )9]( is

da
UN

da
dN
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i l l u s i m t c d  (hp J l f l c n u c n  hciwcou fallRui' m n c k  ^ruwL)

rale (j;Un (or ];'Ni ''Cl )Mo Ktrrl In ;n, /imhlruL ^1*

environment (h.f.urr ^.l i) mid in n 1* ;:olullon ol sodlun rhlurld* 

(Klp,":e / r*) undei Rinusold.il lo m U n R .  trimiy;ulfji lofidln^, wnd 

s^ujrn loadlny. at a liPtjurnry of 6 rpm (0.1 11%). All ll.e 

corrosion iMLl^up tests vote cundnriod nn idintiral speclmi'ns, in 

the same hulk envlionwont. and at the same maximum and minimum 

loads. and thus, the effort of the evrllr waveform on corrosion 

fat 1 Rue hehavioui he low K| was olit a 1 nod l)y direct comparison 

between the crack growth tales per cycle

The data presented in Kl%uio / lo shows that the fatigue crack 

growth behaviour in a room temperature air environment is 

identical under the various stress fluctuation# and ta 

essentially independent of frequency Also the data in Figure 

2 15 Illustrates that crack growth rates In the sodium chloride 

environment under sinusoidal and triangular stress fluctuations 

are almost Identical. viz . at constant frequency, the 

environment increased the crack growth rate by the same amount 

under sinusoidal stress fluctuations as under triangular slrets 

fluctuations. However. these particular data also show that 

environmental effeels were negligible when the steel was 

subjected to a square wave stress fluctuation Corrosion fatigue 

crack growth behaviour, under square wave loading tested in a 

sodium chloride envlionmenl, was essentially similar Io that in 

the absence of environmental ffects.

The apparent immunity of the li'Ni 'il'r iMo steel to the 

environment under square wave sticaa fluctuation does not reflect 

an inherent Immunity of this alloy to the environment, since 

crack growth rates in tills pert icular nlloy increased for both 

the sinusoidal and trlanglar waveforms Ilium, much Immunity to 

environmental affect* must reilect significant differences in the 

manner to which the stress changes in each cycle. By 

establishing the sinusoidal cyclic frequency that would result in 

the same environmental effects on the r; e of fatigue c rack 

growth. Barsom i V> ] showed that the rnv1 1onment a I effects on 

fluctuations occur pr imar1 Iy while the material at the ct ark tip 

is being plastically de formed Corrosion fatigue data obtained 

below K j S(.(., using square waves with different dwell times at
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mnxlmum mml imliilnmni lu .n l f , ,  f x h l h i i r d  nn c n v i K x i m c N  a l  e f f e c t s  n t  

r o u s t n n t  t r u s l l e  s t i e s s e s

The dffferenves h,twr»'n I'UviionincntM) ellrtts (lurln# inrtc.isiu^ 

tensile lumd and drcri'HsIn;; (ensile lead .ite (learly understood 

when the corrosion fa:l^ue data ohtoinod under tiian^ujar loadiuR 

nre compared with (he appiopiinte data ohtained under post tIve 

and negative sawtouth waves (ihese or#' (lie first mud second 

halves of the (ilangular wave lor it) ftue romperisuus In

corrosion fatigue hehavlour mrc those made hetweiu rycjlr stress 

fluctulationa with translen: stresses that are eipia) in rate and 

duration.

The data showed (hat (he corrosion fatigue crack growth rates 

determined with hot h negative sawtooth and square waveforms were 

the same as the fatigue crack growth rate determined in air. The 

environmental effect in this particular case depends on the 

waveform, with the negative sawtooth and tire square waveform

lesls exhibiting no envlronsient a 1 effects. The corrosion fatigue 

crack growth rates determined with sinusoidal, triangular and 

positive sawtooth cyclic stress fluctuations were identical, hut 

were three limes hlghei than fatigue crack growth data determined 

in air; thus the envlrotjsetd significantly affected fatigue crack 

growth behaviour. furthermore, because the envi ronisent si effect 

increased (he rate of fatigue crack growth below K, g. by the

same askounl for both t ho triangular and positive sawtooth

wavefotms, the corrosive processes w n o  only operative during the 

tensile portion of the fatigue cycle

It is Interesting to note t h;&( while these phenomena were found 

for the l?Ni-3(lrlMo - sodium chloride solution svstem they do 

not necessarily apply to all material environment Hystcmn. This 

was demonslrat.ed by fatigue rra,k giowth data (or /d/S T6 

aluminium alloys tested In malt water at 0.1 Hz undci sinusoidal, 

square wave, positive sawtooth, and negative sawtooth loading 

which showed crack giowth behaviour v n y  similar to that

presented lor Ihe l?Ni Vlr-lMo maraging steel in salt water (42).

Atkinson and l.lndley |1U) wotklug on XA^J1-B1 ln3/,%Nat:l 

solution and distilled wut-*r I omul similar results to those
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observed hy Baisom Tlicy mlso found thnf at very slow

slraln rates brlow a (rftlral f i e m u m y ,  passive

111m lormatiou icartlon Is (lioup,l»t to Inhlhli the corrosion 

process Involved In stioss coiioslon n ^ c k l u R .  and at vciy fnst 

strain rntrs only pure mechanical fatigue .ffectK are observed 

It was also pointed nut (hat constant load (Increasing AK* tests 

may lead to different clack Riowth t.ites from constant AK 

conditions, pattlrularly at low testing frequencies, when the 

crack tip profile mav progressively rhanRo dirluR a test due to 

dissolution controlled bluutluR. which may differ between 

constant and steadily Ini leasing K conditions.

Austen and Walker [8] Invest(RatInR (fie effects of cyclic 

wavetorm on true corrosion I at I%ue at sttcss ratio. K - U .1, and 

stress corrosion fatigue K - U.8 found a significant waveform 

effect. This study was pet f m m r d  in 1 ')t NaCl solution at a 

frequency of 4 Hz However, fatigue crack growth data lot /0/5 

T651 aluminium alloy tested at l./S Hz in distilled water showed 

no significant difference In the crack growth behaviour under 

positive and negative loadings (4j| In true corrosion fatigue, 

sinusoidal and positive sawtooth wavefotms produced rates of 

growth 50% faster than those obtained in a i r . A triangular 

waveform produced identical rates to those In air whilst square 

waves and negative sawtooth waveforms gave crack growth rates 

that were 20% slower than those obtained In air The s tt ess 

corrosion fatigue data also (all Into two groups. In this case 

square wave, sine wave and negative sawtooth data exhibit good 

comsmnallty Inasmuch as they show plateau growth rates of about

2.2 x 10 * mm/ryrle whereas positive sawtooth and triangular 

waveforms both give plateau rales that ar* about S0% * iowe:

The fact that the rates of crack growth In I S% NaCl solution lor 

square wave and negative sawtooth trie less than those In air 

but for a trlmngulat waveform arc the same as In alt is

attributed to crrck tip blunting by genetal coircsiv* attack. In

stream cortoslon fatigue the behaviour (or ttlangulmr, positive

sawtooth and negative sawtooth wave lot ms would be expected to be 

Identical However, the results are again attributed to

blunt lug, probably a.: a no.equence of ml * : obranchI ng
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Amzallag cC al |41) condutlpd uo SA"))) HI ,md cl]

plfpls (sul|)liui lovcla 0.01) anil 0.00V iCKpix lively) In two TWR 

rnvlroiimenls viz.. 788"C (H) hai )nessnir) mnd )00"C (1A0 hmi

pipssuie) at K-rmtlnm nl 0.^ nnd 0 6. In [lie t ;ise n! the

material rontalnlnR 0.011$ sulphur with K - 0.^ a alKniflrant

(llfterence appeared between the results ul the tests carried out

with (he triangular and sinusoidal wav*- lot m s . The triangular

waveform gave a typical at t alglil line I'm Is law type fatigue

behaviour while the sinusoidal wave 1uim gave envlionwcnially 

assisted plateau behaviour 1 e . an Initial ;apld i n n  rase of the 

growth rale with AK level followed by a plateau where giowth late

is insensitive to AK level In the case of ; lie tests r a n  led out

or, the material containing U .OhV* sulphut with R - O.b, the 

result.* obtained with sinusoidal and tilangular w a v c f m m s  ate 

similar yielding Paris law type behaviour i.e. no environmentally 

assisted crack growth

It is interesting to note that Bulloch and Buchanan [15|

performed almost identical tests In terms oi material,

environment, waveform. R ratio and sulphur content and obtained

identical results for the low R ratio tests at the same

frequencies. however, at high R ratio in PVR envlronment these

workers observed significant environmental enhancement for

sinusoidal waveform. Both Amzallag tt al |/,1) and Bulloch and 

Buchanan [l b ) Interpret their results In terms of sulphur content 

in the steel. Amzallag attributed his findings to tlie bulk 

sulphur content saying that the alnuLoldal waveform Is more 

detrimental than triangular wave f ot m for (he maleilal having the 

highest sulphur content. Bulloch, however, explained his

findings in terms of size, type and dlstilbullon of MnS

inclusions and lias recently piesented strong f t act (graphic 

evidence (IS) in support of his argument.

? . 2 . 4

Iti his review paper , Ritchie [ 2 | , di scusKed t he ef feet ol non - 

metallic Inclusion content on near (hrow h o 1d fatigue liehavlour of 

ft m< d i um strength pear I 11 1 < tail h t e«* 1 . 11 was f ound that ,

whereas decreasing the volume fraction of Inclusions (sulphide



stringers and oxide tyre) led to maiknd I m l e a s e s  In (he Intlgue 

or endurance limit. no systematic effect was observed on the 

value of die threwhnlu AK^,. However. ot!ier studies |^b] m, (),« 

lnlluet\ce of eeImaklng practice on the somewhat higher fatigue 

crack propagation rates in a nucleat pressure vessel steel, SA 

B, have mhown that t lie ahsence of elongated type 11 MnS 

Inclusions and "galaxies" of alumina 1 nr 1uslcns by calcium 

treating or electroslag remeltlng resulted In a sign 11 1# ant 

Improvement In llie Isotropy of fatigue rrack growth hehavioui and 

lower overall growth rates

Craig (23) noted in a recent study of tin resistance of tempered 

4130 type steels to hydrogen assisted cracking that (eitain 

characteristic features were present on the fraclu'e surface. 

The fracture murface displayed numerous regions of flat fracture 

in which was centrally located one or mure non metallic 

Inclusions. These Inclusions were either singular compounds such 

as MnS or AlgO], r r a complex composition. Other features 

common to these H a l  fracture regions are ridges radiating from 

^he inclusion toward the periphery of tlie zone and the smooth 

brittle appearance of the zone Itself at higher magnification. 

It was concluded (23) that hydrogen tiapped at inclusion si Lem 

will aid In crack propagation when a ctack is initiated at or In 

an Inclusion, once sufficient strains have been realised. 

Hydrogen concentrated around the inclusion near the crack tip 

could then Induce brittle crack growth by piomnting lo:;s of 

cohesion.

Other workers (44) Investigated the effect of inclusion volume 

fraction and oriental Ion on hydrogen assisted cracking In two 

medium carbon steels ol similar chemical compositions, hut 

containing different sulphur contenta. The crack growth 

behaviour of the lower sulphur steel (S - 0.018%) indicated that 

of the oriental Ions exhibited the growth behaviour 

character iscic of hydrogen assisted cracking, namely a K 
independent St age II and a steeply fall lug s(age I. The result s 

of the higher sulphur steel (S - 0. V>t) tested at the same 

strength and in I he same environment revealed t he same trends as 

the low sulphur steel hut with a wider spread In stage II giowth 

rates and more pronounced anisotropy in threshold values



KracLoRiaphlc o u m i n . i t h m  li'Vrmlcd r v i d r m r  (if (Icrnhcsluii (hr

Inilusloil m.itrix InU'llfiirs. li w.r; Ui.it (lip

ir.rvhmnlsm «»l m.illix Reparation wna (handed to a predominantly 

uuasi ('leava&e modi*, ami (li.it the potential f m  environmental 

at Lack I g ^reateKl when t lie 1 m  lualona lmv« the major axes 

orlenlmd parallel to the dliocllon of iraeK growth Cleat ly an 

elongated aulplilde I m  luNlon oriented at tight angle* to the 

crack front will (duse a more p r o n o u m e d  change in the local 

water chemistry than one lying pet pendiinlar to the crack front. 

The Inclusion InlLlated aernnddiy cr.ickx were observed to develop 

at distances f m m  t fie crack tip which were considerably in « xcess 

of tire plain strain plastic zone size These seronUdr v cracks 

were only observed to be associated with clusters of closely 

spaced Inclusions The stirs* fields from the adjacent

inclusions can Interact l p r o d u c e  an extensive area of sit ess 

Intensification As the internal pte&sure continues to increase 

sudden bursts of crack growth occur Thus hydrogen assisted 

cracking occurs if there is, (1) a sufficient availability of 

hyorogen at high activity and til) if inclusions are sufficiently 

closely spaced. Clearly therefore, it does not necessarily depend 

on the volus&e fraction of sulphur. These r o n d o s  ions wetc in 

direct contrast to those of Aaizal I ng rt nl [&1 ) who conducted 

fatigue tests on two casta of SA b13B with differing hulk sulphur 

levels and found that the crack growth rate in a rWR e n v 1inmsent 

was greater in the hlglier sulphur steel. They therefore 

concluded that the increased crack gtnwth i.ite mav he attilbuted 

to the bulk sulphur content.

Bulloch and Buchanan, (l b ) while studying the crack giowth 

behaviour of SA b j 1 in PWR water a 1*n ohseived environmentally 

enhanced crack growth fractogiapl&lc rvidvuce produced by these 

workats Indicated that the Incidence of hilttle fan shaped facets 

which are usually associated with nun metallic MnS Inclusions can 

be related to local environmentally enhanced crack growth.

J ^ .IdiuLLu*

Since the majority of engineering c u m p m e n t s  In service are
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( o  v . u l n h l  

H m n  consr^uK mn 

h&t iw. P (»( pp* Intll 

Uitlfuic rwirk

lllm.c. '.(in (uiim (u lamlum 

.mtu InfiJluy,. ;in of (|,n

i It,.ids mid bl'u k |n/idiu^ sm|'ii iKrs mi 

Is rl".iily t,l |H,itl|r;il sl^nlfl,.inti'

J M s s  I ( .11 i v  . n | ';n  li ( i ik t  ii ( n l  v , i : I ;il, 1«' mM(' I 11 n d n  I n o d  I up, In

f a t i g u e  d e s i g n  I s  t o  use ( l i e  l%i Imgi mi  M i n n  r r  I a t i m is h  I ), , wlu.r e 

( u i  a hndy s u ! ) | e ( ' l e d  ( "  n ,  numlmr o( i v r l i ' ;  n ( d l l l n m i i  

st i ess amplitude Ax' ̂ . vl ( h I- I in k.

H tlie numhei uf «. V( 1 rs to tallure had mil the stiess 

amplitudes been ot magnliudi Ao ̂ . This a p p roach, which Is 

utilized tor tut ml 1 1 i e ))i«'dlctlmi and thus includes both ci auk 

initiation mud cr.. k propagation stages, predicts that the cycles 

to failure will be decreased i i a single large positive overload 

is applied duting rt nstant amplitude (Vcllng. H o wever. as shown 

schematiially in H g u r e  2.16. the el feet of such an uvetload on 

Mode I crack propagation tales is to Initially retard ciack 

growth. sometimes to the point ol mi test, and thus to 1 nriease 

the propagation 1i1e . Hence It Is apparent that t hr practical 

application ol lUuer's tule to crack propagation behaviour under 

varioble loading may be inappropriate.

for craik growth studies, however, the above apptoach can he used 

fur nrrio^ hand random loading wheir r m h  cvcle does not diflrr 

signlllcautly (rom its ptedecessoi. Heie Interaction effects can

be considered am; 

cycle caubem the 

appi1cd ms pmt t of 

L.omd bat.d loading,, 

been est Immt ed or

11 and 11 la ie,i% 

same amount ol uia 

m SP(|uen( «» of runs 

on the o her hand 

the basis that th

ranges m e  constant at the' 

average fatigue ciark giowth i

nahle to aHsume that each

k extension ms i( it wete

ant amplitude loads. for

cvcllc ciack extension has 

load, or Kiioss intensity, 

can sip wire value. Thus (ho 

cycle is given by;
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wherm A mud n are ronmf mnfs miul

mliwe loading a* :|unnra I n( mra%' [ I on f f lai t a are

relevant for broad hand loading, t hiw prnredure 

conaervatlva predict Iona for Mode I -'rac k advm.ire

often yield#

2 . 3 . 1  R « [ # [ i k t l B n

Several Inveatlgatora [65 68) have obeerved that the application 

of a mingle poaltlve overload of auffl«lent magnitude (generally 

50% of the bamcllne load range) can result In #1gnlfleantly 

retarded crack growth over a crack length Increment which I# of 

the order of. or greater than th* overload plmmtlc zone mlze, 

whereupon crack growth rate# return to their original haaellne 

level. It ha# been ahovn (65,69) that crack# overloaded in thl# 

faehlon #wy totally arreet wliere the effective atree# intensity 

range actually experienced at the crack tip 1# reduced below 

AK^h However, the onset of the retardation or crack arrest 

often doe# not coincide wl h the actual overload cycle but is 

delayed until the crack ha# grown some distance Into the overload 

pl(stic zone (so-called delayed retardation) (66,67,68.50).

For frlly reversed overload cyrlrs. the application of an 

underload prior to a single over 1 rad dura not appear to have much 

effect on subsequent retardation, whereas an under Ioad following 

an overload tends to mitigate I he retardation effect (69) M o c k  

loading sequences (68,69,51) are also known to produce large 

transient effects on fatigue c rack growth behaviour. For 

example, high - low block loading sequences, whete the stress or 

stress Intensity range la reduced 1rom one constant level to a 

lower o n e , can result in an initial ret ardat ion (or crack art eat) 

which Is slgnl f I cant 1 y great er t Imn for an equivalent, s ingle 
overload.



Srvrtnl models li.ivn heen ndv.n,, ed in ex;)|.#in (he ('henomeonu u( 

crack growth tel,mint luu. In those models atirlhuio die

delay hehavioui (r leslduai s(ie!.;x.'; I '/], (rack (i|i hlunLiii^ 

/)3] or fatigue rratk closuie concern; I'dj. Uf di*' v.uious 

hvpolhetlcal mechaulsms Introduced, none ,is yet has heeu 

conclusively shown to yield a ttue Minhaulsiic rationale to (he 

observed fall&ue crack growth hehiviuui lolluwlrg an o/erload.

However, several ol these mechanisms h.we been successful 1y used 

to empirically model tetatded ( rack %iuwth behaviour. Suresli er 

al [54] in a recent analysis of dir p o s t o v e r l o a d  rri..rdailon 

effecl suggest ed that duilng die ovetload cycle, the crack (ip 

profile becomes blunted often with one or two 4'" in such cracks 

subsequently emanating from (be tip ion the plane of maximum 

shear mlress). The reduction in e f l c t l v r  stress intensity range 

resulting ftom this blunted end branched crack, coupled with the 

fact that the crack is now piopagaiin/, into the compressive 

residual stress field from the overload plastic zone, acts to 

retard crack growth to near threshold levels and in certain cases 

causes arrest. furthermore. the retardation can be enhanced 

during the Initial post overload region because the crack ir 

experiencing effective stress Intensity ranges in the near- 

threshold regime such that the piucoss of crack advance heccmes 

influenced by additional crack closure mechanisms. Specifically, 

the branched swrphology of the overloaded crack together with (he 

single shear taceted nature of d.r snb^cpiont crack growth can 

promote significant roughness induced cr.nk closure, evident by 

severe abrasion between the (tack faros in (he post overloaded 

Zone. 1 ( was also no( rd (hat (In' stretch zone i « i.:t ed a( the 

application of the overload was free ( i , I -1 t-.ion marks, wl; i i h 

suggested that the 1. if lai blunting ol tire crack tin minimized 

the effect of plasticity Induced crack closure In the subsequent 

retardation in crack growth. Similar arguments involving crack 

tip blunting and branch Ing, realduaI c ompt e s ^ 1vr stress, and 

(rack closure me chan I sms have been advanced o rationalise 

transient crack growth behaviour following spectrum and block 
loading sequences.
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2. i.2 tlLack..iU..05Ur£_]1(u;hfmU;ms

m  th e  n nm lys i 's  n ( f . i r i R U i -  n a r k  | ) i n p m f , n l l o n  so f a r .  in  

Che m s a u m p lh m  Chat ( l i e  l u l l  n! AK, ro n iM nfMl on ih u  h n s i s

^mmx " K | * ln  m r r H o d  lo a d s  and  c r a c k  l m i% i h

m *a # u r  Aei\(.m. i s  m v m i lm h le  ms che  n o m in a l  d r i v i n g  f o r c e  f o r  c r a c k  

Clp  e x r e n s i o n  H o w e v e r .  s o o u l d  p h y s i c a l  conCmtC b e tw e e n  Che

m a c in g  cra%ik sut f a c e s  o c c u r  p o s i t i v e  l o a d s  d m  i ng  t h e  f a c i g u e  

c y c l e  as  a l e s u l t  o f  ( l i e  l o c a l  de I o i  mm i I on and  f r ^ c c u r e  

p r o c e s s e s ,  C h is  d t l v i n g  f o r c e  w o u ld  he e f f e c t i v e l y  l i m i t e d  a t  Che 

c r a c k  t i p .  K l h e r  [ b i j  was one o f th e  f i i s t  i n  d e v e l o p i n g  Chis  

c o n c e p t  I n  h i s  p r o p o s a l  o f  f a t i g u e  c r a c k  r 1o s u : e .

2 3 2 . 1  P l a s i l c l l Y  I n d n c r d  Cia%:k C l o s u m

P l a s C i c I c y  i n d u c e d  c r a c k  c l o s u r e  r a n  he c o n s i d e r e d  Co w  c u r  f r o m  

i n t e r f e r e n c e  b e tw e e n  c r a c k  s u r f a c e s  i n  th e  wake  o f  t h e  c r a c k  C l p ,  

a r i s i n g  f r o m  Che c o n s C r a i n l  o f  s u r r o u n d i n g  i l a s t i c  m a t e r i a l  on  

Che r e s i d u a l  s t r e t c h  i n  m a t e r i a l  e le m e n t s  p r e v i o u s l y  p l a s t i c a l l y  

s t r s i n e d  a t  d i e  t i p  T h i s  p r o c e s s  i s  a I d e u  by  ( h e  f a c t  t h a t  Che 

c r a c k  i s  g r o w i n g  i n t o  i  r e v e r s e d  p l a s t i c  zone  i n  s h l c h  a s l a t e  o f

r e s i d u a l  c o m p r e s s i v e  s t r e s s  ex  I a t  & ( f i g u r e  2 1 / ) .  S in c e  Che

c r a c k  c a n n o t  p r o p a g a t e  w h i l s t  I t  r e m a i n s  c l o s e d ,  Che n e t  e f f e c t  

r f  t h i s  c l o s u r e  i s  t o  r e d u c e  t h e  n o m i n a l  s t r e s s  i n t e n s i t y  r a n g e ,  

AK. to  some l o w e r  e f f e c t i v e  v a l u e  AK^,. ; a c t u a l  I  v e x p e r i e n c e d  

a t  che c r a c k  t i p . i . e . ,

AK -  K * a x  - K g , , ,  (n o  c l o s u r e )

AK> f f  ~  K ,i,flx " K r 1 f w l ( h  c l n K U i e )

w hore  i s  th e  s l i e s s  I n t e n s i t y  ( u  c l o s e  t h e  c r a c k  l . e  c r a i k

t i p  no l o n g e r  u n d e r  t e n s i l e  s t r e s s  )

I h i s  phenomenon was e f f e c t i v e l y  d e m o n s t r a t e d  by K lh e r  [ S 1 1 f o r

c i a c k  p i o p m g n t 1 on a t  I t lg h  s t r e s s  i n ( u n s i  t i e s  i n  a lu m i n i u m  a l l o y s

b y  m o u n t i n g  s u r i a c e  s t r a i n  gauges  of v e r y  s m a l l  ga uge  l e n g t h  a t

t h e  t i p s  o f  f a t i g u e  c r a c k s  The r e s u l t i n g  e 1 " • f ; c c o m p l i a n c e
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curves a: :chema(lrmlly Illustrated in KlRuie /.IR where it is

apparent that a specimen conlalnluK a lwil%ue crack cl length, a, 

initially behaves" am if no crack were present before following 

the expect*d compliance slope lor a physically open flaw of the 

same length. The transition point in tnls curve thus defines the 

physical closing (or opening) load and hence the value of . 

Subsequently, other experimental measurements of closure loads 

have been perfotmed using crack mouth opening gauges ( h b -') / ] , 

strain gauges (58-60) and electric potential measurements |5/j, 

although the data ate nol always totally consistent when compared 

between different procedures.

One of the smre serious objections |61] to this concept Is that 

the stagnltude of plasticity Induced closure If highest under 

essentially plan# stress conditions, yet in thin sheet specimens 

where such conditions of plane stress often exist, mean stress 

effects are generally minimal. Fuithetmore. the major 1 m l u e n c e  

of mean stress is usually found at the ultra low growth rates 

associated with near threshold fntigre, where Invariably plane 

strain conditions are present R e m n t l y  experiments . compliance 

measurements [ 61 j on near - ( hre?.hol d cracks have cot.firmed that 

very significant effects of closure are present in plcne attain, 

although it Is difficult to explain these effects solely fn terms 

of the plasticity arguments ol Elber (51). Accordingly, several 

other mechanisms of crack closure have been identified based on 

the role of crack surface corrosion deposits and fracture surface 

roug.meas. These closure mechanisms are specifically relevant to 

the near-threshold regime, since it is principally here that the 

size scales of the debris and the roughness of the fracture 

surface Is comparable to the crack tip opening displacements.

?.) 2.2 Qxld# I n d u c e d . C m K W L U i a i m :

The origin of oxide Induced crack closure arises from the fact 

that during near threshold i at i gue v i m  k propagation al low load 

ratios in moist environments, corrosion deposits of a thickness 

comparable with the size ol crack tip opening displacements can 

build up near the crack tip, thus providing a mechanism for 

enhanced closure such t hat the crack becomes "wedged" closed at



- -

stress intensities nhove Surh (,xlde films are thl(kened

at Clip low load ratios by a m n h a n l s m  of "fretiloR oxidation" 

[V,]. i.e a continual bremkln# and teloimln^ of tfif oxide scale 

behind the rr.n'k tip due to the "smashing" to^etlimr of the crack 

surfaces as a result, of plasticity Induced closure. For example, 

in lower strength steels tested In moist alt at R - 0.0'), oxide 

^11ms have been observed near AK^^ witlt a maximum thickness 

some 20-40 times larger than the limiting thickness of films 

formed naturally on met mllograph1ra 11y polished samples exposed 

to the same environment for similar periods Since the formation 

of enhanced crack surface oxide deposits Is far less predominant 

in dry, oxygen free environments. at high load ratio., (where

plasticity induced closure effects are minimal) and in higher

strength materials (where fretting oxidation is less effective), 

the resulting concept uf oxide induced crack closure provides an 

attractive explanation for many of the somewhat surprising 

at tects (the decrease in threshold value when test atmosphere was 

changed from air to hydrogen) of mlc rust rue t uie and enviionment 

on near threshold behaviour.

2 3.2.3 Roughness Induced Crack Closure

A  further mechanism of crack closure is that induced by fracture 

surface roughness or morphology (Figure 2.1/). Such roughness - 

Induced closure can arise where the size scale of the fracture 

sut face roughness is compaiable to ciack tip opening

displacements and where significant Mode II displacements exist, 

such that the crack can become wedged closed at discrete contact 

points along the crack faces. l.lkc oxide Induced closure. this 

mechanism is most prevalent at low stress Inteusit. ranges where 

maximum plastic zone sizes are typically smaller than

mlcroatructural dimensions In this regime. crack advance

proceeds via a single shear mechanism, with assoc fated Mode I and 

Mode II displacements, resulting in serrated fracture paths which 

obviously enhance the closure ef feci . Such roughness induced 

closure provides an important routiihutIon Io the to Ie of 

mlcroslruclure in Influencing nee- threshold crack growth and in 

fact has wide significance to a large range of engineering 

materials ( e g  titanium „1loys which form little oxide debris).
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For cXHmple, with lempcrl (u thr wnil known ol)urrvntlons [^| ol

Improved near ihieshold rrark gtnwth irslslniM'e In coarser 

grained materials, coarse mlcroHtrwrturos tend piunmf,. rougher 

fracCure owrplmloglea, and furlhei delay the transit ion from a 

serrated (single shea*) to a more plana:' (alternating or 

simultaneous shear) fracture surf ace * o higher AK values, when 

r , the plastic zone size. Is approximately equal to the 

grain size. As a result coarse mlc * ost * u, t ures will promote more 

closure such that the effective AK values will he lower, at the

same nominal AK, than In line* grained microstructures This

explanation :s entirely consistent with the fact that at high 

load ratios whe e closure effects are m inimal, the effect of 

grain size on near threshold behavluu* Is markedly reduced

Both oxide Induced and roughness Induced crack closure mechanisms 

predominate at near threshold levels nut It is worth no:ing that 

their effect Is not necessarily unique to this regime.

2 Sumnmijf

Thl* chapter reviews some of the available literature for

corrosion fatigue crack propagation in mot a l a . Attention was 

focussed on some specific factors which have been shown to affect 

th# rat# of fatigue crack propagation viz., environment,

frequency, waveform and non metallic inclusions. Special 

emphasis was placed on the mechanisms hy which environmentally 

assisted crack propagation occurs l.e hydrogen assisted cracking 

and anodic dissolution models. The effects of variable amplitude 

loading on fatigue crack propagation were also considered. The 

observed phenomenon of ret ardat I on of t ,i«* f at I gue crack growth 

following overload cycles In such cycles has been shown to arise 

primarily due to crack cInsure
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3 I B a l i *

] l i L &.U. Ic»Llti& HitvMnc

ffNtlrg wan cmrrlmJ nut mi a h()kN m p m t l t y  K . 3 H . gwrvo-

hydiaullc teetin^ ma r h l n m . In thl« KYNtrm dim load &ennratfd by

:b# hydiaulic actuator la mpaaured hy a wtraln %au%e dynawmM'ter 

or load cell In aarlem with the 5i*M InH-n. Thr *1 ̂ nal from the 

load cell la amplified and compared In a differencial amplifier 

with the dm: 1 red algnal obtained from (lie data input . . output

nf the differential amplifier la 1 1anaml11 ed (a a mervo valve 

whl'-h rontrolt the actuutor. Tlila ay*tem (hum form* a (lo*ed»

loop control rlrculi (Figure 3 . U  Hie loop may alao be 

completed ualn* a dlmplacement transducer signal or a strain 

pauge aignal from the mpeiI men Iua(emd of f m m  the luad cell, If 
d e#1 red.

A very important advantage of theae m*culi\e* 1m the versatility 

of th# myatem regarding the Input signal whiih can he accepted 

Virtually any analog algna) , for example, from a 1 u:\ct Ion 

generator, random nolae genfrmtnr, magnet ir tapf or computrr, can 

b# uaed am Input T h u a , not only constant amplitude waveform# or 

mlmple block prngranawa hut HI mo iandnm ^nv*fn%ms, much as actual 

aervlce recorded mtrem;* hi at nr I e a , can he accumnmdmted In 

partliular, load tranale t a typical wf PWH at ar( up or ahui diwn 

:ouid be employed Specimens nr m m p t u e n t s  rf apeclflr m.ilprlalm 

ran therefore he auhjectml to m m h  mt,i e r«H 1 I N( 1c fatigue t cat 1 ig 

than la poaaihle In ronveutInnal mnchlnra

In this pro)pvt a w a v o f nun gi-m-i ai or waa used which could 

genmraf e thi Input algnal for (hr cyclic testa. It could 

genera(r different waveluima vlr , NInusoI dm I, pea 11 1vc and

negative sawtooth aa we 1 I aw g'pia i ** w«i vi- f <> i ms a t f rcipinic lea 

ranglng from 0.0] Hz to ')0 II?.. Sluusoidnl anti positive sawtooth 

wave forma at (re^vumr i e-s of 0.1, 1 and 10 Hz wt- r r cmplr yod In the



j . i . ? laimwuiai-CBniivl

many n* d m  Inmta wrie ol 

appioxImHtfly (wo weckn (" 

(hrsr rps(» be cu*yu(ei (01,1 

wai mchlevmd with (he use #,f

(iMiwlimi. iHvnryigm durn(lori 

Me mondi), I( Wfis that

riled In (lit- (MPSeiK «(uily (hi* 

Coiunwdurf l'o : *i v rocomput < r .

The Com puter  madn i t  p o m s i h l e  t u  V L » in i " )  i h r  (P N t s  u.^inR thv.' 

f u n r t l o n  g e n e r a t o r  ( o  p e n e r m t f  l l i r  In p u i  s i g n a l  o f Utu H ' ( | u i r e U  

w av e fo rm  atwl a t  t h e  c o i r e i t  f r « ' i ; u e i n y  The i n p u t  o l% nnl w i s  (h e n  

r e l a y e d  (h r o u & h  an  I n t e r f a c e  u n i t  t o  ( h e  LSI! l e a t l n R  m n c l i l n e . 

T h i s  wms mimul tm ne oum ly  c m  i  I f d  o u l  w l i i l e  Lhu com puLer  vns  

m o n i t o r i n g  th e  f e e d b a c k  lomil  * i % n d l  irnim (h e  ESH ( c s l i n g  mnc li ine  

t h r o u g h  t h e  i n t e r f a c e  u n l i  0 (  h e r  f  u n c i  i o n s  p o r f  nrTmed b y  th e  

c o m p u te r  e i t h e r  i n d e p e n d e n t  1v oi  j i m u l t a n e n u e l y  i n c l u d e d ;  c y c l e  

m o n i t o r i n g .  c r a c k  l e n g t h  m o n i t o r i n g  and  d n t a  l o g g i n g  i n  ( l i e  fo rm  

o f  b o t h  a c o n k - a n t  p r i n t  ouL am w e l l  am d a t a  s t o r a g e  on  d i s k .

Am a remult of design conm(r*lnt> of the interlace unit it warn 

not pomalbl# to carry oit computrr controlled temlm us lug (hr 

wa\e(oim generator for low frenurncy testm. This restriction warn 

ov-rcome 1 using the computer noi only to control the test but 

also in ^enermte the wave' orm mlgnal at tlie appropriate 

f requei.i . .. Thlm. however, m/mn( (ha( crack length monitoring 

could no. b- doir ronmtf:.ily and a imu 1 ( anenum ly with the fntigue 

teat In mome ' em (In# did no( piove to be a merioua

remtrlctlon, mince fai#c"e tea( ing w, » *tnpp*-d y  t.iat the crack 

length could be menmured after which te&( .ip, WH* re i»ed

3 1 3  Microcomputer I," eilavc

The microcompitter Interface unit ni ovldew tin i utr r f ace between 

the analog input and output signals linm the testing machinr to 

the microcomputer. The vmtioum modules Incorporated in tho 

testing system are smnm/ir isfd ovc: Iraf , and t !u- f u n d  Ion and 

( perat Ion of each dev I cr i h thc*n (uliv dot ml led



time Llwu D." e w e

AUC 12 HCII An»l(iR l» ilt*l t, 
convri(mr

Hensuremriit nf HiwtltY, 

vultm^rr M o m  transducer*

51:12 51g n a 1 Cundi t l u n ^ r U e u M  ml ion and prucesslng 

of mumlo% vul(a^cs

A mtmn v a l u e  ul  v o l t a g e .

The  a m p l i t u d e  o f e x t e r n a l  

v o l t a g e  l a  chan&ei l

D i g i t a l  t o  a n a l o g  

converter

C r n e ' , *  ' (  a n a l o g

v o l t m g e a  . , r  g e n e r a l  

p\*ipose use

Towvi svip;)ly Tower surlily for m*xl\ les

T I M ^ Timer and bus 

fermluator

T u i m l n a t l o n  b o a r d  l o t  

I n t n  f a r e  u n i t s ,  cum bin ed  

w i t h  a c y c l e  c o u n t e r

A 12 b i  L ADC w l l l i  8 d i f f e r e n t i a l  i n v u t  c h a n n r l w  and c o n t a i n i n g  a 

p ro g ra m m a b le  g a i n  I n s l n u s e n f a l f o n  nmpl I f I r r  ( I \ ; I A )  was u s t d  i n  

t h l *  w o r k .

I h e  g a i n  o [  Ll%e A D C IZ A U M  ( wn be  met u n d « r  s o f t w a r e  c o n t r o l  i n

t h e  r«n%,.  I , ? , *  . . . .  2 * ....................H U 4 .  Tha  » M l U n g  t l m *  f o r  Lh«

d l t i e i e n l  g a i n #  i a  a u t o m a t i c a l l y  1n c i r a m e d  aw th e  g a I u  goes  I r o n  

1 l o  1024 t o  e n s u r e  r e l i a b l e  r ^ s u l  t w H o w e v e r ,  ( l i e  meaauremen*  

c l  v e r y  low  v o l t a g e s  i s  i n h e r e n t l y  (H onp t o  nrro% s , due  to  n o i s r ,  

e a r t h  l o o p * ,  e t c .



The I n p u t  o t  ( h e  A lk : l7 - B C U  ha s  L r r u  to  p i t , v j U c  A

c h o l ' e  o f  d l t f r i r n ' l w l  l i n u K  r h m m r l s .  Hie i l l f l c u u t l a l  (u |m (A  

m llo w  v u r y  good nu lm e i r j c c t l o n  t o  h r  i r a l | : , p ( j .

In order (o enahle A mlr i o r u m y K p i  (o ^erlnim complex luiK'Nons 

It %uat alao h* mklm t n provide mu au.ilo^ ,,o' u( (h.i( inn h«« urt

1.y aoftwAr*. Tli# normml coutiol hcijtifuc*' w*, _.d (hen be (Iwt the 

ADC 12 8CM load nr dlsplA/cmcnt, wheieaftei the

microcomputer calculAi## a new coulrol output which Is finally 

uaed to drlv# th# teating machine t h m u g h  the aignal conditioning 

module. Thim module contains two digital to analog convtiiers 

which, in combination, ahould b* mble Io periorm the majority of 

tamka required In control applirationa.

The 12 bit SC12 i# provided with an input and output and peiloima 

the following basic (unctions

1 An analog output can bo opf'-mtmd by the microcomputer In the 

rang# 10.0 to 9.995V 1 r i taprcl 1 vp of thr SU1 ̂  input.

2. Any conmtant or changing voltage in the range +10 to -IHV can 

b# #uppli#d to the SC12'* Input, which I# then attenuated by 

the microcomputer and the result provided at thr outpu' 

aocket.

J The function# I and 2 can almn be gummed, henc# providing any 

combination of 1 and ? above ml thr output. The output must 

remain in the range of *10 to -l UV, however.

A typical example of an appllr.it Ion of the SCI? I a the 

conditioning of a alne wnve with mu output of 20V peak to peak, 

which la fed into the SCl2'a Input mockit. The micioromputrr la

able to vary the amplitude and mfan * omponrutg and produce it at

the SCI 2's out put mocket.



DACB ACM

A fnur chmnnrl 8 Mil to ( u n v n l n  (UAC)

ihr Input voltmRe f»r ''niiMhlc [x,wrr rrlmy upci.itlon

etc. No inlerlare machine rmlr suitw,%)i" Is rfijulred as BASIC 

slAtemeulm can be used diirctly I »i H hi I l n t M  fairs.

ra

Th* power supply provide* *10 mud * ?0V potent i#l9 to ih* modules 

which contmin their own regul^t ora A special *wlLchinp myslem 

har been devised wtiich prevents «n already wwltrhed on unit 

switching Itself on a*aln after a power failure. This ia a 

safety precaution as (he iniorface will not have been initialised 

ai.d the program in the microcomputer will not exist in the event 

of the power failure

uata

This module serves two purpoai's

1 It provides a paaslve termination facility for the bus 

contained within the racking system to allow more reliable 

operation.

2. Circuitry im contained on the hu.ird which will count the 

numb*1 o[ pulses (e^ n^usber of fatigue cycles) .

Hie inunllng facility will (ounl (rMHHltl»n« which Rn from a

value less than tn n value |*ri a t m  than V) vnlta. hereby

ensuring chat any noise within th*' hand to V, volts will 

not be counted. V\ and can hr I ndlv 1 dmil ly sr t using

p r c w e n t  p o i m n t l o m r f o i a  w i t h i n  th e  u n i t .  T he se  p o t e n t i o m e t e r s  u r e  

norm a l  l y  s e t  a t  - IV and )V t r g p e i  t I v«> I y .

Ihe Interface unit and the microcomputer ' luterconnrctrd by

means of t wo fifty way ribbon c/thlea 1'h, s cable i s teiminnted



al ihe mlrrocompulci- "mimnry hi'fi" ^nd at (lip BUS |U)ARU conUiluod 

within ih« inlfi imco. Hie BUS BOAKU roiiinlns (rnusi rivers wliicli 

fully buffer tlif Intrifnre unit frum (he ml(r(x::,m;,ulor. 

ensures rcliab 111 [ v am well mm s n f d v

3 . 2 E;wiLoi\i»rntal Clicult

Hie myatmrn wma de# 1 gneJ (1) (n p: oviilr a slwulmlcd MJK

pnvlroiwwnc In which low (mmyrraiuiv W A  ^0"C) nfxl low pr ssurm 

(a;)proxii#at*ly aLmomphcTiv yrps^ure) roiinsion fmli%up testing 

could b# car1 1 ed out. Hie avsle* rnnsisted of the r i n u i t r y  

Including tubing, valves, p&ueps e I r . , *: so will) wnter chemlsfry 

conditioning and water storage facilities Figure 3.2 is a flow 

diagram of tha low tempmimtui. . low pressure loop and water 

conditioning unit.

Tap water is proc'Ksed vim filtration and de ionization before 

bfi..g, Iraaimd in an act 1 va* ed rai bun lewin h e d , oxygen scavengor 

bed and a final polishing unit Tlie demlnci al ized, Ueoxygenated 

water im t)ien passed through a fine filter h« fore entering the 

storage tank of 2JO litre capacity. The tystem is a rec irculatocy 

one because, firstly the d* ionizer will not be able to cope with 

long periods of use without regular replacement of Che 

cartridges, secondly, dosing rhemlials will be lost tn drain and 

finally there Is f need tn conserve w a t n  When (he water 

chi mist ry levels ate no( to apecIf1« a(ion (he s(nred W](pi will 

we discarded and a n*v hatch made up

The storage tank is fittrd with a hyilro^.eu gn* buhblinp, tuh^ to 

allow hydrogen Co be bubbled tbr%\uy,h the water in order :o keep 

the oxygen level* dowi). Hie hydrogen can be vented into the 

atiroaphere via a p r e s s m  n r*'l lef valve Tlie storage tank a 1 :o 

hac a dosing cnnuect ion which permit (low I UR with boric a, IU and 

lithium hydroxide. After dosinp. Is «ompleted (hr oxyp.^n level 

ran bf reduced by further hydiogen bubbling

Ixiw density polyethvlene tubluy, wus us/d liiNtefiil "I stainless
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c. e l  t u h i i \ R  s i n c e  I t  t ' "  rn% l  r l l f i  l l v r  w;iy l o  « 'x | ) r r l n , r u t  w l l h  

t l ie  r c c i t c u l a l l u p ,  s y a l r in  T i l l s  ( U s u  incaul th a t,  low d r n s l t y  s i e r l

t u h l n ^  t l n r m  i ' wms A rnml r f l r r t l v f  wny I o  o x ; ip r lm # iU  w i t h  

e x p e n s iv e  K t a l n l r s a  w l e e l  o n e s .  A l l  ( l i e  v m l v r s  a nd  r o u p l l n g w  

w ere  m a n u f a c t u r e d  f i c m  hrmsm n r  r w d ium  p l . i t r d  h r a & 5 .  Ih e  

( I n a u c l a l  s a v i n g ,  w l t l i o u t  a m a l l e u s  d r o p  I n  t c u h u i i a l  

r e q u l r c m e n t N ,  f u l l /  J u s t i f i e d  th n  u x r  u f ]ow d r n . i l l y  p o l y e t h y l e n e  

l u b l n g  b i a s s  f l l L l n ^ . m

3.2.% Wdlcr. .CuaUl LLciiLpt

T h *  w a i e r  c o n d i t i o n i n g  myatem r o n a l N t w  i f  two t r e a t m e n t  s e c t i o n s ,  

a p r e t r e a l m e n c  c o n a l a t  i n g  o f  f l l t r a l l n n  and d e i o n i z a t i o n  and  

th e n  t h e  f i n a l  p u r i f i c a t i o n  and f i l t r a t i o n .

D u r i n g  t h #  p r e t r e a l w n n t  at  a g e . t a p  w a t e r  im p u s s e d  t h r o u g h  a 

S a r t o h r a n  c ap m u l#  f i l t y r  w | \ lc h  ha s  a 3pim a bm olu t e r a t i n g  ( i . e .  

100% c o n f i d e n c e  t h a t  no m a t e r i a l  > 1 ^ *  w i l l  p a s *  t h r o u g h  th e  

f 1 I t e r )

The  f i l t e r  c o n t a i n #  c e l l u l o s e  a c e t a t e  f i l t e r  m a t e r i a l  a nd  ham an 

o p e r a t i n g  t e m p e r a t u r e  and p r e s s u r e  o f  1J0"C  and 4 b a r  

r e s p e c t i v e l y .  A v e n t i n g  s c r e w  Is s i t u a t e d  i n  th e  f i l t e r  h o u s i n g  

t o  a l l o w  v e n t i n g  o f  a n y  t r a p p e d  ga s  i n  t h e  f i l t e r .  T h i s  f i l t e r  

n o t  o n l y  removes t h #  more m a s s iv e  p a r t i c l e s  i n  t h e  w a t e r  bu t a l s o  

e n s u r e s  p r o l o n g e d  l i f e  o i  t h e  d e i o n i z a t i o n  and d e o x y g e n a t  io n  

p l a n t

rhe  p r m f i l t c r e d  w a t e r  i h r n  p a a y e *  t h i u u g h  a 28 1 r a p a c i t y  m ixed  

be d d e * I o n i z e r  b e f o r e  e n t r i i n g  th e  m n In  p u : 11 I r a t  i on s e c t i o n .  

T h is  de I o n i z a t i o n  c a r t r i d g e  a c r e s  t o  i n c r e a s e  t h e  i o n  re m o va l  

r a p a c i t y  a t  a l a t e r  s t age and he 1 pm t o  r e d u c e  r e p l a r w m c n t  o f  th e  

( I n a l  d e - l o n l z a i I o n  r a t  t : I d g e y .

The p r e t  r e a t c d  w .x ter  t h e n  pawat s I n t o  a NANu p u r e  11 de I o n i z e r  

w h lc l i  p r o d u c a s  t y p e  1 g r a d e  W h i r r  1 *» w a t e i  I m v l u ^  t h e  f o l l o w i n g  

c h a r a c t o r l s t l e a
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H i p  NANU p m  e I I  e v x i  pm I* r  ) i | ;  u s p i l  I n  t l i r  I ^ K  c m  r o s  1 l j » t l g u e  

w o r k  c n n t a l n m  [ o u r  c ^ i  ( i  IdRCR H u  s t  c f , i  t I 1 i s  a dp - 

l i m ! z p r  mnd c n u t  a l n *  m rn%\( i lb\%i i m  n i  at ( 1 vnt r d  l  A thon

mud v i r g i n ,  a a c i u r c t  i c u l m r  i r m l n  I t  p *  fee  L i v e l y  % c ir nvea

u o l l o i ' # .  b . i c l  P i  1 * ,  o i  % n n ! « x mnd i h l m h t r  T1\p R p c m id  i n i T i l d ^ p  

i pmnvpm o x v g ' n . A p i n d i i i t  o f  1 1 "  * ( I u n  1 *  l l i P  l o n r . i ' l r n  o f

50^  l o n «  w h l r l i  a r e  x r a M iv rd  i n  t , i :  ! .  i d ^ r x  No . 1 m id  N o . '*

Thp t h i r d  c a t t i l d ^ p  1* a l i i% h  m l x r d  h i ' d  d r  l o n l / r r  miW

Im umcd mm a ( o u ^ h r r  I n  »hp  ( u m  i m t r l d ^ p  u n i t .  11 h n s  imoro

R r ^ l n  r e m o v a l  c a n A r  I ( v \  h n n  t h r  I n ^ r t h  u l r i . ^ m r r  i u i : : N g r ,  h u t

t o  a l o w e r  p u r i t y  ) p vm I  TLi» f u u r i h  u l ^ N i | » u i i  r ^ r t r l d p , e  I « w l * t .  

a m i x e d  b e d  d e - I o n i z e r  w h h l i  i a ' i  | i i  i x l u r r  w i t  e r  w i t h  n r r s l s t l v l t v  

up to 18.1 megohm .

A f t e r  H i e  dnm 1 n e r a  1 1 z e d  w A l n  l i f i s t h i  uuy.h i  lii» \ i»i M  1 d^em

I t  c m  he i p r l i  u l n t r d  ! u r  ( m t l i '  i r l i ' . m  up  n r  l (  r m t  h,- , x pd

' i r o u g h  n f l u f  1 0  /  imt I M t p r  h r  I o:  r  h r  1 p Ms s e d  l n ( o  ( h e

t o r w ^ p  (mnK.  I h e  i ) . ? ; im I l M r l  1M /i 1 r ,»( r d  m r i a h i m i r  I l l t e i  

r n mo v r m m i l  h a i l n l , .  mml  w.iN M ( p : i l l / e d  f i t  t h e

t i m e  o f  n m n u f n i ' t m e .  T h i s  l l l ( r r  Im i u n s l s i % ' i i (  w l t l i  ( h r  f i l t e r

p l n r c d  I n  ( h r  i r t u i u  l l n r  ) u x (  l i r l u i r  r i i t r v  l u l u  ( h r  s t o i n & f  

(mvik.  ThwNP f l l ( e ; H  r i i s u i , »  ( l i / i l  ;,.i m H r r l n l  «, U . ^  ^. *  1*  a l l o w e d  

l " ( o  t h e  s i o r n p . r  ( n u k .



j . 2 . j Rcclrcul.Uli)&

The Ufwincrmllzcil w.Uri In the (^ink Is dosed wlcli |)nrlc

acid and lithium hydicxlth' In ordc: (u .',lmuin(p ivimnmpnl

condll!":":. Myfho^Pii Is huhhlej Uiiuu^li dir wjff-r . ur- thml 

Lhr oxygpn levnl remains within s|,eclNivii|nM The

wnccr in (ho (ank rnn new ho mixed vl/i thn di,ipl\:ugni

pumps. This rcrirculmilnR loop has a sample pnln(. (n mllow waier 

samples to he taken In order to cnsuie proper mixing. The design

rf all tlie return loops is surh tha: the irtuinln# watei casradem

Lhiou&h Ihe h y o m ^ e n  blanket thuy fat II H a t i n g  diss(»]ved oxygc. 

removal.

The main aupply loop to the corrosion fatigue (rst cell is also 

pumped via a diaphragm pump with a maximum I lowi nic nl l/»/i i/hr. 

Tliis loop alao contains a sam^liny, p('lnt for chemical analysis 

checks and an inline oxygen meier lor hatch tests. A multiple 

valve symteia near the test cell allows specimen changes and 

subsequent hydrogen purging wiLhrul allowing oxygen to leak inCo 

the system

All Che piping consists of low denmity polyethylene which has an 

oxygen permeability of 60 x IU ^  cm^/sec(\m Mg). Given a tube 

length of 50 m having an W.t). of and an I D. of 3/8" the

oxygen leaking into ICO 1 of water over a period of six monlhs

will be 0,1 ppb. Tills amount can he rrp,;«i drd as negligible since 

the specification allows up to IU() pph of dissolved oxygen.

3 2 4 AmlxiliJiL W u l u n K n l

Ihe waltr lemistry mpeciflratlons ilrawn up bv the l(XX:R for 

testing in PVR type water is aa follows:



U pier C h e m l s l O l

ConducLlvlty < ^0

pH (room temperature) 6.") * 0.?

Dissolved 02 < r) !>t-h

Boron 1000 ppm

il2 I1* ' ‘,0 Std. rc/kfe ii2U

Chloride < < .1 pp«

Fluovide < 0 . 1  ppm

(:?nductiviLY

An Orion model 101 conductivity metrr wa# uaed Lo measure the 

electrical conductance Mem&urcmfnts could be made over a wide 

range (i.e. 0.001 pmho to 1 mho) ualng a variety of cella with an 

accuracy belter than 1% jll s c a l e . When used with the 

appropriate percentage T coefficient and the sampling temperature 

controls the conductivity meter automatically converts the 

conductance to a reading taken at. 25"C.

"Die Orion conductivity moter allows selection from three A C .  

frequencies (3 k H z , 2 kHz and 80 Hz) pci mitt ing a choice oi cell 

type#. Commmon cel): with platinized mlect iodes aie calihtated 

at 1 kHz, therefor* the moat accurate conductance measurement 

will be made at the same frequency. The 3 kHz frequency should 

be used when working wlih special cells using steel electrodes. 

The 80 Hz frequency is recommended for conductance mraduipmrnts 

at very low level s (of t hr oi der of ><mlios} Wlirn opr rat i nj’, at 

low levels. it Is m  ry to use cells with very small cell

constants (0.1), whie consequently have laif\e capacitive 

effects. Table 3.1 shows examples of momc conductivity

measurements and recommended cell const nnta foi the appropriate 

measuring frequencies. Table 1.? is a cell and frequency 

select Ion chart for the model 101 conductivity me t e i .

H l E j i  S e n s i t i v i t y  D i s s o l v e d  O x y g e n  D c t c c t u i

the sensor of the Oi hi splie' c Mode I 2 / 1 1  oxygon detector is the 

membrane enclosed polar graphic t ype il senses t he presence of



oXYRPH In the .aedlum ii. wl(h ih

curirnt, whli^i Is |uo|)"iUuuml (o llir 

oxygrn, Lo (hr nwAKUilnp, lustrumont. T 

mfAsuremrnt rwnRA fron, 1 (hT*') ^

cmhrmnp oud pnsscs  ̂

nncfnt i n M  un r f Lh,

c i n s f i n i n c n l  I r is  i

r,/t ('SO Pi > ! n ) .

A flow chamber euahlre the Runmor l o  be m<»uutrd I n  an a i r  Ll%bL 

[low circuit. wtilcb Allows continuous mnnllorlnR of llie oxygen 

Level*. Sample flow ratem s l m u M  bp wltbin the r^URe of 50 

to 2h0 while lempei'utu^es ran range between 0 lo

45'C. Sample presaures Ahoulil be luKA tlmn ?U bnr.

( A #

Flime Lml: fchitlquca for aorou anU Lilhiu@_ Df lerminat lou&

Atomic *pect ra In the ultraviolet or visible rep ion are produced 

by atomization of the sample, a process whereby ihe conmt iluent 

molecule* a r e  decompnaed and c o n v e n e d  to gaseous elementary 

particle*. Both the emiaslon and tlie absoi pLion ^pecera of an 

atomized elemen' consist of relatively few discrete lines at

wavelength* that 

of the atomized * 

sufficient to ext

characteristic of the elements As a result 

of the sample the t empri m u r e  of a flame is

te a small fraction of the monatomic particles 

(atom* and Ions) to higher electronic states. Thrir return to

the ground state 1* accompanied bv the production of emission

line*. which serve as a basis for flame emission spectroscopy.

Mere the location of (he line* provides (;u.i 111 at 1 vp infoim.it Ion 

and i heir intensity permits f(uant 1 ( a ( 1 vp fmalysis.

In the case of Boron an acetylene .ill fLimr was used with care 

being exercised to keep the huckgf uund noise as small as 

po&slble. Boron. In contrast (o mos( nthei elements, has no 

strong line that can be used for s|ec(inl emission analysis, (bus 

the BO2 system uf bands between 4")0 mnd 600 ;im was used which 

w h s  sufficiently nsI I Ive for ana Iy k (n . The hands hnve no soli- 

abijorp t 1 o n , so (hat the calibration graphs are always linear. 

Lithium on the other hand, has 1esunvmc lines at 6/0.8 and 

321,26 j.tm which are at a good di.stanre ft on. interfering lines 

making analysis soirewhal eas i <■ r .



; Live M r.isuirmriK ( ,

Tlir 1'W 1

pH

"Iritiv*' w;is usril f(,r nil (Im

.(Ivp aunlvsls Miul pH (Irfcimln.iMnn;.. Tin- 

lodps w m r  fo: Imt tlcicrmhwiMuns: (1) Cumlnhjriori

cclroUc, t7) I'l H'sist.iiKr 'hriinoruuph', (*) Lliluild,; iun- 

tivp r 1 m  ; ; uju with icjcirurr rlmrcij,' mid (A) Kluorlde 

elect i ve clcrtludn wllli i e ! f i riu'*- clrt ( i ddi-

am i m r n s u r l r ^  m r i h n d s  f u r  s i m p l y  r u ( l h ! * ' l  s i r ; ,  hy 

s t e p  on n v l N u a l  d l s p l n y  u n i t .  Onre  i l i r  scur;( . i  I x r  

r  a 1 i b r n ' eci t l ie mrmsui rmout  p .n  amet r i  R r . m  be n: ed i u  p n  m.im'Ht 

mvmoiv.  N i n r  m r m o r le a  m i r  m v n l l H h l e  w h i c h  ; i i c  l e l n i n c i l  eve n  wlien 

th e  i n s t r u m r n t  Is  ( u i n e d  o f  I .

The l o w - s r  l e d  i v p  e

r e l a t e d  c n n c e n t  r a c l t :  

r l e r t  rode  p r o v i d e r  m

M o d e  sense 

'le e 1 p i (rod

plectrlc clr- il^. Tie lem'ilLant pul 

'ty ihr vol tmelp' "i 1 tlie roiirem rat 

is compuLed fifOi the mpasiired

t h r  a c t i v i t y  and th u s  I he 

in  ed  i o n .  The t p f  e r e m  e 

p o t e n t  L t l  . ind rv im p le l  es  t )ip 

Ml 1 a 1 d i E f p i e m e  i de t ec f ed 

on c f : lip i o n  h e i n p  mp.isui ed 

voltage. Tlie resulting

h\*( ' he printed nuL 

an he Heierled Ko rhaL 

If : e()ui r ed. mran and 

cl\ irsult. Urns the 

ol tesnlts ran ixislly

c o n L r n t  r a t  i o n  n p p p a r *  on t h e  sc 

by Lh. b u i l t - i n  p i l n t n .  1 ' i l n t r i  I c i  m.i r * 

m a in  p a : a & e L e r s  can  a l s o  hp p r i n t e d  o u r .  

s t a n d a r d  d e v i a t i o n  c a n  he p r o v i d e d  t ' t h  vi 

rpprod . iL  i h l l  i t y  and a i  c u i  a cy  o f a n y  f ,ruup  

be c h i c k e d .

Uiasoivpd Mydto^en

Hydrogel ga&; concent i at.Iuus weie es( incited (iota p\ih 1 I shed d.tla 

given the 'emperatuie and the pii'!;.';uie (̂ 1 h\di(iy.&u In

pqulllhilum with w;#ter. The o -r i priT:;aii r i.inx.*' during trHtln^ 

was hetwepn 0 AO k Id ,i 1 so t hr tempei.itme ranged hitween A) - 

2')"C. Thus the calculated hydiop,en cumuntiatioiis r.ui^ed between

14.6 tn M  . / Std. rr/kR HyU. Ihe I'L'K specification lor

dlssolved hydrogen is 0 - 30 Std. cc/kf, 11,0. thus lesults wuip

well within the speciflrw(Ion.

A



C o n c o n L r n t lo i i s

Ion selfCLlve ;malysis proved net tu hr snnwlilve enough l»r t.he 

low sulphatf* coiKontifKinn in th* wnlrr. Thi«; (h"n rtq^irr^ very 

speiiAliscd trchnlnurs, wlilrh iiuluUril c n r e i u U y  conlrolled 

evaporation to cniii'entinte itic solutlun. As a result, snmplrs of 

water were sent to Bei%slLom and Bakkcr Annlyticnl l^ihorniories 

to determine the sulphate c o m  er* rntIons

3 . j &i\vLro»mcuTal Cell

An environmental cell was requliwd in wh 'h tesla could be 

performed in a simulaled low toinpi'iJturr low pressure PVR 

envlroiywent Since [him envi ronmcnt hnd to he very strictly 

controlled ihe rrll had to meet very slrln^rnt requirements It 

had 10 he cheml< ally inert and he thle to cnnlwin fluids al 

roTimlanl temperatures in lan&e from 20 - 96 " C . Complete

IsoliLlon of tlie envi rmumenl kAP required to avoid an/ 

contamination of the circulating fluid The ability to monitor 

crac< growth remotely and the possibility of making optical crack 

length measurements was also a pilorlty. Another Important 

consideration was oxygen p n  meahi 11 ( y thioup.h cell walls since 

(as described eailler) the oxygen i onrcnt rat I on* mu«:t be 

maintained at very low levels

Previously, a number of demlgnw (or an environmental cell were 

considered cenlf riw.g arounrl a I oral igrd environment in the 

immediate vicinity of t h«» cr^rk. These designs were 

unmatisfactory since certain practical ptohlcmm w%*re encountered 

particularly leaks, t hum a new re 11 wan de Rent'd.

Ihe new cell design was h^aed on th*' idea of enclosing the 

entire specimen in the n i l  1 1 )  nnd wus construrted

entirely from 1? mm thick perspex. This allowed all round visual 

observation and soechcsn arress with f\ood thermal inyulwtlon, was 

rigid enough to wt t hr, t and t he ^t rrs<em ol handling and those 

exerted during a fatIgne lest 11 warn also inert and thus could 

not contaminate the en< lu- :-d environment All the seals were of 

an O r  lug type which nu, i nt n in a good ‘italic as wall as dynamic



seal even at elevated iMDpprntuica kixl were also chemically Ineri 

to ihe environment. The dewlR'i ol Ihe (ell ( m i l i t a t e d  the rrady 

pissm&e of the current and potent hil h  mds Arresm wan alsw mado 

(or thw fittlnp. nf a theimnruuile insldn (),*' cell so that tho 

temperature of the environment arcund tlif specimen could he 

accurately monitored. r u H l i  ient sp/ur warn provided for the 

addition of extra probes In (he future, for example, reference 

electrodes for electrochemical potential as well am conductivity 

measurements and sampling f a c l l K I r s  in fu; (her tor: uslon 

studies. Removable sides with 0 rinp seals meant that ea&y 

access was available for clmn^lnp (lie ^pcr 1 mens (Ki^ure 3. Aa an*' 

3.4b).

One furthe: constraint of (he veil demi^n was tlw«t it required 

leakproof pa^page of the current input Ivads to (lie s p e d  nn. 

Aluminium alloy rods were used which had, on the one hand, to he 

sufficiently thick to accommodate the high current density with 

neglibl# heating effects, and on tlie oilier to he sufficiently 

thin m o  a m  to b e  flexible during the fatigue teml. so chat the 

exit s e a l s  of these rods through (he environmental cell were not 

impaired during large crack openlnp, displacements. Reduction of 

the central portion of (he rod from (he otl&lnal 4.5 mm to 2 mm 

d i a m e t e r  fulfilled the lallet of these requirements, without 

# e & l o u m l y  affecting the former

3 4 C r a c k  l a t n t h  Me a sure m ent

Since govd ren? odur lb 11 ity of result:; Im an import an( requirement 

mui.h eftort Yias been devoted (o ensuring a highly stable sym( em,

especially in view of the t .ic t (hat tests w e r e , in some cases, to 

run for two to four weeks or m - T e , An at tempt was made (o luca(e 

possible sources of errors with a view (o reducing experimetal

er i o r • The potential drop system used to measure crnck length 

can be divided into two sect ion.1;, namely (a) the cur rent 

producing circuit: and ( b )  t he lecordirg e<jti i pment ( F t  gut ”  3.5).



3.4.: Power SuuulY

A Kartell Constant Cur rut imlt (KlRUiv ) A) providing a highly 

gcablllzed current was urcd. The sprtlllralinns are given

in Table 3.3 Cnrrent ly a one b o m  wati# \ip period to atabillz* 

output: ia being uard.

In order tu rrduce any (beimo-rifctrir beatIng effects which 

could be transferred to tlie apet imt'n. bO amp welding cable wa# 

used as current leads. These were attached to the specimen by 

aluminium screwed connection (figure 3./). T:;e electric heating 

of theme connectlunm warn rHlcul.Ked lor a ?4 hour period and 

found to be negligible, (less than 1 / M  watt).

Hie choice of current depended on two rumpet ing factorm.

(a) incream ing cut rent Input givcm rise to increased 

meamurability i ,e . Iarge output vdlcape.

(b) too l a r g e  a current (typically exceeding 30 a m p *  for a
12.7 mm steel CT specimen) leads to measurable s p e c i m e n  
h e a t i n g  a m  a result of contact resistance at current 

input pomiticnm.

Thum the choles of current value depended on (lie remistivlty of 

the material. In this project 20 amps was found to *,1 ve good 

voltage output and minimal thermo elee 11 leal heating effects.

3 4.2 Recording SvsLem

Probe wires for measurement of potential drop. typically about 

0,2 m m  diameter, w e r e  attached to wire wrapping pin; inserted in 

the specimens These plna were Inserted Into 0,8 mm diamnter

holes drilled ? mm either side of t ho notch cent r e . (Figure 

3 7). Hie probe wlr.s were then connected to a digital 
multimeter.

l'< i the purposes of cal 1 brat I on, the vollmp,e out put was plotted 

against actual surf ace crack length m<-n>nui*m<>nt us Ing atx optical
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(x7) Lr*vellln&*lcromcnpe

pigllml MulLllM&Lfj;

The digital mull imet.er had Lo fulfil two Important requirements 

v i z . ;

(a) li had to have «uff1clently high reaolu. on n order to

detect mmall change# In voltage (clack length) especially 

for #*al I crack# i.e. a* wimrt of crack growth.

(b) It had to be readily Intelfaced with a microcomyuier for

remote control and data logging.

The H u k e  89860A Digital Multimetei 1# a fully guarded,

microproceeeor-controlled 5 1 / 2  digit, five function digital

multimeter, which ha# a low DC voltage meaauring range of 1 200 

mV with a maxima# reaolution of 0 0005% of full arale (i.e. 1 fjV

o n  2 0 0  mV r a n g e )  w i t h  m 3 1 / 2  d i g i t  d i s p l a y . T h e  1 E E E - 4 B 8

Interface option enable# connection of the digital multimeter to 

a micro computer through the IEEK a c m d a r d - 4 8 8  bua.

3  ̂ k i w a  L a Y l i e m f n L a l

Thi# #y#tem wa# de#lgned to produce an env t w n l  in which both 

the mol#cur# and the oxygen level# were kept a# low a# poselble. 

For thi# purpo#e, an ultra high purity (I.e. 99.995$) argon gm# 

wa# used the main Impurltle# being:

oxygen 

nitrogen 

mo I#ture 

hydrocarbon#

Figure 3.8 is a diagraminat le o f the hi gnn systvin showing t he 

oxygen and molature removal at rmngrmcnts.

3 vpm 

5 vpa

I V

Control of tilt- g.'is flow warn maintained by the fine argon
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a d j u M m e n l  valve fittnd to the cylludvr. Klnor ndjuslmcnt of 

the flow I'ALe was hy a lluwinoirr wlilch gmvp (low rate*

f m m  0-25.1 1/mln al a maxlmujn prpssuic uf uun atmospherp.

An ar%on gLfeam with a flow iat r of 0 3 1/mln wwa passed through 

jn oxygen reduction column In order (o leducc die oxyRnn level In 

the ga* Thim reduction column cons I at rd uf a glams column with 

a standard caper joint to allow fur the insertion of the 

catalyst. A heating tape was wrapped around the out sId* oi the 

gla#m colunwi and connected to a Heiastat tem|ierature controller 

for the heating of the catalyst .

Oxygen removal from the argon gam was achieved by passing the gas 

through a bed of reactive smfal or met a 1 oxi d e , which was heated 

'.o 160"C tn provide a reasonable reaction rate In thlm case a

copper catalyst R0 21 produced by RASF (Badlsche Aniline und 

Soda-Fabrik) was u&ed This catalyst is made in the form of 

small p*liet# and is muppl'ed in the oxidized form. It Ig 

reduced by hearing to a temperature of between 120 and 140"C in a 

gam mtremm lT\e temperature of the column should not exceed 

2 0 0 T , or mintering cf the copper will occur with a reduction in 

activity. The col.nan of RO 21 catalyst will remove a volume of 

up to 4 litre# of oxygen at room temperature. At 150*C the 

capacity im Increased by a factor of

After oxygen ham been removed. the a. ,,a< ml ream enter# the

moisture removal #ectlon after pascnf, thiouph a bubbler. For 

work at atmoapheric pre##uy,' gas huhhlnrs y placed in the argon 

inlet linn and at the outlet of the xywto** hey serve as visual 

Indicator# of ga# flow, ni,l the outlet buhhli r also prevents 

diffusion of air back into tho system, Any ill mpai ?> ' r the two 

bubbling rates gives an Indication of any gross leaks tha? may 

have occcurred in the system. The oxygon Invwl I,i the argo.i g'* 

wa& constantly monitored us ing the Orhlmphrrn Model 2713 oxygen 

detector described earller,

There are three primary met hodm f or the ivmov.< of moisture from 

a gas stream v i z .;
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(I) low-tPmpcrmUiie (ondrnHfUfun

(II) compression ut (he Rnm m(, that (he |iA%(lAl prrssuro of 

water inrrramem and iou(lfnRn(j(*ri reAulls, and

(ill) (lie use of drying aRnut*.

Tliese melhodm are somcilmes cnmhlHpii 'o olitnin liiRl" efflriiuivy.

Tlie e f f c c L l v e n e s m  o f  low  t cm ppra( u i  e r tm d i  n s a (  I on me( l iod can

be see n  f r o m  i h e  (a c t .  rhaC ( l i e  v a p o u r  p r e s s u r e  o f  ire a l  -VO'C Is  

/  x 10 ^ mm Hg w h i l e  one  o f  ( h f  h r  ( t f  r  les I r r a n C s  i immely (LaMp

has an  e q u i l i b r i u m  w a t e r  v a p o u r  p r e s s u r e  o f  10   ̂ mm H g . A l s o

c a l c i u m  h y d r i d e  on i f a d  I on w l ( h w a ( e :  p i o d u c e s  a f l u e ,  h i g h  

vo lu me powde r w h i c h  may r l o g  ( h e  c o lu m n .  F u r t h e r m o r e ,  th e  

r e a c t i o n  o f  t h i s  p a r t i c u l a r  d e s l c c a n t  w i t h  w a t e r  I n t r o d u c e s  

h y d r o g e a  I n t o  t h e  gas s t i e a m  and u n d e r  ( h e  p r e s e n t  t e s t  

c o n d i t i o n s  t h i s  was u n a r c e p l a h l # .

The liquid nitrogen condensation method ml fords an excellent 

source of extremely dry gas because (he vapour pressure of water

at -196"C Im about 10 ^  mm H g . However. (u* use of a llyuld

nitrogen trap for" the removal of moisture 1 roir argon proved (o be 

problematical, due to the fact that argon be I s  a( -185./"C and 

ireezem ml 189"C, thus liquid argon would f r e z e  and block the 

capillary Lube. In order (o overt one this pioblem a liquid 

nitrogen and a l c m n l  mixture wns used, f lehy *iinlalning a 

temperature In the rmigr of -160 to i lowering of the

dewpolnt led lo a reduction of (he muisiur*' (. li nw ihan 100 ppb.

Tlie system w.-is connected using Ty^on (ul»! ; rr than rubber

lublng since as ran he seen Irom T.ihle : ,^on (polyvinyl

chloride) has a lower permeability (o r n < » rlc gases than

rubber Coup I ed (o this, Tygon tubing n. •-> < • very good seal

with glass, is clalmod (o have a vapour pipr ire of 1 0 mm Kg 

At 2l"C, and is also less suscept itile to del r? iurat ion thfin most 

rubber tubing.
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3.6 Summarx

This chapter Urs(Tlhrs In ilclall some o| (h« t'X|'erimeiilAl Kyslomg

used  I n  t h i s  I n ' - P s t l g H l l o n .  T h e s e  l u c h i ' l e ;

(I) the connmler pquipmnnt fur rhe rmitrol of tho servo- 

hydraulic testing imarliino which nuikr 1( po«Rihle lu lost 

continuously fui exlended pwrluds of time,

(II) the environmental rlrrults which provided (he argon and 

PVR water euvlroiumenla Lo (he required mpeci f icatioiis,

( i l l )  th e  e n v i r o n m e u L a l  c e l l  w i t h i n  w h i c h  t l i e  t e s t s  c o u l d  be 

c o n d u c t e d  and  f i n a l l y ,

( i v )  th e  c r a c k  l e n g t h  a o n i  t o i I n g  a y s t  e *  w h i c h  a l l o w e d  f o r  th e  

u r a L #  m e as urem e nt  o l  th# c r o c k s  ac  p r e d e t e n a l n e d  

I n t e r v a l s .



Tf P COC'ftl'l* Sfrv' "

lew bock I
i#4*( ( j

po&ifmn
|rWiTdl^#f

.ndcahno c o m n w l
Qf«tj /  Or tpf Of dun.)

1.1: "Closril loop" snvo  f«'i wrrvo ro n l ru l lpd

r  1 *'( I i n |iy,li .«u l i t  I t 1 mncli I nc .



R a w  1 u u  W a tf^ L .

V v u le r  C o m l i t io n in y  U r\( t

F i l l f u l t O M  D e io n iz in g  u n d  

P o lis h in g

S a m p lin g  p c a 4

H .  V e n *

r  ~

—  * ................ ______ _________ 4______,

2 IX) I S lipp y  To«,k

Sampling po*)l

Uxyyvn
meter

!________
H e le fin g  l ump

L o w  T e m p e t c i t u r e  

Low P ressure
E n v ir o n m e n t a l  C e ll

HRiirr Kluw (tl.iRiHia in: low lrnn)(':;i(uio

U u s m g  w ith  

M j B O j . U O H

Oram

1  O r . t in  to r  H 2 P u r g e  

Iwl^fen losts



ir

('Rimrnl n n nn^rmpnt of





V

i ! i i







lOO.OOOOOOJO.OOO.OOO I1 000 000 100000 10.000
o.oi' y  cu 1 10 iuo I 000
UUf* | Good 1 G w d 0 U1
D U "  1 1 rh.nq HCI
W#l» ] 1 wiiei

001 0.1 10Cell GOnslJnl

hmqufnc* lo#

100 000 1.000.000 *5cf
X )% H ,S O .~

l A t U L l . C e l l  mnJ [  r r ( | u r n r y  ^ r l r r t j c n  r l m r t  .

flange

1 mho

100 mmho

10 mmho 

1 mmho 

100 »mho 

I0#.mho 

1 pmho

Frequency (1)
60 M i 1 KHz 3 KHz

display display 

blanks blanks

Cell Constant 
0 1  1 0  10

X

X

X

X

X X

X X

X X

NOTE: 3 KHz should be used with sleel cells only
Over range la Indicated by blinking of the display When ranges 1 ,,mho and 
10/.mho are selected only the frequency 80 Hz can operale When 3 KHz or 
1 KHz is selected Iheie is no display



I M L E - W K minrli ronslAiit cuii'TH uui; sprrlfltHtlui:

S P E C I F I C A I  I O N

MA1U\ IM 'U . A .(  . n u n , : .  .
' lu% 1 < - 4- < .1. 
L r  , 1 1 . ,  i i ' , , L 'V 1 y  ' u p  f ! -

! l  V|' Pr , ' t  , i . ' . (  . i: . f

L IN K  M  . V , .  XJN 
u t i - J '  ? ' f  ;% .1 ' I"" # 
i  . - ,s :. :v ;i" '  .: A

I. . .. A l l '  N

' , ' i y  [ .1 '  .,1 1 
' i '  j ' :  ( 1 " ]J  n r  i s l A m i : T I n n  . . * i

'  f .L i-n t  i*  1 j l i I.'- . . 1 i : i  : . * pK ; K

:hM *'Lk ,% ;';K i i  :n
' /% ' i i . . u l $  p» ' i i

/ . 'IH IL N : I f  M TLHAIUM. kAN^K
! r : « r n . i  1 , ,p i i  a ( i '.n U) t  ̂ -

luP//:!. 1) C I « '





T h e  m n t e i l a l  u s M d  I n  U i i R S A  ' j ( ) H C m d c  H C l m  

re of
H Ipi "Rl unmie

f o r g e d  s t p r l  u s e d  f o r  t h e  m a n u f  n r r  u r n  o f  n u c l e n r  p r p s s m « 

v e s s e l s .  T i l l s  s t e e l  war n s u ^ i l  l e d  b y  i h u  A t o m i c  K i x - r ^ y  

C o m m i s s i o n .  a n d  N*m s c r n | i  m m t e i l w l  R p n e r a t c d  d u r i n g  t l i e  

m a n u f m c t u r e  o l  a  r e a c t o r  p r e s s u r e  v e ; ; s c  1 T . ' s t s  [ 1 ]  p r o v i  o u f ; l  y  

c o n d u c t e d  I n  t h e  d e p a r t m e n t  t o  l u l l y  i l i H i a c t e r l s e  t h e  c h e m i c a l  

c o m p o s i t i o n  a n d  t h m  m e c h a n i c a l  p r o p e r t i e s  y i e l d e d  t h e  f o l l o w i n g  

d a t a .

XAft.L.M,, ̂  iJL 

E l e m e n L

c 0 1 6

M n 1 1 8

P 0 0  1 i

S 0 0 0 b

; u 0 2 3

n i 0 ;  ?

C u (, 0 6

{} ;>6

Mo 0

V 0 0 ]  j

A i 0 ( V 9

S n 0 o u >

C o (lU ? 1



1 \ ■

Ylflu BlrrnRlh

strength 

Rlongnt ion 

Reduct inn In Aimm 

Hardnea*

Charpv Toughneka

t\'V< Ml',,

, m Mr,,

1}. 8/ %

(,V M  %

;?7 Vl'N (1U kg load)

4.2 I * l t  f l P t l M M

The following teat prngrpmme wma midcrt a k H n . 

(1) Corromion FaLiiufi Test Matrix

W A V E ^ R M

Slnumoldn) Tom. Sawtooth

______

' ^ F R E Q U K N C Y  (Hz) . 1 I 10 1 10

R RAflO . 2 . 2 . ? .2 ,2

ENVIRONMENT

Argon AR1 AR2 mn ARP2
Alt ai A2 APSl AP52
PWR Water Ui w; W.3 WPS1 wrs?



M

(11\ V ariable L'ld Amp llUiUf TcslJlal'lx

PWRKNV1R0NMKNT

WAVEFORM

T/apezoldals 

Spect rum

S6

SB

A.3 Water ChemisliY Conlrol

Af «r Che PWR water test rl ̂  warn aaRftmhlfd 1L wa# thoroughly 

cleaned to prevent contnwlnhf inn of rhe p irlry water. Hie

avaiem warn then filled wlt ultra pure demineraliaed, 

deoxy^enated water and kept under hydrogen prea&ure. Tlie water 

was then doaed with lithium hydroxide mud horic acid through the 

doming facility on top of the atorage timk Hie domed water warn 

thoroughly mixed hy continuoumly clrru'mthig the water through 

the myatem via the pump while maIntainIng * constant 'low of 

hydrogen through the tank After apptoxlmmrely fnni houiw the 

oxygen conce;itratIon waa reduced to within apnc 1 f 1 rat Ion (I.e. 

(Og) < 100 pp^) Periodic rheckm innFlrmed that the wnter

chemlatry remained within nperlflcatlun for long period* of time 

Indeed only after aeveral months did t"ie chloride lev*l rime to 

above the spec 1fled 1 eve I nrcesmi t n t ing complete replacement of 

the water supply.

Trior to the commencement to each enrroni <>n fat Igue test, the 

pn v 1ronnental re 11 warn purged with hydtngrn to remove am much 

°xyf,- n and contaminated wat er an pnam Ihl e The cell waa filled 

using t! 50 kPa hydrogen prcssurr* in the storage tank thus 

ensuring a gradual filling of t lie coll thereby preventing the



* ; i) •

intinpiurnl of hydroK*':' (b'' sprrlinru s';n((!r nul(h. Hir wntcr 

wns rirculmLed througli (ho mys(em vln d m  rrrfrculalln^ pum;) iii a 

flow into of ?6 I/hr. The corrosion fatigue lest w;*s then 

sf jr( p«l

On completion of tlir lesl (lie crll wjis rmptlcl hy forcing the PWR 

water back into (he mluiagf tank with the use of hydrogen nver- 

premsu: e The cell w. then I m l n t e d  from (lie remt of th* system 

by a mystem o[ v.ilves and the hy&:i o^en pleasure waa relieved 

before the aide covera were removed ml lowing for the removal and 

replacement of a teat specimen

4.4 K a M & u e  TesLln*

Standard 1TCT compart tenwlon spec imcns were prepared in

accordance with B S. 5./*/ (Kl&ure '«.!). T'.w specimens were then

prefat i^ued in aii to a length of appioxlmately 3 mm from the

#taite- m * c h .  In order to expedite crack initialion, especially 

with high R ratio tests, hl^lier loads wire Initially used and

were later mtopped down to meet the test load requirement. To

avert the transient effects of ?arger plwstlc zone size due to 

the larger loads, nre fatIgue cracking was only lei ml not ed after 

mufficier.t measurable crack extension had occurred

4.4.2 Visual Crock Lrng.lh Mi'msurcmcnf

fatigue crack length muasurrmrnts wrie mnde as a function [ 

elapsed cycles hy means of visual and potential drop techniques, 

lo facilitate accurate y isunl measurement ; (i) the test are:* of

the specimen was p o 1ished and Indlrec( IIghtIng used to aid rrack 

observation and (11) all measu:ement « wore conducted wh iIf the 

specimen was ^objected to the memn load VIsual measurements 

were made using a low power (x /) t rave 1 I I ng n.icroscope havl ng an 

instrument resolution of 0.01 m m . These measurements were made 

at regular cycle intervals which were reduced as the crack growth 
rate increased.



4.4.1 Crack Curvatute O v r r e K l o n

As a result of crack fiont 'joWn% any surf«r« crack Icnglh 

measurement will not fccuiat ely ref lee t th« (rue length of the 

crack Thus, In ordnr to obtain a more Accurate crnck length 

measurement w crack curvniure correct l(,n (actor was applied to 

mil surface ciack length measurements. This crack curvature

correction factor was obtained by prrdurlng beach mark& un the 

fracture surface as a result of varying the minimum appllrd load, 

Pmin- *hile keeping the maximum load, , constant (i.e.

vaiylng th# R-ratio) Alternate regions of 0.1 and 0.6 R ratio

crack growth wera therefore visible or. the fracture surface A 

seven point through thickness average crack length was then

calculated. Th# ratio of the average through thickness crack

length and th# corresponding surface measured crack length 

recorded during the test being th? crack curvature correction 
factor.

4.6.4 Jallbration of the Potential D m p  Technique

Potential difference measurements were made at fixed points 

across the crack for various crack lengths. These potential 

measurement# can then be directly related to the curvature 

corrected crack length using Johnson's analytical solution [62] 

to L a p l a c e #  electrical potential equation,

2% co.'l . .   (,/PU)------- -----
* cosh ((V/V ) cosh (*y/2W) /cos (*a / 2 W ) )

where v0 , V and a(), n dt-not p t he ini t iol and the acturt’ measured 

values of potentlal and crack length, respect i v e ly. and 2y is the 

distance between the potential probes and W is th* specimen 
width.

Due to crack curvature and short circuiting resulting from crack 

closure effects, Johnson's equation was found to consistently



undereallmale the crack and (I,Is was rn|ieclally nnllnalfle

at longer crack lengths. Because of this uiulcrest imat ion of the 

c rack length the following calibration procedure was followed. A 

least squares linear re&rmsNlun was taken of the cnrrespundlng 

rurvafure corrected crack lengths and the Johnson's estimate of 

ihe crack length. The Johnson's estimate of the crack length 

would thus be corrected hy multiplication and addition of the 

appropriate regression constant*, with the result that the crack 

length was reliably measured at all stages using the K.D.

technique

6 5 Computer Control and Data LoEJLln*

Tl%# original computer control system of the E S H testing

machine wa" designed for medium frequency testing. (This system 

consists of a microcomputer Interface unit which allows the urn* 

of a function generator to provide the input signal to the E.S.H. 

testing machine and thus allows the computer to constantly

monitor and maintain the fatigue loads at the preset frequency. 

This function can be carried out while simultaneously reading and 

storing th# experimental data) T h u s , the analog to digital 

converter haw de j g n  limitations which prevent it from sending a 

signal, from th# function generator to the E.S.H. testing

machine, for frequencies lower than 10 H z . As the frequencies 

required for this project are all essentially low frequencies 

(i.e. < 10Hz) this represented a serloui restriction in that it

firstly prevents continuous and simultaneous monitoring of the 
crack length and contiol of t he E.S.M, machine. Socondlv it 

means that either the E.S.H. is manually operated or the 

computer is used to generate th** appropriate fatigue signal and 

frequency thus giving limited dat a reading and storing 
capab)lity.

The last al ternat i ve whiles giving some crmput er control, does not

allow for the simultaneous control of the E S I *  machi no and 

crack length reading. This means in fact t hat the E.S.H. testing 

machine actually has to stop fatIgiw testing in order for a crack

length measurement to bu t aken Fortunately the duration of the 

reading and storing operation was very short, of the order of 30



scconds Since muny o[ Llie U'sls iJin fur several dnya, computer 

control and data recording was innmldered vital. Almo tlie lond 

gpectrum for llie VHriahle anplliude tests could not he Renerated 

by Che function generator and could only he generated by the 

computer. Compute: software was therefore designed to use the

syfi l c " in this mode of opr tall on

A flowchart of the programme* 1m piovided lr: Figure 4.2 and

listing* ar# in Appendix 1 The programme first required tlie 

computer to initialize all the peripherals (I.e. digital to 

analog converter, fluke digital multimeter, disc drive and 

printer). All the relevant data ( e g  specimen dimensions, 

loads, frequency of crack length readings etc.,) were then 

manually entered. Some of this basic data (e.g. loads, 

frequency, etc.) would be checked against preset limits if 

inadvertantly th# wrong values were entered, the programme will 

abort and will have to be restarted. Atter the correct data had

been entered, the programme commenced the waveform and frequency 

generation and the result a m  signal was relayed to the E.S.H. 

machine via the digital to analog converter. For the purposes of 

the this project the sin*. positive sawtooth and spectrum load 

waveforms were generated al frequencies of 1U, 3, 1 and 0.1 Hz.

At th# required cycle interval the programme exited the waveform 

and frequency generation loop and entered the data reading and 

storage loop The computer now addressed the Fluke digital 

multimeter and took sevei :»l voltage readings, to allow for the 

voltage to stabilise. The voltage was converted to a irack 

length using Johnson's equation which together with the elapsed 

number of cycles were stored on disc and recorded at the printer. 

The programme ie-entered the waveform and frequency generation 

loop and repeated this process until the final number of cyclt-s 

had been reached, or the crack length reached a preset limit At 

this stage the programme allowed for a rnview of the input data 

and new 11m 11 y for data reading Interval and fatigue test ing 

could be set AL the completion of the test the load was ramped 

down and the peripherals were c 1 owed
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U , 6 D a a Re Uuc t lois.

Afler ohfalning tlie crnck growth dmLa, lhaf Is, Johnson

crack len&lh vrrmuH elapsed cycles, lr wa* processed ii\Lo Lhe 

mrmndard form ol fmLlRue crack Rrnwth rale versus the stress 

Intensity range. In order lu m a u v e  some of the scatter In the 

experimental data it was numerically smoothed using the 

Incremental polynomial method. The data reduction programme, 

flowchart provided in Figure 4.3. therefore incorporated both 

these functions as well am plotting the graphs of da/UN vs. AK on 

a log log scale.

The Johnson crack length was manually corrected for both 

underestimation and crack curvature and then stored on disc. 

This operation can he included into Lhe data reduction programme 

by adding a linear regression subroutine to the programme. D m  

programme first smoothed the crack length values using the 

incremental polynomial method and then calculated the crack 

growth rate, da/dN and the stress intensity range, AK using the 

following expressions;

AK - Sf?

AP is the fatigue load range.

B is the specimen thickness, and

W is the specimen width



The compliance funclioii, Y, is ^ivrn hy

1/2 1/7 V 2
Y - 29.6 185.5 65b. /

7/2 9/;
1 0 1 ; 638.9

where # i# the gmoothed c u r v m i m  m c o n  p<led crmck lengih 

IncremenLal Polynomial Method

Thia method for computing da/dS nvolve# filling a gecond order 

polynomial to met# of meven mucceu&ive data point*. Tlia form of 

the equation for the local fit la aa follows:

where b^, and 62 aie the regreaaion parametera that are

determined by the leaat aquare# method (lhat ia. to minimize the 

aquare of the deviation between observed and fitted valuea of 

crack length) over the range

The parameters

C I

are used to scale the input d a t a , thus avoiding numerical 

dill Iculliea in determining i. • regression paraimel era The rale 

of crack growth at N| Is obtained from the derivative of the



above parmholm, which is g i v m  by (he (allowing expiosmlon

tlf
UN

(N,

The calculated vmluem of stress intensity rmiiRe and crack growth 

rat* were then plotted on a log-log mrale while a printout of 

the number of c y cle*, mmouthed rrmrk length, AK and da/dN value* 

wa* produced.

4.7 Variable Amplitude Loading

At th# 1983 International Cyclic Crack Growth Rate (1CCCR) Croup 

meeting Scott (63] *ugge*ted a epect rum load aequencc [or a 

corroalon fatigue experiment In or &WR primary coolant. Thl# 

apectru# *equ#nc# wa* baaed on a almpllfled aequence of three 

different type# of a r e * *  cycle. A. B and C, with R-ratlo* of 

0.2, 0.7 and 0.9 reepectIvrly a* whown in Figure 4.4. The

magnitude* of the at rex* cycle* and number of occurrence* were so 

adjusted so that when applled to a two inch thick compact tension 

(2T CT) apeclmen, large difference# in the crack extenalon would 

b# obvlou* depending on which type of corroalon fatigue behaviour 

(e.g. plateaux or not) wa# obaerved.

I)u# to the lengthy teatlng time, of the order of 8 month* (or a 

100 block sequence, It was decided t o run a dry fatigue te st to 

validate a revised dry fatigue crack growth equation likely to 

emerge from the Electric Power Rn*earih lnati*ute (Ei'RI) 

database, In the case of a dry I mat , where no envi ronmental 

effects are prevalent, high frequeuele* could he employed and the 

test duration rmducod The upec t ruin uaed in the present study is 

the *ame as that given prevlous1v (Figure 4.4) but with the 

cyclic period* adjuated to give a lea* time conaumlng experiment.

Slncf* in the present study the spectrum load sequence wa* to be 

applled to IT CT specimen I he load* were rocalculat ed ensuring 

that the stress Intnn*I tie* remaIned the same a* for those 

calculated for the ?T CT *pec imena Details of the speci flcat ion



.v*-.

[or each Lranmlent A, B and C [or hoth 2T ami IT CT specimrus are

given in Table 4.1.

A computer pio&ra"m« (llsLiig In Appendix ) was designed to 

gpneiato the spectrum loading sequence. The computer generated 

spectrum loading sequence used In the presert study had the 

cyclic frequency increased ky a factor of 3 (I.e. cyclic

frequency of 3 Hz rather than 1 Hz). Hie increased frequency was 

not expected to Invalidate the results since in a dry environment 

no frequency effects were expected. Dehumidified, high purity 

argon gas was used as the (Ly * nvlronment

To assist wirh th# interpretation of the results, with resprct to

the contribution of each of th* different components of the 

spectrum sequence to th* crack growth rale, the spectrum was 

divided into it# various components (Figure 4.5). The computer 

programme was modified accordingly and tests were conducted uaing 

th# various components of th# spectrum as well as th# spectrum 

itself. Befor# th#s# t#sts were commenced the test specimens 

w#r# pr#f#Cigu#d in air, Initially a R-ratio of 0. 2 was applied 

Co Initiate th# fatigu# crack and thereafter the R-ratio was 

incr#as#d in stwps until a R ratio of 0.9 was attalnad. Car# was 

exercised that the magnitude of the load change did not cause

jrack arrest and the load wws only changed after a reasonable 

amount, of crack growth had occurred The specimens were 

prefatigued to a crack length of 19 mm with the last 0.5 mm of

crack growth at the R-ratlo of 0.9.

4.8 Araon System

The production of d r y , low oxygen argon gas required two start up 

procedures Firstly, the heal ng tape m r o u n 1 the oxygen reduct ion 

column was swl U  ..ed on and t he tempei at ure monitored by me mis of 

a thermometer inside the colunn, While the temperature continued

to rise to the operating t#mperature of 160"C a constant flow of 

argon was requited to displace as much of the oxygen in the 
system as possible.

Secondly, the stainless steel capillary coil of the nitrogen trap



was heated over m huiiscn b u t n m  to rusuir the removal of AK much 

moisture which had bee.: adsorbed cnto the: Lublng as possible. A 

constant: Ras stream through the capillary tube not only ensures

removal of the moisture but also prevents further moisture 

adsorption. After heating the tube for approximately 5 - 10 

minutes the capillaiy tube was allowed to i.ool before being 

Immersion in alcohol. Care should be cxrrcisod that the 

temperature difference is not loo giuat since (hr lower 

temperatures will cause contraction of the gas with the 

consequent rapid suction of the medical paraffin, In the bubbler, 

through the tubing. The higher temperature on the other hand 

will cause a :apid expansion of the gas blowing the medical

paraffin into the oxygen removal column.

One# th# coil has been Immersed in alcohol liquid nitrogen was 

added until th# t#mperature has dropped to approximately -150"C 

When th# t#mp#rature reached -100'C more liquid nitrogen w*s 

add*d to bring the temperature down to the appropriate l#v#l.

When th# oxygen level on th# Urbisphere oxygen detector had 

dropped to leas than 1 ppb the fatigue test waa started. Using 

th#s# techniques, oxygen levels of less than 1.0 npb and 

calculated molatur# levels of less than 100 ppb, were achieved.

4.9 R u m #  ry

Th# chapt#r deals with the experimental techniques employed to 

produce PWR w a t e r  w i t h  the correcl wnter chemist r y  as well as t h e  

procedures followed to ensure accurate T D. voltage measurement 

and Its subsequent conversion to an average crack length with 

allowances made for crack front bowing The computer programme 

used for computer control or the f a t i g u e  testing machine a s  well 

as data reduction and plotting routines were also fully

described. The origin cf variable amplitude loading sequence 

used in this invest I gat ion and I I s  break down into stropier

loading sequences to facllItate with t he Interpretation of the 

results is also explained.
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INPUT OATA

Wronq

Ye;
REAC FLUKE + CYCLES

STORE ON DISC 
PRINT AT PRINTER

SET NEW 
LIMITS FOR 

O A M  READING 
ANO FATIGUE INC

H g u r *  4.2: Klow clinrL for (ml I gup trstlng |irogr*iM*fm



tW'IH S M U M f  N 
tUtNIII |I:ATI'IN
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5 RESULTS

5.1 CiAck

. I . ] Copsfaiil Amp llluJr Lvjd I

5.1.1.1 Euvlivnmcnl

The effect. o[ envliniunent mi fatigue rinck Rrwwth hehavluur Tor * 

Cr^yiienry of 10 Hz, R - 0./ usiuR sinr wavr lumllit^ Is

illustrated in Kl&urr b . 1 . llx-se trmts show Lh.i: .«( AK h v e l s  

helow 30 MPwVm t'WR w^Ler y.ive« ahuur 3 times fmsLer rrnvk growth 

rate# than mi^nn, huwevci . mt AK levrla Let wren 40 mul 1)0 Ml'n/m 

there 1m little (ilfferenre In the fntl^uc hehavlnui . Thr .ill and 

aigon dnta lie below Lhe ASMK XI (1^/4) diy line and aRi^e well 

wiLh the I Hz data while the PWK watri data residen si lp,hi_ly

above chi: data. The 0 ? ratlu 1 Hz sine waveform data is

shown in Figure 5 2 where it is evident that the air and argon 

dal# lie below the ASMK XI (1V/4) dry line while 1*WR water gives 

crack growth rates that are consistently about S times faster 

than ar&on but reside on the ASMK dry line. The cffeet of 

decreasing frequency from 10 Hz to 1 Hz increases (he growth rate 

by a factor of 2.

The effect of environment us 1n% positive sawtooth wavcloim is 

shown in Figures 5.3 and 5 4. fn Ki^ure 5.1, (es(M rundiKfrd at 

1 Hz using positive wawloolh w n v e i m m  show thrt helow 40MT"ayi# 

argon growlli rates are ? times s l o w n  th.m b(,(h Hie air and MvK 

water crack growth rates which reside to ,ether approximately on 
the ASME XI (19/4) dry U t w ,

In the case of the I Hz test using positive sawtooth w.ivelorm

(Figure 5.4) mt AK levels heluw 4WHrH/m thi' nit growth data is

about 1.5 limes faster thfin cr;uk growth rates In arf.on. while

PWR water growth rates are ? times faster than those recorded for

*l"gon. At AK levels al.ovu 50 Ml'a/m the data tend to merge

together, while at AK levels helow 30 HPa/m i'WR water gives
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p r o w lh  M i l e s  l l m l  n rp  h r lw e e n  V m;ul I t lm , " :  | j i s ( r :  ( I x m  l l i r  d i ^ n n

<lm( a

The e l f c c i  o f  e n v i i o n n M ' i i l  w( IU  11/ i r m h ;  Mi h r  s H f . h c l y  

f o r  t h e  p o s i t i v e  s n w l o o t h  t l im n  i h r  s l u r  WHvr,  w l i l i r  n l  a 

f r e q u e n c y  o f  1 Hz t h e  e f f e c t  i n i  h o t h  w a v e f o r m s  I s  a h . iu l  (h e

sa me . O n l y  t h e  p o s i t i v e  s a w t o o t h  r r m r k  R f o w ( h  d n l a  a;  1 11%.

h o w e v e r ,  e x h i b i t  a n y  r e a l  m e a s r r a h l e  KAO g r o w t h  I n a s m u c h  ( h r i t  (h e  

( j a t a  r e s i d e s  a h o v e  ( h e  ASMK X I  ( 1 9 / f * )  d r y  l i n e  m( AK l e v e l s  . ih c c e  

1b H V a J m .

5 1.1.? frfuvenry

The results of the effect of frequency on fatigue crack growth 

rates In argon utilising a sinusoidal waveform are 11 lust rated In 

Kigute 5.5. From this Figure It can he seen that there Is little 

effect of frequency on far 1gue ciack growth The present data 

resides balow the A5ME XI (19 74) dry line, which reprcsenis an 

upper bound to crack propagation data for SA 531 B and SA 50R 

steels In air. No effect of frequency was observed for (es(s

conducted in argon using a positive sawtooth waveform (Figure

5.6). This data also resided below the ASMK XI (19/4) dry line.

Tests conducted In an air environment for both sine and positive 

sawtooth waveforms (Figure 5 /  and 5.B) show little effect of 

frequency within the AK range tested In the case of the slue

wave (Figure 5 /) the data resides well below the ASHE XI (1974)

dry line while for the positive sawtooth (Figure 5.8) the dot a

resides on the ASHE dry line.

The FVK water tests In Figure 5.4 show that reducing (h-

frequency from 10 Hz to I Hz Increases the growth rate

consistently by a factor of ? at AK I e 'r 1 s above V) Mlbi/m, while

reducing the irequency from U  Hz to 0.1 Hz fncreames the growth 

rate by a factor ol 4 at a AK level of 25MPa/m. However with 

Increasing AK level both sets of data converge and at a AK level

of --40MPa/m hot li exhibf ( a I r growl h rates of -4 x ]()"'' m/cycle. 

The U.l Hz frequency data exhibits classic environmentally

assisted crack (RAC) growth behaviour inasmuch t bat a growth rate



nlalcau is evident, which rcsiilcs wrll ahove (lie ASMK all H u e  ,&i 

low AK levels. Crnwlh rnle |)la(eaux hy (hrii vriy n.iluic rxliihii 

m constcnC growth rate (hat Is inscii'iltlve to AK level

Kor the positive s.iwtnoth waveloim in i"«R water ( H g u r e  ').10), 

Ihere is an Increase hy a laitor of / !n cuick growtli rate at AK 

levels lower t h m  45 MPaym. Ahovr this AK value the 1 II;: and 10 

Hz Hats tend to Merge together

The only significant, effect of f tei;uency was luund in TWR waier 

when the test frequency was decree ;cd from 1 (' Hz to 0.1 Hz This 

particular result agrees well with the data reported hy Atkinson 

and Llndley (10) which showed that the maximum environmental 

effects in a water environment occurred at a frequency of - 0.05 

Hz and predicts the significant environmental effects observed in 

the present study on reducing the frequency from 10 to 0.1 Hz.

V  1.1.3 WnveL'CU

Tests conducted in argon at firquencIes of 10 Hz and 1 Hz (see 

Figure 5.11 and 5.12) indicate that at 10 Hz there Is little 

difference between the sine and (he positive sawtooth waveform. 

At a frequency of 1 Hz, however, there is a slight effect of 

waveform viz., crack growth rates aie about 1.3 times faster for 

positive sawtooth than for slue w a v e .

In air (Figure 5.11 and 5.14) positive sawtooth waveform 

consistently gave faster crack growth rates than sine wave At 

a frequency of 10 Hz the ciack giowth tatr was 2 times 'aster 

than the growth rate for sI no wave whllr at I Hz it was 1.5 times 

faster. Surprfmlngly, in I'WK w a i n  (Figure 5.15 and 5.16) 

waveform effects tended to lie more evident In the 10Hz data than 

In the 1 Hz with crack growth rates lor positive sawteeth 

waveform being 1.5 times faster than mine wave at 10 Hz.

GeneialIy, positive sawtooth waveform data exhibited crack growth 

rates that are approx Imatm 1y 1 times faster than t he sine wave 

data. In argon waveform effects are evident only at a frequency 

of 1 Hz while In 1’WR water waveform effects are only evident at
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10 Hz In air waveform ellects are oHsiuvml hotli Irenuiu les. 

5.1.1V, High K R a tjjf_TciLLH 

J Hz Argon Tesla

The reaulta of the Trans lent C (K - 0.V ) (est (Table 5.1) wlih a 

final crack growlh rale of ^ x 10 ' mm/iyrle recrrsenls a near 

threahold condition lor SA 50M 1 111 RTV atoel In ai. arp.nn

environment: I.e. ^ t h  " ^ Mra/m. This crack growth rate data

point together with the R - 0 ?  data from (he present study and 

relevant argon data reported hy hulloth and Buchanan |f,4] are 

illustrated In figure 5.17. (The steel used hy Bulloch and 

Buchanan warn Ducol W)C which has a similar chemical composition 

to JA 508 and is used for pressure vessels in conventional coal 

fired power stations).

It can be seen that the near threshold data for the Ducol steel 

agrees well with the near threshold growth data point for the 

present investigation Further an extrapolation from Si 1 loch and 

Buchanan's R - 0.9 argon data to the R - 0.2 argon data also

shows excellent agreement It is Important to note that both the 

present data as well as the R — 0.2 data does not exceed the ASME 

XI upperbound for fat igue era* k growth rate in an air 

environment. Bulloch and Buchanan's data [64] however resides

below the ASME XI dry code line lor AK levels < 7 Ml'ay* which 

reflects the conservative nature of (his code line at neat 

threshold levels.

3 Ilf PVR Water Tests

After 500 blocks the fatigue crack had reached an average growth

rale of 6.5 x 10  ̂ nun/cycle which again represent % near

threshold fatigue crack growth hcha / lour (I.e. 10 ^

mm/cycle) . In order to obtain h u t  her ilita points the R - 0,9

test was allowed to continue after the 500 blocks were completed. 

This (hen generated corrosion fatigue crack giowth data ovei a 

range of AK levels and this data Is lllusliatel together with the 

R " 0.2 I’WR water data in Figure 5.18. It cat be seen that all



ihe R - 0.9 daLa points reside alon^ 'he low R ratio ASMK XI line 

For reactor water environments. An e x t r o p o L u l o n  ( m m  the R - 

0.9 PWR water data to the R - O.y data a^aIn shows exie1 Irnt 

agreement.

The effect of environment on lailgue (rack propagation Is shown 

in figure 5 19. From this Figure, as well as Tahle 5.1 It is 

evident that the crack growth rate after 500 blocks for fianslent 

C In PWR water has been enhanced by a factor of 3.3 as opposed to 

crack growth in argon. This enhancement decreases with 

increasing AK to 2.58 times at AK - 11.1/ HI'a/m when compared to 

Bulloch and Buchanan's argcn d n t a .

0.3 Hz PWR Water Tests

Crack extension after 500 blocks at a frequency of 0.3 Hz was

swasured at 2.2 mm which yielded an average crack growth rate of 

3.19 x 10"* mm/cycle. Here the lest was again allowed to

continue to provide crack growth data over a range of AK. Tills

data is illustrated in Figure 5.20 It is also clear that the 

effect of reducing the frequency shifts Ihe data points closer to 

the high R-ratio upperbound for reactor water environments (i.e. 

increases crack growth rate for the same AK level) The

Transient C data resides between tin h gh and low R ratio ASMF XI

lines for low stress intensity levels (i.e. < 10 Mra/m) while at 

higher stress intensity the data lies o: the low R ratio line.

The effect of environment and irequency on the Transient C test 
dramatically Increase the fall gut- crack growth rate hy : order 

of 16 times greater than the argon test, Figure 5.21. This 

increase only occurred at the low AK range (1 e AK < 5 6 Mra/m)

while at the higher AK range the Increase was considerably

reduced r.o about 4 times before Increasing again to final

failure.



5.1 2 Variable A@ulllvU2_.L«»d(.liU4

5 . 1 . 2 . 1  j _ _ lL L A r & K U _  *"«' S i  3

All crack extenalon data and related AK levels for tlic vailous 

loading sequences are listed In Tahle 5.1 In order to determine 

the individual effect of the various discrete R ratio rye 1es of 

the Spectrum loading sequence on the overall spectrum crack 

extension, the spectrum was divided into the various loading 

sequences containing fewer R ratios (I.e. T% ape%oI da Is and

Peaks). After 500 blocks the era k extension lor the Individual 

Trapezoidal, Peak and Spectrum loading sequences were O i l .  0.42 

and 0.6/ mm respectively which yielded average crack growth rates 

of 4.4 x 10''. S 49 * 10'' mi'l x 10'' w / r y r l m .

Tills crack growth data was then plot ten (Figure 5.1/) against the 

stress intensity levels calculated (nr the 0.9 K ratio In.ling 

sequence. While it can be seen that the Trapezoidals. Peaks and 

Spectrum loading d- ^ points show good agreement with Bulloch and 

Buchanan's (64] reported 0.9 R ratio data, there is an 

approximate four told Increase in crack growth rate for

Trapezoidals, Peaks and Spectrum loading sequence when compared 

to the single Ripples (P - 0.9) data puint at a AK level n( 5.3 

Mpa/m.

The crack growth rate data points for Trapezoidals. Peaks and

Spectrum loading sequences reside ahove the ASMR XI line for an 

air environment, Indeed the Spectrum data point lies r 1 one to the 

low R-ratio ASME XT line (or reactor environments.

5 I 2.7 3 Hz PWR Walir T ests

The crack extensions after ')00 blocks lot (he rtmperoldal. Peaks 

and Spectrum sequences were 1.15, 1 41 and 2 5(, mm. corresponding 

to average crack growth iat es of 1.53 x 10 *, 1 34 x 1 0 and 

3.64 x 10 * mm/cycle respectively. This growth rate data was 

again plotted against the stress intensity levels calculated for 

the R *” 0.9 loading sequence Kron Figure 5.18 it can he seen

that once again t he variable amplitude data compares (avourahly



wlrli (.he K - 0.9 )'WK wit^r p.nnci.Urd M u m  (he pkesen' ^'udy.

The Increase i" ciack Riuwth (,i(e lor i'oiir;:|*on(lluK ^(resh

inLensliy levels, however, exhibited rather small clmnp.es i.e. 

1.3, i.j anu 1.7 Limes respei uly. These data points also M r  

above the low R ratio ASME XI line for reactor environments.

fhe ellecta oi PWR. water envlrotumeut on (lie fatigue crack ^luwih
rate [or the Trapezoidal, Peaks and Spec ti turn loading sequences is

illustrated in Figure 5.19. where ft Is evident (fiat (lie crack 

growth rate behaviour was enhanced hy a factor of I I.A and

4.2 limes respectively.

5.1.2.) C.) Hz rWR Water Tfsts

Aflei 500 blocks of Spertium loading sequence tfie crack had 

extended 3.23 mm which gave an aveiage crack growth rate ol 5.6b 

x 10 * mm/cycle. This data is Illustrated in Figure 5.20
% logclhe; with the relevant R - 0 9 crack growtli data generated

from the premenl study and it is evident that the Spectrum crack 

growth data lie directly on the curve for the K - 0.9 data. Also 

theme data point# lie between I fie high R and low R-ratlo ASME XI 

line for reactor environments.

The effect of d e c e a s i n g  the frequency for the spectrum loading 

sequence was to increase the crack growtli rate by a small fmcloi 

of 1.5 times when compared with 3 Hz PVR water 'est see Figure 

5.21. The effe&t of environment and frequency, however, Inrieased 

the crack growth rate by a factor of 6.5 times when compared to 3 

Hz Argon test.

Figure 5.22 compares environment.il and frequency effects 

resulting from variable amplitude loading tests. Iho effect of 

envlionment on the aveiage crack giowth data f m  the various 

Transient tests and spentium loading test Is clearly displayed In 

this Figure; also a significant frequency effect on both thm 

spectrum loading and Ripples tests in PWR water Is evident



5.2 ( ra c lo tra i 'liY

The tincture suifaces nf all fatigue crack propagation specimens 

wer,- sectioned. surface cleaned and studied In the Scanning 

Election Microscope m. various magnificat ions. These will he 

presented in terms of the effect of environment on the

fractogiaphic features

5.2.1 Constant Amplitude Lvodlntt 

5 2 .1.1 10 H i  Trala

The f ractographlc features of the slue and positive s.iwt not h 

specimens were very mfmiiar and thus t hey will be discussed

together

The argon iatlgue tested specimens showed the dominant fracture 

mode to he ductile striated fracture. There was no evidence of 

the crack encountering any inclusion sites although the steel was 

known to contain many inclusions |1). Clear evidence of 

individual atriatlons can he seen (Figures 5.23 and S.26) and (he 

average measured strlation spacing over (lie various AK levels 

tested was 1 x 10 mm which compares reasonably well with

recorded mactoscoplc crack growth rates. In the case of the

specimens fatigued in air the crack growth mechanism was Again 

that ot ductile st r lat ions (Figure 5.25). Ilowevei in this case 

there is evidence of a lew MuS Inclusions (Figure 5.26) In I he 

case of the specimens tested in fWK water (here 1m evidence of 

the crack front encountering far mote MnS inclislon clusters 

(figure 5.28 and 5.29) stany of which were ('served to be 

partially dissolved (Figure 5.29). The fracture mode exhibited 

in this environment was prlmatlly tranHgrauulai ductile 

atriatlons (Figure 5,27)

 ̂  ̂  ̂ 1 Hz Positive Sawtooth Tests

H g u r e  5 .30 shows (he general fracture surface at the start of 

the specimen tasted in srgon, and duct 1f e st rI at ed growth is not
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vriy .'vtdrn* Imwrvni, .it hlpjmr AK lrvc!s (lurillc siilntt',1 p,iow(h

lu.ximc mnie evident (Kl^ure S . U )  Tlic (rncl'iin wuil.rp icvcpln

little pvldciKf ol the crwck eiKounti'ilnp MuS inclusion clusters 

duilup growth. Pot the specimen lml|%ueil In mil there tns a 

small amount of Individual Inclusion cluslfiH evident on tint 

fidcun surface. Theae Inclusions were clearly evident and 

still present in their sites (Kip,ure S 3?) and It can he seen 

that the dominant fracture mode Is once ap,aln ductilo striated 

growth At hip,her ma%ulllcat|nns there is some .vidence

Indicating two kinds of Individual st rlatIons viz.. roaisc and 

line ( M g u r e  Measurement ol the coarse strlations p.lve

.i.era&c striatlon spacing which t an|\r between 1 x 1 U m m  to

x It)"'* mm which exhlhlts good communal I tv with the observed

macrocrack growth tates which ranged between 1 x 10"^ and 5 x 

lu" * m m / c y d # .  Evidence that the g: owl ng crack fiont had 

encountered numerous non metallic inclusion clusters is shown in 

Klguro 5 34 while Figure b 3S shows the detailed nature of crack 

extensI%n through an Individual cluste: . At high magnlrica;ions 

lllgure 5 36 and 5.37) partially disnolved MnS Inclusions can 

still he seen In their sites while the general fracture mode was 

du'tllt striated growth with an a"»rmge striatlon spacing of I x 

Id * sum, at an observed macroscopic growth rate which ranged 

he (.wen x ID"''4 and 6 x 10"'* m m / i v c ' t* .

^ 7 1 ) Sloe Wave Tests

H g u r c  5.38 shows a rough fracture suilar* with deep fissure 

f'Hr.iwi.in perpendicular to the crack growth direction, such 

features are characteristic of ductile striated fatigue fracture, 

hittle evidence of Individual Inclusion cIuslera were evident In 

this spec I men Individual strlat ions were observed (Figure 5.39) 

and their average spacing was 1 x 1 0 1 '* m m . Evidence of some 

Isolated inclusion clusters wet e obsei ved (Figure 5,AO and . A 1) 

In these specimens which were fatigued in a Ir while t he general 

11act ure mode was due tile sirI at ed growth. The s p e c :men tested 

in I’WR wate again showed evidence of numerous Inclusions

clusters within which partially dissolved MnS inclusions we Ie 

ohsetvod (Figure 5.A I and 5.AA). As shown In Figure 5.A2, 

'Fictile striated giowth was again t he dominant fracture mode



The 0.1 PWR walor trml exli 11)11 pd rx( rnKi ve Imolntcd l of

lnler%ranulmr fmlluii! dlMper'.rd wlihln m (ranNRraiuilnr Out (lie 

slrlatpd (atlRue f i a r l u m  surf are af lulfiml AK levels I.e. 24 

Mla/a Tl'f perrentmKr mrem of (his siallr suhrrlflral ff,u(ure 

mode was assessed 16%, (Kl%ure S.A'i) while the si/e nf th"

lulerRrauulmr facets varied between 20 to 60 A detailed view

of the InrerRranular failure in^in'is, (Kl^ure S.46i slmw

(i) that, the separate legions ui 

rnnner(ed by m ductile fatigue

inieiKiauular (ailu 

rack p,rowth Iractuie

(ii) evidence o' m corrosion product dial covered (he 

otherwise smooth prain Imundarv lep.inus of failure.

1

*

With increamit,^ AK level (lie extent cf (uterr.ranular f.illure 

reduced, until at A K - 10 MPa^m (he fatigue fractuie mode

almost totally ductile 

however, small areas < 

size), associated with non 

evident.

striated %t owt h , see Figures 5.47 - 5.50. 

nf fan-shaped %row(h (100//m h/ 8()/w# in 

tallir inclusion clusleis, were

5.2.1 5 Hl^h R Ratio T ests 

3 llz ArRon Tests

A general view of (he ribbon of fatigue ciack extension, 

approximately 150 ^m In iize. for (he Ripples (est Is shown In

In fatigue fractureFlguie 5.51. Note the a IgnlfI cant dlffcie 

appearance between the air pr cracking 

fatigued region. A aolltaiy MuS luciusl

void formation Is a 1 mo cv i dent while a 

5.52) shows that the fatigue liacture proc 

degree of directionality

glnn and th" argon 

in with t ho assoc i a I ed 

totalled view (Figure 

'ss exhlhltm a certain
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) llz rWR w.iter Tesla

The Mpeclmrn subjected Lu the Ripples lundlu^ proRrwrnwr 

allowed Lo continue past the 500 nlotks so ihol smre data polnrs 

for crock growth behaviour could he nblalnoi This led to 

different: fractigrnphlcal features helng ol)snrved In the

different crack growth regime s .

Al the near threshold AK levels (Figure 5 53) the fracture 

surface shows ductile ciack extension which contained highly 

directional tear ridges. A small Isolaied region of 

intergranular decohesion of approximately 17 pm In size can also 

be observed.

At Intermediate AK levels the fracture surface Is predominantly 

cransgranular ductile striated growth (Figure 5 54). o n e  again 

small Isolated incidences of intergranular failure can be seen. 

Facets weie between 10 15 pm In size.

At relatively higher AK levels, i.e. as the crack approached

final failure, the fracture Lurfwce showed extensive ductile 

fatigue crack growth extension In the form of mlcrnvold

coalescenc; (Figure 5.55). There Is a large variation In dimple 

size with the largest dimples being 30 pm In size. These

mlcrovolds arc associated with non metallic MnS inclusions which 

have been torn out of tho mlcrovolds or have remained on the 

companion fracture surface.

0.j Hz PVR  Water Tests

A general low magnification view (Figure 5.54) of the frmctur*

suiface 1ms llately at the start of testing. I e. AK level of 4.4

Mra/m, shows that w h i le t he main fracture mode was t ransgt anular 

ductile striated growth. extensive intergranular facets are 

evident which account ed for some 18% of the fatIgue surface area 

Subsequent fractographs at Increasing AK levels (Figures 5.47 •

5 59) sho / •• dominant f racture mode of duct I le st latcd growth

and decreasing area fractions of Intergianular fa I lure A 

detailed view of intergranular facets (Figure S 60) that occurroc 

near the precrack region shows facet s of 10 - 10 pm in sIzc with



evidence nf a ron^h m r x u s l  

Near the flnnl (allure region 

Mrnym. tile (uirtuiP mude I

:i prudurl nn tlm f;icn(U'd rc%luns. 

(Kly/Uns 61 3.6^) I.e. AK -11

n cnml'lli.i'lnu nf durtllr slii.ilrd

rrack Rrnwth with rep.InnH nf Mlcinvuld cn 

Mvei ape dimple sire of approx (mat ,1 y 7'i ^m.

les nrn whfrli h,id a(

5.2. /a[fable A m p l itude Loading

5.2.2.1 3 llz Ar&QjLluLa

For the specimen subjected to the Peaks loading programme (see 

Figure 5.63 and 5.64) no evidence of plasticity effects due to 

overloading or unde:loading viz . beach marks etc. were observed 

There warn, however, much evidence of ductile rtriated fracture 

mode. Similar details for the specimen subjected to the 

Tr^peziodal loading programme (Figure 5.65 and 5.66) were 

observed. The specl&en subjected to the spri I rum loading 

programme showed snich evidence of ductile striated growth (Figure 

5.67) while at higher magnification (Figure 5 68 and 5 69) 

individual strlations were cleatly seen and exhibited an average 
...rt.Uo,, . M c l n *  ol 8 x U) '' "" groolor ,hnn
the average crack growth recorded for this particular specimen 

Figure 5.70 shows a MnS inclusion cluster stir rounded by striated 

growth, many of the inclusions are clearly evident In Individual 

sites

Hz PWR Water.iLlfa

Figure 5.71 gl'es  ̂ general view of (he ftactuir surface of the 

specimen subjected to the Peaks programme where the piedomlnant 

fracture n c is one' again ttnnsgranular duitlle striated

fracture. A detailed view, F l g m r  5 /2, rhows the natuie of

striated ciack extension and an Isolated region of intergranular 

decohesion Is clearly evident. These intergranular facets varied 

het ween 20 - 30 /*m in size . Slml lai ly foi the Trapezoidal specimen 

he i»redomlnant fracture mode was trnusgranular ductile striated 

fatigue crack growth. Ilowevei, in this case (here was evidence

of Isolated fan shaped regions ( K g u r o  5. / t) within which t h*



ductile nature was markedly rwlurrd and isolated fan shaded 

regions were recorded, see ilgure S /I.

For the Spectrum specimen t'.e Inmlnanl fractuie mode (Figure 

5.74) was also transgrauular due II#' striated giowth. Figure b./y 

shows that the metal fatigue legion just ahead of the pirciatked 

region encountered a number of MuS Inclusion clusters A more 

detailed view (Figure "i./G) shows that some of the MuS Inclusions 

have heen dissolved out and also the reduced ductility in the 

region just ahead of the cluster. A further Interesting feature 

observed was the "elephant trunk" (Figure 3.77) This was caused 

bv s o M  hard debris being trapped In (he opposite fracture 

surface and with each cycle, Impacting the other surface forming 

this rippled effect

5.2.2.3

For rhe Spectrum loaded specimen while the fracture mode was 

mainly transgranular ductile striated growth there were numerous 

flar Ifutureless regions (Figure 5.78) which were dlapeisad over 

the entire fatigue c a c k  growth region. A more detailed view 

(Figure 5.79) of the flat amorphous fan shaped r e r l t  show river 

type lines emanating from a point source, T. A hl%h 

magnification view (Figure 3 80) Indicates that the posslbl* 

Initiation point P could have been a large carbide nr more likely 

an inclusion.
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b . I ConslnnL AimpllluUc Lvndlnz 

G 1 .1 EnvlioimieuL

Generally In I'WR w.,%r mAiiy nnnr 1 rlusinn vlustrrH were 

fncou.ilered by tho Advancing crock than in mlr, wlillc in a pure 

argon cnvlronmcnl little or no Inclusions wire observed on Iho 

fatigue tracture surface. The el l e d  ol rnvlroiwint. rnt.re

obvious ,ic 1 Hz lhan at 10 Hn for both w a v r f m m R  InvrsH^ntcd nnd 
consequently only the I Hz data nred be dlscumsed. The 

dllferencf* In growth behaviour between (be ar^on anu PVR water 
tesla can o.ily be explained In terms of h y d r o ^ m  embiltilrwrnt 

effects

6.1.I.I. A r^on EnvlronmcnL

The effect of a pure argon environment on the fatigue crnrk 

growth rate wa# essentially Insensitive (o ftequen^y ove^ the 

range 1 to 10 H z . In general growth rate data In argon was 

slightly slower than wlr growth data and appreciably slower than 

PVR fatigue crack growth data The present fatigue crack growth 

data In ergon agree well with the iesult y from reported vacuum 
data [65] and McMinn's atgon data |6C] (Figure 6.1).

Fractogrmpliic examination of the fracture surfaces for positive 

sawtooth both at 1 and 10 Hz (Klgureai 5.73 and 5.31) and for wine 
wave (Figure 5.38) revealed (bat the fracture s*ode was ductile 

striated growth. Many workers (6/ /()] have tried to characterize 

the parameters which affect the relationship between 

fractograpllc features and fracture mechanics data tor fatigue 
failures. t'owever, fo date, no mingle rationale exists that 

adequately explains the phenomenon of st rlatIon formation



Laird (6/) su%#osLpil that HLrlaiio.is arm fnrmed as m result of 
plascic blunllnR of Lhe crark lip (Kl^ure During the
trnsile part: of the load cycle plastic- h hiiit. ing, of the (:ra< k tip 

occurs. thi# Is Lhuii follownd hy rpsharpfnliiR of the tip durluR 

tlie cofmpremsion part of the ryrle. l^lrd's modal tlmrefor'! 

accounts for the prpsencm of fntl%ue strlatloum in non- 

crystalline, as 11 as cryatalline materials. Hcrt zlicrp (68) 

attempted to show that cryHtwlloRimphlr consideraLlonN could hr 

used to explain the sawtooth mpparance ol the striationw however 
his mrjel lacked experimental ev I donee . Pel loux ( u9 ] j (.1 lowed 

this up by showing that tlie formation and orientation of fatigue 
strlations depended upon the cryst a 1lographic orienthtlon of the 

grainr and also that a process of deformation hy a l trmating 
sliear results in an extension of the notch length by a rupture 

mechanism (Figure 6.1).

Meyn (70) was among the first to show that fatigue mtrlatIrns are 

rat formed when the fatigue crack propagation test Is performed 

in vacuum. This observation negates the validity of the plastic 

blunting theory for the formation of st riat ions (at least lor low 
growth rates). This lark of striarlors was explained as the 

effect of "an environmental cracking of an unspecillcd nature" 

during testing in air and hy the fact that no environmental 

cracking occurs in vacuum Pelloux clarifies this environmental 

crack'ng as *,n oxide layer which immediately forms on crack 

surfac# exposed to air (Figure 6.4). Tills oxide layer will then 

limit the i noimi. of reversibility of the deformat Ion a( the tip. 

However, Lankford and Davidson {7]j found stria!ions in vacuum

In the case of the present study several factors need to be 

jusidered when describing those trartographlc features Firstly, 

the tests were conducted in hip,h purity argon and not vacuum. 

Tlie 99.y5% pure argon represents a rather poor vacuum ol about 
10"  ̂ Torr, thus sufficient active ingredients may he present to 

form a monolayer of oxide on t he fracture surfaces Secondly 

Kendell and Knott |/2] also showed that i molayei s of. relatively 

iiî rt. gases such an argon can hp adsorbed onto the fracture 

surface. Thirdly stage 11 growth rales were measured for all 'he 

tests conducted In argon Fiotti these considerations It. would



appear that both the Laird and the Meyn mode 1 van bt> used to 

explain the appearance of s f r l aUons on flic fracture suilaces. 

Yet, only Meyn'm model, can •suitably tie up both (he 1 racln^raphli

(«»alurms and the crack growth data.

In the present mtudy the crack growth rate differences observed 
in air and PVR water when compared to argon can beml be explained 

in term* of a hydrogen embrittlement mechanism. Hydrogen 

embrittlement occur# as a result of the reaction between 
"hydrogen containing" environments and ihe freshly exposed

atomiii. ' v cluan material at the crack tip which produces

hydrogen i o m  which cause embrittlement. In an inert envfronmrnt 

the absence of "hydrogen producing" species would explain the 

frequency independence of SA 508 cl 111 material recorded in the 

present study. Tlie almost total absence ol moisture In the pure 

argon environment would therefore lead to a fracture mode that 
was cycl# dependent rather than time dependent. In the present 

study there is 111 Lie effect of waveform ;.nd frequency it an 
argon environment.

6.1.1.2 PVR Water

The effect of an aqueous environment is directly related to the 

frequency of the test. Hie slower the frequency the greater the 

environmental effect. Tills can be f ~n in that the 0.1 Hz te-t 

exhibited EAC plateau growth rate, see Figure 5.9. while the 1 

Hz crack growth rate in PWR water was approximately 5 times 

faster than the argon data, and the air dat& resided slightly 

above the argon data (Figure 6.1). Data liom the present study 
agree* well with McMinn's (6 (> j i Hz ambient (-mperat ure PVR water 

dp* a as well as Amzal lag" s (A 1) 1 Hz at / H R " P W K  dnta, but is 2 

tiuwH faster than Bulloch's (15] 1 :lx 290*C PWK water d.*ta 

for a triangular waveform. Comparisons cannot be made with the 

1CCCR group data since most of their tests were conducted at 1 

cpm and at 290"C. The main findings ol their 1 cpra data was the 

existence of EAC plateau format ion at much higher crack growth 

rates and AK levels.



- J61 -

Fractographlc exnminal Ion re vca 1 eil that, the <• f ! e r t of 1’WH. wator 

ZNfSulter! in a signl f I rmnt amount of i nt f-vgrnitul ar {.allure in the 

case of ihe 0.1 Hz ».es( at Initial AK levels (Figure 3.4C). Wilh 
increasing AK level the extent of i ntergramt' ar failure* 

docreamed and at AK - OMPaVm the (ml lure mod* w a s  prtdomlnant ly 
ductile striated growth within which were dispersed isolated 

"brittle" like fan ahapea (Figure 5.47). The existence of such 
i nte rgranular failure at low AK levels caused the formation of 

the EAC growth rnte platetu. In the caae of rhe 1 Hz teml the 

fracture mode waa ductile mtrlated growth with Isolated fan 
shaped region* of reduced ductility (Figures 5 35 and 5 41).

Thus the effect of PVR environment with reference to thu air data 
can be explained in terms of the findings of Klemottl et ml [20] 

who found that at ambient temperature and pressure some 

dissolution of MnS inclusions was observed already after only 20 

hours. This was confirmed by the fractngraphic examination of 

the PWR specimens of the present study which showed partially 
dlasolved MnS Inclusions In the fracture surface (Figure 5.4]). 

The "1ssolutlon of MnS Inclusions In acid conditions is more 

pronounced when compared to neutral water conditions. On the 

other hand the hydrolysis of the net-' Ions lead to local 

acidification (24), which may provld condition* lor chrmlcal 

dissolution. It Is therefore evident thht MnS Inclusions on the 

steel fracture surface can provide Initiation sites for EAC 

growth This is borne out by the piescnce on the fracture surface 

of fan-shaped regions of reduced ductility ahead of the Inclusion 

clusters. Several workers (15,23.2/,44| have aJso observid this 

phenomenon and have shown that a EAC plateau occurred as the area 
fraction of fan-shaped fiacturn abruptly increased. Wien 

considering a growing cra-k K  is obvious that the MrS inclusions 
which are exposed tn the envlronmenl Inside (he crack ran 

dissolve. The dissolution is enhanced since t he environment 

inside the crack is expected to become more me 1.11( . The MnS 

Inclusion* inside the crark act as local cathodes and dissolve 

forming H p S . Thus the dimsolui ion of the MnS inclusion 

produces H^S saturated water at the crark tip. The poisoning 

effect of the resulting HgS reti.rds the vecomhinat ion of atomic 

hydrogen into molecular hydrogen and hydrogen absorption into the 

metal is enlianced. Also the hydrogen atom may be easily



irlmt cd from ll?S

Bca(hem's model (27). wee Kl%ure 6. 
for an increamlng K situation whrn Llie crlLlcnl 

liydrogen concent rm( inn for n given mtresN linens 

inlergranular failure can occur. In the 0 1 11% 

fronL eucountereil

grml n d  ihaL inltlnlly

f

hy the PWR waler 

Dilm (hen ]md (o g 

(he meLal malrlx. T

omblnatIon o 
y la acliinve 

eut Lhc vrar 

band of MnS Inrlumlonm which wrie dissolve 

emulllng In H^S prodncLloii MC the crack tl;i 

rater hydro^in ^nnrrnllon and diffusion int 

e combination nl thin hydrogen concent tatlo
and the level of the Initial stream intensity caused

intergranu]ar fallu 
fat 1gue test.

0 6 % ) ring the eatly stage
x(ensive 

nf t he

The Harwell data 73], see Flguie 6 6. which indicate only minor 
environmental influence, may be explained as resulting from the 
high flow rake (turbulent) of the rcclrculall

turbulent water f 

crevice chnmlstry 

the rate of dl 

reactions and remu

'g water. Hi Is 
may prevent the formation of the necessary 

ondllions Inside the crack, which can decrease 
Issolution and subsequent hydrogen evolution 

It in a reduced environmental Influence. Tlie 

clear environmental influence In fatigue crack growth rates 

Indicate that the dissolution of MnS Inclusions occurs and 

favourable conditions for hydrogen evolution and absorption ate 

created. Thus the development of the crevice chemistry Inside 
the crack is of great importance.

Tlie results of Amzallag (41), Bulloch and Buchanan (lb) and 

McMinn |Gt] and the present stuuy all indicate that hydrogen 

evolution and absorption while leading to enhanced nrack growth 

i« not sufficient to causa EAC plat an* effects. This I: probably 

due to the fact that at 1 !:% the crack velocity Is still greater 

titan ttie rate of hydrogen accumulation despite the high 

temperatures In some cakes The 1'wer growth rate obtained by 

Bulloch and Buchanan (15) for triangular wave 1 Hz ar ?90"C In 
PWR water can be attributed first 1 y tn, t ht< relative cleanliness 

of t he EPRi steel compared to the present wt erI and second)y to 

waveform effects. Bulloch and Buchanan (15] suggested that I he 

low*-r growth rates founl for triangular waveform compared with 

those of tlie sine wave could be explained In terms of crack rfp
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closure effects. The crack tip strain rate ranR* "f Ute 

sinusoidal waveform is much greater than that of the triangular 

waveform. "Mils dirference in crack tl;i strain ru(e hrhavldur at 

low values of AKgff together w((|i the fact that durlfig 

sinusoidal waveform loading the crack tip Is opened for a longer 

period, could prevent passive film iormation and htnce 

facilitate hydrogen absorption and thus environmental ly enliance 
crack growth. T h u s , despite the Increase in temperature which 
would aid the MnS dissolution the preater preponderance of MnS 

inclusions found in the p:*sen' sieel ran lead to more :lyS 

formation and thus greater hydrogen absorption. In the cane of 
Amzal lag's results it can only be surmised that the are,,! uaod 

was relatively clean and that the Increased growth rate was due 
to waveform effects.

6 .1 .2  Frequency

The only significant effect of frequency was found in PWR water 

at a frequency of 0.1 Hz where a growth rate plateau anJ hence 

environmentally assisted cracking was observed (see Figure 6.6). 

It should be noted that the International Cyclic Crack Growth 
Rate (ICCUR) Round Robin data (1 cpm al 290"C) agrees well with 

tie present data at AK levels of approximately 30 MPa^m. 

However, at AK levels above 30 MPa/m the 1CCCR band [/4| 

exhibits growth rate values that are In some cases an order of 

magnitude greater than the present results. High flow rate data 
( /3 j (Harvp 11 1 upm at 2?(>BC) and Babcock Power Limited (BP1.)

data (15 j (1 Hz at 2 ;U"C) shows gnnd agreement with tlie p r e s m t  

data Inasmuch :nat these data a'so show little environmental 

assisted crack growth. McMinn's data (66) (0.1 Hz at ambient 
temperature PWR wrter) agrees well with 0.1 Hz data of the 

present study in that it also shows evidence of environmentally 

assisted crack growth starting al approximately 28 KPaVm. In tlie 

present study the growth rate plateau started forming at a AK 

level of 24 MPa/m and the jrack gruwUi rate remained a 1 m a t  

Insensitive to AK values up to Ac Mra/m. ror the Roui.J Pohln 

test s conducted by the ICCGR group, 'lie majority of growth rat c 

plateaux were formed at ,K levels approaching 40 MPa/m.
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Sulphur prinks (1| taken from (he slerl used in the pr<'Nf;il study 

show Him material to be prone Lo %rosR sep^e^allon and exlillilted 

much evidence of MnS ciusterm k'lllm thu Klect.rlc Townr Hem^Hrch 
InaliLute (FTRI) eteel, umed In the ICl.UR Round Roliin test 

pi (igimmmm 1m reported |/5) Lo be fmirly clenn. Since the htrema 

Inlinslly range al wlilcli ihe plmleau formed, , In the
prement #Ludy la mucli lower than that found tn the 1((:UK kmind

Robin teacm. thim woulti auRgeat that ateml cjemiliw .s could be
dominant cause of the lower A K p ^

However the preaent aludy was ronducted at ambient fempcr.itura 

and hence a lema aggremaive environment In which MnS inclusions 

were only par*(a U v  dlaaolv^l Coupled with the lower AK 
th* preaent 1 n .ack growth data la approximately double the 

MPL data or EPR I ateeJ growt)) rate. This would suggest that the 

inclusion content/cIeanlIneas/segratIon effects can play a 

dominant rul# In EAC growth.

Ar the onset of plateau growth rate two fracture mechanisms were 

observed viz. t ransgranular ductile striated growth and 

Intergranular failure. Tills can " seen In Figures 5 4 and 
5.46 which show that 36% of the area at (he start of SAC p, owth 

(AK - 24MPay*) consisted of Intergranular (allure (IGF). Tills 

Iractuie swdu was tranalent and the area percentage of (1CF)

decrea ,g with fncraaelng /K level viz 22% IGF at AK - 25 M^a 

Vm to 4% IGF at AK -26MPa/m. These percentages oi 
intmr^ranular failure agree well with the data portrayed by 

Cooke et al (/6| for a medium r„rbon steel tested In air.

Beachem [2/] In his model fur Hydrogen-Assisted Cracking

suggested that hydrogen diffusing Into the l a : 'ice just ahead of 

the crack tip will aid whatever deformatlun process the itatrlx 

(microstructure) will allow (F'p.urr 6. b ) . Such deformation 

processes also depend upon the at ins* intensity i at: t or aiul the 

hydrogen concentration at the crack (Ip enclave. Ar alow crack 

growth rates IGF Is an energet ically more favourable process than 

the klnetlcally faster microvoid coalescence and quasi-cleavagc 

processes T h u s , hydrogen will diftus. further ahead of (lie 

crack rjp permitting a hydrogen concentration at the grain 

boundaries and making the condition* for grain boundary
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piasLicliy morr [avourmble. Cookf el ol |/6{ fuund ih.H (he 

tranaltioi, from mlcroairuclure aensllive behaviour lo 
mlcrostruilure InaeMslLlve heliavlour occurred when Lho rrveraed 

plastic zone alze epproachea fhe r elevam mlrroslrurlijral 

dlmenmlon, eg. Lhe prior nualrnlle gialu size Allhough (his 
correlation Is encouraging, the reversed plasilc zone ml/o was 
calculated I be /.39 x 10'^ mm at the end ol Inlorgranular 

[allure. This dimension Is approximately lour Limes largrr (han 

(he reported gr.'ln size of 1/ pm [//].

Fractographlc observations support (he Hydrogen .ssisted Cracking 

(MAC) model am (he fracture mechanism, since more non-metal lie 
inclusion clusters were encountered by the advancing crack front 

in the I). 1 Hz test than in both thu I and 10 Hz FWR water tests.

In fact there was increasing evidence of Inclusion clusters with
decreasing frequency. This can be attributed to the increase in 
loading time in which liberated atomic hydrogen can diffuse 
through the lattice and embrittle the metal. Furthermore, 

hydrogen tends to accummulate at grain boundaries, inclusions, 

voidr., dislocation arrays and solute atoms and thus the extent of 

MAC is controlled by those hydrogen accummulat ion sites that are 

most sensitive to fracture. From (his it becomes clear that the 

the test frequency determines the rate ol hydrogen supply wnich 

in turn leads to the various fracture archanisms.

At the relatively high frequencies of 1 and 10 Hz the hydrogen 

supply is low and for low AK levels fiw inclusion sites are 

located In the area of maximum Lrlmxlal stress ahead of the crack 

lip which by natura are prefetonllal sites for hydrogen trapping. 

However, for intermediate AK levels (Increased plastic zone size) 

more sites are present and thus a larger accummulatIon of 

hydrogen can occur. Also, trapped hydrogen and the microcrack 

type behaviour of the Inclusions together with the stress field

ahead of the crack tip can cause hvdrngen Induced cracking ;u ound
the Inclusion. This leads to fan shaped regions of reduced 

ductility just ahead of the MnS Inclusion cluster as stun in 

Figures 5.28 and 5.35. At lower frequencies (I.e. 0.1 Hz), on

the other hand there is & much greater hydrogen supply and yet 

for law AK levels still few Inclusions are present in the forward
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plastic /(me, theipfoif thr liyciici^cn nixummlHtcs nt thr ^i.iln 

bnundiirlps. nils (liPH leads In rnviioiunfnlally asnlslrd (lacking 
(HAC) hy lntprKimiular (allnrp ns seen In Ki^'ires 3.6^ and b.A6. 

Am the AK lr\fel I nrreamem (will, a corrnmpnndlitR I nr rensp In the 

plamllr zone size) Ihrrm Im m ^realer llkrllhnud that mure 

inrluninn cluaterm ran he mmmpled; much clumtetm m e  preferential 
"hydrogen mlnka" and thlm together with the faster (rack velocity 

enhances Lho occurrence of quasl-cle.ivag*, fan shaped PTit: growth,
see Kiguie 5.66,

Abrupt changes in rrack growth rate establishing plateau regions

ve been ielated to an 
At. low values of AK, (he 

stress and hydrogen at the 

Increase in the crack growth

in the fatigue crack curve 
environmentally controlled phinnmcn 
effect of increasing K on both th 

crack tip combine to produce a rapl 

rate. Am the crack extension rate accelerates It eventually 
reache# a velocity where thn kinetics of hydrogen entering into 

the crack tip are nor sufficiently fast enough to produce the 

hydrogen concentration needed for further accelerated growth. 

The fatigue crack growth then slows down to a rate determined hy 

the rate of hydrogen accumulation, becoming only weakly dependent 
on AK.

The preponderance of MnS Inclusions encr untered in the present 

study not only explain# the lower AK observed hut also the 

high crack growth rate of the 1 Hz. data over that of tin HI'!, data 

despite It# higher testing temperature. The Harwell data while 

at a higher temperature (290"C) and a slower frequency (0.01/ Hz) 

agree# well with the present 1 Hz data and exhibits no growth 

rate plateau. This could be dun to the high flow rate of the 
circulating PWR water, prevalent within the Harwell testing 

facilities which could flush nut the dissolved MnS environment 

from the crack into the bulk llipild and possibly slow down the 
rate of hydrogen entering the steel. The higher plateau fotmed 

by the 1CCGR group data con be attributed to the lowei fir(|upnry

(0.016/ Hz) used for these ttmts and/or the high* 

used, i.e. the lower frequeiey will lead to grt

accumulat. . while the Increased temperature will * 

dissolution rate of the MnS to produce an aggres;

temperature 

(ter hydrogen 

e a faster 

crack lip
ronment which in turn can lead to further hydrogen evolutlo



6.1.3 Waveform

Prom a fraufographfc mmpecl wav^foim rlfeoim were ueglIglhfc fn 

all three envlromentm, alao similar fractographic details were 
observed tor both waveforms tested In this study. For hoth liu 1 
and 10 Hz argon tests far fpwoi MnS Inclusion clusters were 
encountered by the advancing cra^k front (han in the air. The 

fracture mode was ductile striated growth (Figure 5.23) and in 
the few Instances where the growing crack front cut through an 

inclusion cluster, each individual inclusion was separated from 
the matrix by voids formed through differential thermal 

contraction during cooling ar in F'gure b .26. The tes'i 

conducted In PWR water showed more evidence of MnS Inc.usions 
being encountered by the growing crack front than for both the 
air end argon tests. A decrease in frequency from 10 Hz to 1 Hz 

Increased the Incidence of MnS Inclusions encountered hy the 

crack front and hence the incidence of brittle "fan shapes" 

extending ahead of the Inclu.ton clusters tFlgure b.3b). 

furthermore, the inclusions were partially dissolved and many 

could still be seen in their sites (Figure b 36).

Positive sawtooth waveform consistently gave faster crack growth 

rates than sine wave although the extent varied depending on (he 

environment and in some Instances frequency. However, the 

fastest crack growth rates for both wavefors:s was observed at the 

slowest frequency in PWR wa'er. Two difficulties arise with the 

interpretation of these results. Firstly, an accurate comparison 

of the various waveforms should be on the basis that the 

transient slresse are "qual In rate and duration. Secondly, 

most of the work done in corrosion fatigue of RPV steels in PWk 

water was done at 790"C using slno nr triangular waveforms thus 

there la very little suitable data with which lo compare. For 

these reasons comparisons will only he made between (he two 
waveforms used in this Investigation.



Kor Lhm teela done In ar^on there wns 1. le dilfercntc In both

the 1 Hz and 10 Hz crack growth data for both waveformm.

In air the rorrempondlng crack giowth rates for li,«- various 

waveforms are higher lhan Lhose In argon and the difference In 

the crack growth rates for the two wmv.forms also increased The 
fact thac at I Hz the crack growth rates are essentially the same 

as f'—  10 Hz indicate that there Is little effect of frequency 
and th. t,. difference is mainly the result of waveform
effects. The significant oxygen and moisture contents prevalent 

in the air result in the rapid formation of an oxide layer that 
will in turn lead to a faster dislocation pile up giving f.ister 
crack growth rates in air for positive sawtooth loading.

For th* PWR environment a similar trend Is observed i.e.

individual crack growth rates are higher. However, as the

frequency is reduced the cra^k growth rales increase which is the 

result of an Increase in the envliniwental component. A greater 

loading peilod, such as that prevalent In the positive sawtooth 

tests, causes more hydrogen to diffuse into the metal and to the

region of greatest stress trlaxialit y wheie it will accumulate

and cause embrittlement Further, not only does hydrogen diffuse 

rapidly through the lattice because of Its small size hut

potentially of greater significance in the fact that hydrogen 

transport rates in association with dislocation motion can be 

several orders of magnitude greater than that associated with 

lattice diffusion Beachem's model (2/) suggested that hydiogeu 

does not lock dislocations In place but rather unlocks them and 
allows them to multiply or move at reduced stresses. Titus the 

dissolved hydrogren lowers the true fracture strength of the 

lattice. During the rapid loading period, as in the sine wave, 

embrittlement does m t  occur during the loading cycle clnre the

hydrogen does not have tlwo to diffuse in the crack (ip. At

large AK values the strain rate dependence diminishes since the 

large **1"* provides suffl lent driving force for both the

mechanical and hydrogen diffuse u mechanisms and lienee the

sinusoidal and positive iawtooth rat a tend to merge at high AK



6.1.4 H lzh K-Rallo Tesla

Aigon Tests

The present constant amplitude argon data t ogeUn-r with that, 
reported for Ducol stop] hy Bulloch and Buchanan |64j rnpicNent 
near-threshold gruwili data at K-O.V and a imoith continuous 

extrapolation from this low growth rale data to Inicrmediali AK 

levels seems reasonable. 1 ( is also reasonable in ..ssume that 

A5U8 cl 111 and Ducol steel will have similar threshold 

characteristics because they are both low alloy ferrltlc pressure 
vessel steels with very similar st t eng'h properties.

Load r a . u  and mlcromtructure are considered to he major 
variable., which affect the fatigue crack growth rate behaviour at 
both the near threshold and high AK levels. However, in the 

intermediate growth rate regime load ratio and microstruclurc do 

not have nearly such a pronounced effect on fatigue crack 

propagation and indeed fatigue crack propagalion at Intermediate 

AK levels is relatively microstructrre insensitive. In almost 

every case, the transition from mlciost rue tore-sens it ivc to 

micros!ructure insensitive crack growth behaviour is associated 

with a concomitant transition in fracture mode (/8] These 

f ractographlc observations s t r m g l y  suggest the role of 
mlcrostructural influences on the '"terminal Ion of the operative 
micromechanisms of fracture.

It was apparent, however. from (hn woik done by Bulloch and 

Buchanmr. [64] and from the f. aclographlc evidence of the present 

study (Figures. 5.51 and 5.52, that the growth talc in argon wos 

unaffec'cd by R-ratlo and the fracture mode remained 

mlcrost ructure insensitive. Tliecm facts. partlcuiai ly the 

latter, suggest that a continuum typo mechanism (plastic 
blunting [6/) c c shear band decohesion (69)) may bo the 

fundamental mochanism of crack growth Tins the abae je ol a 

relatively benign envlroiusent (in the case of the K-0.9) resulted 

in a red iced era k growth rate because the absence of a hydrogen 

producing species prevented any hydrogen asiiated cracking.



It. Is interesting to note that in t he region of the crank that 

was precrncked in air the striations are more distinct, when 

compared to the s t r la t. ions formed in atgon. (i'i gu« "■ . These

results are in good agreement with the findings of et al

[76] for vacuum tests and tend to support Pe> 's (69] 

findings.

Suresh et al [54|, however, found that both hylrcgon and .y 
argon gave accelerated near-threshold fatigue crack growth rates

relative to air In explaining this enhanced growth rate they

noted that fatigue testing in air creates an oxide layer on the 
fracture surface that thickens in the threshold regime as a 

result of clo"ur' Induced fretting. Similar oxide layers in the 

threshold regime have been reported by (ooke et al [76). The 
thicker oxide layer, would Increase the crack opening stress

effective stress intensity range, Keff' thereby leading to
lower crack growth rates at. a given applied AK While at a first 

glance this me, appear to contradict the results found in the 
present study it must be borne in mind that Suresh"s fhidings 

apply to low R-ratio tests. For high R rat io tests there is 

little chance of crack closure, this resulted in no thickening of 

the oxide layer and no increase in the crack opening stress 

intensity. Thus the crack gtowth rate for a high R-ratio test in 

air should be greater than that of a low R-ratio test

PWRJJater Teat

Tho most significant effect was that of frequency on the Ripples 
{R - 0 .9) loading sequence; in which decreasing the frequency from 

3 Hz to 0.3 Hz resulled in increased the crack extension from 

0.50 to .20 m m . This corresponded to a 6 5% as opposed to a 23% 

contribution to the spectrum crack extension. Therefore at high 

frequencies despite the fact that the R - 0 .9 loading sequence

constituted the most cycles, Its contribution to crack extension 

wflj small (23%) whereas at lover frequencies this R-ratio became 

a dominant contributing factor in spectrum loading crack

oxtersion. This was due to enhanced growth rates that resulted

from the occurrence of a significant amount of intergranulai



f a i l u r e  o n  t he f a t i g u e  f r a c t u r e  surface

i ractographlc examination of the 3 Hz R - 0.9 test showed that 

the dominant fracture mode was ductile striated growth (Figure 

3.53). However, small Isolated intergranuLar facets were also 

found in the * racture surface (Figure 5.5/*) in the fast failure 

region the fracture mode was microvoid coalescence (Figure 5.35). 

The 0.3 Hz R - 0.9 test showed that at the start of the fatigue 
test a mixed fracture mode of intergranulmr failure and ductile 
:triations was operative. With increase in AK level the 

percentage of intergranular failure decreamed from 18% to < 1% at 
AK - 6.8 MFav'm (Figures 5.56 - 5.59). Once again in the fast 

failure region the fracture mode vas microvoid coalescence 

(Figure 5.61) with raterovoids of about 10 urn in size.

The environmental enhancement factor, in PWR water after 500 

blocks, for relatively high frequency (3 H z ) ranged between 3 and 

4 while that for lower frequency (0.3 Hz) was greater than 
sixteen. Roth these enhancements can be described by the 

hydrogen assisted cracking mode 1 The "high" frequency results 

can be exp. mined a-j described in section 6.1.1.2 above, while the 

" l o w "  frequency results can be described by two hydrogen models 

proposed by Irving and Kurzfeld (79] and Beachera (27] described 
below.

Irving and Kurzfeld (79) suggested that the crack velocity in a 

moisture; containing environment was the parameter which 

determines the proportion of Intergranular failure. Hydrogen 

which formed at the crack tip on each load cycle diffused into 
the plastic zone used local reduction of cohesive strength

of the grain bourn. The critical areas would be the region

of maximum hydrostatic stress, as tensile stresses normal to the 

crack plane would also be a maximum in this region. The 

operaticn of such a mechanism would be limited by the rate of 
supply of hydrogen. At high crack velocities (Figure 6,7) there 

would be Insufficient !1 me for hydrogen to diffuse to the region 

of maximum triaxial stress and intergranular failure would 

decline. At low crack velocities the rate of hydrogen production 

at the crack tip will be insufficient to promote grain boundary 

decohesion, and intergranular failure will again be reduced.
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Clearly loading rate will change the transient: rate of hyihogen 

supply to the region of max Liuur ' r laxial stress since only time 
under load and the crack growth increment will influence the 

average rate of hydrogen supply. The concentration of hydrogen 

-.it the crack tip does not matter whereas the concentration in the 
region of maximum triaxiality is important. Transient 
fluctuations in hydrogen production will tend to be smoothed in 

the diffusion process.

Rice and Johnson [80] on the basis of an elastic-plastic analysis 
of crack-tip stress fields have suggested that the distance of 

6^ from the crack tip to the point of maximum triaxiality is.

where E is the elastic modulus and ov is the yield strength of 
the steel. This expression implies that 8c will increase with 

Increasing K level The analysis also suggested that the 

stresses in the triaxial region did not continue to Increase with 

increasing K , but instead extended over a larger distance ahead 
of the tip while remaining of the same size. This behaviour t.hey 

suggested could account for the decrease In Intergranular 

fracture observed at high values of R or of mean stress It 

therefore follows that as the distance over which the hydrogen 
has to diffuse increases, the maxlisum achievable hydrogen 

concentration declines, In the absence of any additional tensile 

stress, intergranular fracture will also decline, and this is 
observed in tests on high purity material at high mean loads, or 

high R values,

Another model for Hydrogen-Assisted Cracking forwarded by Benches# 

[27] in fact agrees In many important aspects with the previous 

model Namely; 1) hydrogen is evolved and enters the metal

matrix at growing crack tips in aqueous environments, 2) pure
molecular hydrogen gas dissociates at cl van deforming surfaces 

and enters the metal matrix, 3) hydroge migrates to regions of

higher triaxial tensile stresses in the metal matrix, and A) the 

presence of hydrogen dissolved in the ferrite matrix aids the



deformallon oT thr mmNix.

Rpachcm'm model gn^^ests that hydro^ei dirfuNem into the Inltlre 

just ahead of the crack lip and aids whatever deformation 

processes the matrix will allow. Mlrrovoid coalescence, rpiasi- 
cleava^e or intergranular fracture ate postulated to occur hy 
these deformation processes. depending upon the stress intensity 

factor and the concentration uf the hydrogen ahead of the crack 

tip. It is Important lo note that the udel relates primarily lo 
plasticity. The model predicts that at low K va ues the most 
energetically favourable fracture process is Intergranular

failure as opposed f o the klnel 1 cally last,. " mlcrovold coalsconce 

or f|uasl -cleavage, since these slower cracking rates permit
hydrogen diffusion further ahead of the crack tip, giving rise 

co hydrogen concentration at the grain boundaries and making the 
conditions for Intergranular fa#lure wore favourable. At 
Intermediate AK levels the plastic zone which can be developed is 
not large enough to Include large numbers of inclusions. Thus 

the K level is sufficient to drive the plastic deformation 

required in quasi-cleavage. At high AK levels large volumes of 

material are plastically deformed at the crack tip thus the

resultant plastic zone can encompass numerous inclusions that act 

as void nuclei, the fractur* process which develops is microvoid 

coalescence.

Cooke et al 176] found that in an air environment a new

mlcrt st ructure sensitive mechanism began to replace the vacuum 

mechanism when crack lip plasticity was confined to within 

mlcrostructural dimensions. Using the continuum relationships 

developed by Rice (80), the maximum and reversed plane strain 
plastic zone sizes were calculated.

Maximum plastic zone si
y

?



Thus a two component- mechanism was proposed to explain crack 

extension at low AK values in moist. air environment. One 

component Involved the creation of the intergranular facets by a 
AK controlled process and the second, a facet Interconnection by 

a tensile tearing process i.e. K|imx controlled.

The main differences between these two mode 1s are that firstly

Beachem's mode L attempts to explain hydrogen assisted ...rack over 
the complete range of stress Intensity from near- t’-reshold to 

stage III crack growth while the other Is a model for near 
threshold behaviour only. btcondly the Irving model predicts 

that at high crack velocities there is insufficient time for 

hydrogen to diffuse to the region of maximum triaxln]1ty 
resulting in a decline in Intergranular fai u r e . Cooke et al
(76) however found that when the reversed plastic zone size 

approaches the prior austenlte grain size there is a transition 

from crystalline to non-crystalline failure i.e. al reverse 

plastic zone sizes large than the prior austeni te grain size 

there will not be any intergranular failure, Bea-hem's model, 

however, suggests that hydrogen is In fact responsible for all 
the various fracture SKxbs and that the failure mode depends on 

the complex interplay between hydrogen concentration at the riack 

tip, stress intensity factor and the microstructure.

The results of the present study can be explained in terms of the

above models although certain contradictions exist, thus further 

research is necessary so that a model may be developed that may

he applicable to all conditions. The contradictions were as 
follows;

(a) while both the 0.3 Hz, R - 0.9 lest and the 0.1 Hz, R - 0.2

test showed that the crack extension was micros!ructure
sensitive in that intergranular failure was the frac re 

mode (Figures b. 46 and !>. 60) the transit ion from 

microstructure sensitive to microst ructure insensitive

fracture did not always occur at the predicted point

inasmuch that,



(i) while for the 0 3 Hz R - 0,9 test a! the point where

the percenimRe of iHtmrRrmnular failure < 1% (at

AK-6.8 MPaYm Figure 5.59) the reverse plaillc zone 
size (-5 pm) was ■smaller than the prior tusleni te 

grain alze, and the plastic zone was contained within 

it at lower AK values.

(11) in the case of the 0.2 R-ratio test the point where
4% intergranular failure was present (at AK-7C MRm/m)

the reverse plastic zone size (-/A 2 fia) was larger 

than the prior auaten te grain size of -l/^a (22].

the crack velocities of both the R-0.9 and R-0.2 tests were 
below the level found by Irving to he too low for hydrogen 

production for hydrogen assisted cracking inasmuch that.

(I) for the R-0.9 teat the initial crack velocity of
5.4 x 10"  ̂ mm/sec gave 18% intergranular failure 

while a velocity of 1.5 x 10"* ma/sec gave < 1% 
Intergranular failure and

(II) for the R-0.2 the initial crack velocity ol 3.59 x

10"^ ea/mec gave 36% intergranular failure while a 

velocity of 5 x 10"^ mm/sec gave 4% intergranular 

failure. Irving's data however predicted < 4%

intergranular failure at crack velocities of 5 x 

10"^ as/sec k.id 35% Intergranular failure at a 

velocity of 1.5 x 10"^ mm/sec.

This possibly suggests firstly that in an aqueous 

environment where hydrogen la more freely available, the 

range of crack velocities over which intergranular failure 

may occur is much lower than for those in a humid ait 

environment. Secondly the hydrogen concentration required 

for tliu promotion of intergranular failure in this material 

is leas than for the material Irving used and thus the 

corresponding crack tip velocity is reduced



Despite these inconsistencies these results show exceUenf

mftrpemenc with Beachem's I?/) model In that It predicted hoih the
intergranular failure anti the microvoid coalesence failure mode 

for the R - 0 .9 test Th s once again points to the hydrogen 
assisted model since microvoids could not have been formed 

directly by anodic dissolution models.

For the 3 Hz test the short loading period was not enough to 
allow hydrogen to be transported to the grain boundaries. This 

prevented sufficient hydrogen build-up to cause large scale 

Intergranular failure. However, sufficient hydrogen build up did 

occur In a few isolated cases giving rise to Isolated 
Intergranular facets (Figure 5.54) The resulting slow crack 
growth rate does not supply sufficient bare metal for hydrogen 

production, thus hydrogen asslste cracking cannot take place. 
Initially hydrogen concentration at the crack tip and hydrogen 

transport to the region of maximum stress trlaxlallIty were the 
limiting factors. However as the crack growth rate Increased 

hydrogen concentration at the crack tip no longer was a limiting 
factor. The faster loading rate did not allow sufficient time

for hydrogen transport by dislocation motion At longer crack 

lengths and large K levels large areas were then plastically 

deformed which activated the dislocation sweeping mechanism 

allowing a greater hydrogen build up at inclusion sites. This 

then led to a change in fracture mode to mlcrovold coalescence 

(Figure 5.55).

In the came of the 0,3 Hz teat the loading cycle was long enough 
to petalt hydrogen diffusion combined with t is location sweeping 

of hydrogen to the grain boundaries The bu"Id-up of 1 ! / r

at the grain boundaries led to hydrogen assisted crackin; .hj 
form of intergranular failure (Figure j . 56). This increased 

crack growth rate thus supplied more reactive surface area for 

the production of hydrogen thereby maintaining the increased 

crack growth rate However, the crack velocity started to

exceed the rate of hydrogen transport leading to a decrease in 

the hydrogen concentration at the crack tip and thus reduced

intergranular failure occurs The reversed plastic zone alze

then approached the prior au:tenite grain size and caused
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transition frora intergranular failure to (U,:?lie striated growth 

(Figure 3.59). This transition occurred at the knee of the 

crock growth curve (Figure 5.21) and from this point the crack 
propagated at a slower rate and thus allowed hydrogen build-up 

in the matrix until at some critical concentration combined with 

Che large K value resulted In microvolt! coalescence (Figure 
5.62). This transition occurred at the second bend in ihn crack 

gt wth rate curve (Figure 5.211.

6.2 Variable Amplitude Loading

The Spectrum loading sequence suggested at the 1983 ICCGR meeting
[63| was used in these tests In which the frequency was increased 

from 1 Hz to 3 Hz to give a much less time consuming experiment 

To facilitate the interpretation of the results in terms of the 

effect of the various R-ratios on the overall crack growth rate 

three different loading sequences were dr signed viz Ripples, 

Peaks and Trapezoidal# (Figure 4.5). These loading sequences 
consisted of one or two of the R ratios in the iame proportion as 

used in the spectrum loading sequence.

6 2 1 Araon Testa

The crack growth rates after 500 blocks for Trapezoidal. Peaks 

and Spectrum loading sequences were greater than that found for 

the high R-ratio (Ripples) test. Thu since all these teals 
were conducted in the same environment the Increased crack growth 

rates must be due to the load interaction effects. Also since 

increased crack growth rates were observed, little or no crack 

growth retardation could have occurred as a result of peak 

overloading This was borne out hy fractographlc observations 
(Figures 5.63 - 5.70) which showed no plasticity effects i.e. 

Increased strlation spacing due to ov * McMillan and
Pelloux (81) showed that aithoi ccelerations or

retardations of crack growth can ha served from crack

growth curves striations Indeed can reve .. uch effects.



The lack of retardation or delayed retardation of the 

%rack growth, am well aa tlu lack of Irartographlc evidence ot
tills, Is due to a number of factors. These will be discussed

separately for each of the load sequences. tor the Peaks loading

sequence, several workers (45,47,78,82) have shown that longer
crack growth delays are obtained by Increasing the magnitude of 

the overload with large delays being recorded for peak lomls 
which were 100 percent greater than the maximum load just prior 
to overload application. Despite the fact that the magnitude 

the overload peaks used In the present study were 100 percc 

greater than the maximum load before overload application 

retardation or delayed retardation of the fatigue crack growth 

was observed

Both retardation and acceleration can be explained in terms of 

crack closure. Elber (53) pointed out that crack growth 
retardation did not occur immediately after an overload. The 

crack had to penetrate into the plastic zone created by the

overload before crack closure could become effective (d e l y e d  
retardation). Measurements of the crack opening stress, 8^, 

(i.e., the stress at which crack closure is removed) showed that 
Sop <Smin before the overload is applied |8 2 ) (Figure 6.8)

Immediately after the overload, S is reduced still further.

Tliis would allow an accelerated growth for a small lumber of 

cycles, however, shortly a f t e n  is, S is significantly 

raised to beyond Late „ again decreases and

S . n  (*m.x - *op) In-'r**"*-.. Sop - s.ln- th,
retardation of the crack growth hsa vanished.

It was also shown (82,8)] that specimm hlckuess had an effect

on the amount of dcl=y In fatigue c r m k  growth with longer

delays being obtained for the thinner specimens In both cases 

tests were done on specimens ranging fiom 2 - 10 mm In thickness 

with Schljve (78| measuring a 80$ reduction in S, with 
Increase in thickness and Shih {83} measuring a 50% reduction in 

the number of cycles between the abnormally low rate of fatigue 

crack growth to the crack growth rate prevailing before the 

application of overload. This reduction delay with thickness
is thought to be due to the plastic- zone size in the t:hi ctcer
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specimen being smaller (approx' ttely plane strain) than in the 

tiiinner specimen (approximately plane stress). In the present; 

study the specimens were 25 mm thick, thus the delay would be 
still further reduced, if not non existent. Further, Rice and 

Stephens (47] showed that as the number of cycles between 
overloads were reduced so to did the amount of retardation. In 

the present study the number of eye 1"S between each tensile 
overload was only 50, much less than the 1000 used by these 

workers [47] .

Whereas tensile loads temporarily slow down t'nr rate of crack 

growth or ariomt altogether Itm advance, cowproaalve overloada 

tend to accelerate crack growth [78,?2) , Furthermore, if a 
tensile overload is followed Immediately by a compress ive 

overload, the beneficial effect of the tensile load may be 

significantly reduced (78,82). Also low-high sequences cause an 

initial acceleration of the crack propagation at the high stress 

level which rapidly stabilizes (81). The transient Increase in 

crack growth rates associated with compressive overloads and 

low- high block loading sequences may be explained with the aid 
of the closure model. Here, during the first few cycles of the 

high load block or the compressive overload, the material

experiences a low opening stress Intensity level and hence a 

greater AKc ff- Once these large displacements begin to
Interfere in the wake of the crack front, the opening level

begins to rise and eventually reaches its new equilibrium value. 

Indeed this Is what happens In the case of the Trapezoidal 

loading sequence and leads to the fast? observed and growth 

rates and explains the lack of fract rapine evidence of
plasticity effects

All the above mentioned factors which exp .*' t the Increased crack 

grovth ratas for the Peaks and Trapezoide id lug sequences also
apply to the Spectrum loading sequence*- r ' h is once again

confirmed by the fcartography (Figures 5 _• 76) which clearly

show ductile striated growth without * ach marks at the

overload positions. Thin Is further s u m  o. o by the fact that

when the separate transient crack growth contributions are added 

together the sum agrees well with the met si ted crack extension of 

the spectrum loading (Table 5.1)
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6 2.2 PWR Water Teats

The discussion on retardation and delayed retardation of the 

fatigue crack growth for the variable amp 11tud loading sequences 
in an argon environment also applies to the tests performed in 
PWR water. The Increased crack growth rates for the different 
loading sequences when compared to the argon tents were due to 
the environmental effect. The different models for environmental 

assisted cracking discussed in the effect of PWR water 
environment on high R-ratio tests still applies to the variable 

loading sequences. Once again the greatest environmental effect 

was found at the lowest frequency, inasmuch that decreasing the 

frequency from 3 Hz to 0.3 Hz Increased the measured crack 
extension from 2.56 to 3.36 mm.

ae individual transient crack extension data when added together 

i -'"esant 2.05 mm of crack growth whereas the actual spectrum 

loadi. " crack growth was 2.56 mm. This difference can be 

explained by (a) T a c k  extension in the spectrum loading test was 

much greater Lhan that of the individual testa and hence there 

was a greater likelihood of the crack encountering more inclusion 

clusters and thereby creating the "'right" crack tip chemistry 

thus generating a greater environmental component, (b) as a

result of the larger crack length and hence AK range tested in 

the case of the spectrum loading test the individual 

contributions from each transient will be slightly more because 

growth rate is a function of AK level and (c) a synergistic 

effect resulting from the various mechanical loading conditions. 
The fact that the argon tests, which were essentially "non 

environmental" l:i nature, did not exhibit any synergistic 

mechanical effects suggests that * he difference between the added 

transient growth contributions and the spectrum loading is 

probably a result of some combination of (a) and (bl.

F.actcuraphic evidence of the 0.3 Hz Spectrum loading specimens 

supported the above argument inasmuch that while the dominant 

fracture mode was ductile striated growth there was evidence of 

numerous flat featureless regions (Figures 5.78 - 5.80). In some 

cases these regions appeared to have been initiated from a large
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carbide or more probably a non-metallic inclusion (Figures 5 79 

& 5.80). The river type lines emanating from the initiation

pcint suggested that: a cleavage fracture starte ’ at this point 

and spread out toward the front and side of it. This can ha 

explained in terras of Be ichem's mode I where at intermediate AK 
levels quasi-cleavage was the prevalent hydrogen assisted 

fracture mode.

The .-rack growth rates obtained for the 3 Hz Peaks, Trapezoidal 

loading sequences showed good agreement with the 3 Hz R - 0.9

data while the Spectrum loading growth rate was about twice that 
of the 3 Hz R " 0.9 data. The crack growth rates obtained for 
the 0.3 Hz Spectrum loading sequence showed excellent agreement 
with the 0 . 3  Hz R - 0 9 crack growth curve (Figure 3.20). This 

increasing t -dement netween the R - 0.9 and the Spectrum loading 
with decreasing frequency Indicates the increasing role played 

by the R - 0.9 growth rate component in the Spectrum loading 
crack growth rate behaviour.
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Figure 6.2: The plastic blunting process of fatigue crack propagation

on tiie stage II mode: (a) zero load, (b) small tensile 

load, (c) maximum tonsil.* load, (d) small compressive 

load, and (f) small tensile load. The double arrowheads 

In (c) and (d) signify the greater width of slip bands at 

the crack in these stages of the process. The stress axis 

is vertical, Laird 1
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Figure 6,3: Crack extension by alternating shear in a ;

grooved tensile specimen. Pelloux [83].
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Figure 6.4: Model coshering crack tip extension after two load

cycles in aIf and in vacuum. Pelloux (83).
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Figure 6.J: Schematic representation of different hydrogen Induced
fracture pathm me a function of stream level.

(a) High K level generate# mlcrovold coalescence;

(b) intermediate K level generates tranmgranular 

fracture by a quasi cleavage mechanism; (c) low K level 

leads to intergranular fracture path. Bemchem (27).
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failure for SAE 4340 steel tempered at 200 C and tested
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Figure 6.8: Crack opening stress before and during delay period

Schijve [89).



A series of tesls were ronducled on A308 cl III RPV mleel Lo 

determine the effects of environment, frequency, waveform, and 
variable loading sequences on the fatigue crack growth behaviour. 

The following conclusions were arrived at:

7.1 Constant Amplitude Loading

; (i) Striations were found In the fracture surfaces of
' specimens tested in argon.

(11) These striations resulted from the fact that while 99.95%

pure argon was used this represents a rather poor vacuum 

of 10'  ̂ Tort thus muffle lent active components may be 

present to form a monolayer of oxide (or indeed a 

monolayer of argon could be adsorbed onto the fracture 

surface).

(ill) Tits effect of an aqueous environment is directly related

Lo the frequency of the test. The slower the frequency 

the greater the environmental effect.

(Iv) The effect of the PWR water warn to partially dissolve the

MnS inclusions producing HpS which retards the 

recombination of atomic hydrogen and thus hydrogen 

absorption Into the metal is enhanced

7 . 1 ?  Frequency

(I) No effect of frequency was found in both air and argon
environments for both waveforms tested



The 1 Hz PWR waler (eel mhowed mom# Increase in r m c k
growth rato compared to the 10 Hz i’WR water test hot no 

environmentally assisted crack (RAC) growth which agrees 

well with other reported data.

Th# 0.1 Hz PWR water teat exhibited clammlc characteristic 
EAC growth i.e. plateau growth behaviour. Tills wma 

manifeated fraclographlcally aa intergranular failure

T"ia onmet of plateau growih occurred at lower AK levels 

than similar iLCCk Round Robin data and warn due tn the 

preponderance ol MnS Inclusion# encountered in the steel 
used for the present study.

Plateau rates found n th# present study were lower lhan 
those found in the ICCGR Rtund Robin data and this was 

attribute' to the faster fr ,u%.ncy (0.1 Hz aa opposed to 

1 cpm (0.01667 Hz)) used for this test and/or th# lower 

temperature used (25*C as opposed to 290"C).

W ave form

An accurate comparison of tho various waveforms ccmld not 

be made since the loading cycles of positive smwloolh and 

sine wave should he equal in rate and duration

Positive sawtooth wavef;^^ lonsistently gave faster crick 

growth rates than sine wave although the amount varied 
depending on the environment and In some cases frequency.

The present study showed little effect of wave for" and 

frequency in an argon environment

The differences in crack growth rates observed in air and 

PWR water when compared to argon can best be explained In 

terms of the presence of a "hydrogen nroduclng" species 

which caused embrittlement.
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(v) [n PWR vai "lie increased crack growth rate of ihe 1 Hz 

CeaC relecii u e  *, " test was due to the f a d  (.hit

ihe longer lo '!ng time allowed dlslocmcions to sweep

)iy rogen into the matrix thus (Mcreaaing hydrogen
'.ransport rAt=s to the region of grente*,: trlaxlnl stif'ss. 

Thlm led to a larger environmental component for the 

poaltlve mawtooth at a frequency of 1 Hz.

7 .1 . Hlth R-Raclo Tests

(1) The preaent R - 0 9 argon data repreaenta near-rhrcahold
growth rata and agreea well with the data reported.

(fl) The fracture mode for the argon data remained
microstructure inaenaltive.

(ill) Crack ^ owth ratea In air warn feater than thoae In argon
and no evidence of closure Induced fretting waa found.

(iv) Once again the moat aignlfleant environmental effect waa

found In PWR water at low frequency in which tlie 
environmental enhancement factor aiter 500 blocks for 

0.3 H% PWR water verau# 3 Hz argon waa 16.2 as opposed to

the 10 Hz PWR water which waa 3.3

(v) Th# fracture mode for the 0.3 Hz (rat waa mlcroatructure 

aenaltlve (i.e. intergranular failure) alao the transl(ion 
from microatructure aenaltjve to mlcrostructure 

inaanaltlve occurref! when the reversal plaattc zone size 

wea amaller than the prior auatenlte grain size

(-1 /,»«>).

(vl) The crack velocities were below (hot predicted by Irving 

and Kurzfeld (or the respective percentage of 

intergranular failure.

(vii) Two hydrogen amsiated fracture modes as predicted by

Beachem's model were found in the 0.3 Hz tost v i z , 

Intergranular failure at low crack growth rates and



microvoid coalescence ml high crack growth rates

7 2 Variable Amplitude Loading

7.2.1 Ar&on Teat*

(i) No fraclogrmphlc evidence of xetardalion or delayed
retardation of the fatigue crack growth was lound.

(II) The lack of retardation or delayed retardation was due to

lack of closure effects due lo high R-ratio testing,
thickneaa effects and relative closeness of the subsequent
overloads. This also led to faster growth rates.

(ill) Compressiv# overloada tend to accelerate crack growth due

to the lower crack opening atress intensity of the
compressive overload and hence a greater This

led to greater crack growth rate for the Trapezoidal load 

sequence when compared to the Ripples load sequence.

(iv) The separate argon transient crack growth contributions.
when added together, approximate the S p e d  rum crack

extension very closely.

7.2.2 EMR Water..tftata

(I) The Increaaed crack growth ratea for the different leading 
sequences when compared to the argon test was due to the
environmental effect,

(II) Once again the reduction of frequency caumed the most

significant environmental effect
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(lii) Fractographlc exmmlnaLlon o[ 0.3 Mz Spectrum test showed

evidence of flat brittle fan-shmpea which initiated from

large carbidfa or inclusion*.

(Iv) Excellent agreement of the 0.3 Hz Spectrum data pointa

with the 0.3 Hz R - 0.9 crack growth curve Indicates that 
the R - 0.9 crack growth component of the Spectrum loading 

aequenca play: a dominant role.

7 3 Mfchanlmmm

'I) Hydrogen amaimled cracking waa shown to be the moat

acceptable model for explaining both the crack growth 
behaviour aa well aa the fractographic observatIona found 
in all th# teat* conducted In thia atudy.



The remultm obtalr J for corroalon fMllRue crack growth rmLcm In
t ho present study show good agreement with other data report ed in 

the literature. It la therefnrm auggmmted that further frequency

tests be conducted at the frequency and temperature of most 
interest, viz., 1 cptn and 290"C respectively in PWR water.

To clarify the position with iegard to waveforms further tests 
us ing sine, positive and negative sawtooth wave forms should be 

conducted being careful to keep the loading or unloading porloda 
the same for all the waveforms

recent study was conducted to determine what accidental 

jfterloraclona of th# high purity water uaed in reactors can

occur and that effect these conditions bad on the crack 

propagation. High chloride and oxygen levels were found to give 

greater crack growth ratea Since this further simulates 
realistic water chemistry conditions in reactors such worst case 

conditions should be investigated.

In view of the results obtained for the variable loading further
work should be conducted with special inference to the effects of 

R ratio, In the near threshold regime but spanning a larger AK 

range, Once again a decrease in frequency to i cpm and increase 

in temperature to 290"C should yield v.eful Information.

Subsequent fractogrnphical analysis should yield more information 

regarding the fracture mechani sm/mt'chani sms .

r.ccause of the complexity of the Spectrum loading sequence more 

vork - ir.uld be done to clarify the effect of single overloads and
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underloads at high R- rat io in argon and acjueous enviroimcnls

Furrher contrlbuLlcna are still required to improve our
underatandlng of the mechanlsm/s of cnvlroTimcntally assisted 

cracking. To this end a atudy ahould be made of the plastically
deformed area ahead of .e crack front once EAG growth has been

achieved. This area should contain informal ion regarding the 

operating mechanism.

Also th# transition from mlrro.,tructure sensitive to

mlcrostuctur# Insensitive behaviour is thought to be due (o the 
reversed plastic zone miz" being of the order of the prior 

aumtenite grain size. Thus measurements should be made nf the 
plastic zone sizes of various crack lengths at the onset of EAC. 

This csn be don# by a recrystal IIzatIon technique.

However, new areas of Investigation could Include a study of the 

crack growth retardation and/or crack closure phenomena. Also 
further knowledge of the hydrogen embrittlement mechanism could 

be obtained by conducting tests in various hydrogen containing or 

hydrogen producing environments. A fractographical study of the 

resulting fatigue fracture surfaces will greatly aid In the 
understanding of environmentally asmlsted crack growth and 

hopefully yield a working mechanistic rationale for such 

processes.
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