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This dissercation reports on the rewults of an experimental  teet
programne which  Tovestipated the etfcect of  certain srart up

transiencs  on  the pate of fatigue cravk  propapation o SASOE

Grade B Class 11T REV steel These  tncladed  exanining  the
effects af  envirommen’ frequency wavetorm  and  eariatdle
amplitude  loading at low temperature  and  pregsure Fenalts
indicated a mavked frequency effect in simadated  Pre e ived
Water Reactor (PWRY enviitonment st the low frequetcies Positive

stuoth toading  produced  crack  provih vates which Mt e
consistently  higher  Than these for stamoldar ioeiing Tonts
comlucied using  the spectrum  loading  sopience  produced Lo

e sidence  of retardation or delaved retardation of  the  futivas
crack growth rate. At low fregquencies oo PWE waler envitonment
the 0.9 BR-ratio compouent contylbuted sipnbffoantly to the rrack

extension. Fracrvopraphic observations apresd woll with  the

observed macrocrack growth behavion Hydvopen assisted cra iy
was shown te be the most aceeptable moae L for explaining borh the
crack growth behaviour as well as the fractographic  ohservations

found {n ali the tests conduvted 1 this stody
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1 INTRODUCTION

1.1 Background and Motivation

The safety of nuclear power plants is of paramcunt feportance jn

the generation of nuelear envrgy Hecenut Ty gomz  unfortunate
cases of fallure have been experienced, such as Three Mile Island
and the discovery, In the Japarnese Power vemonsirs lon KReactor,
of wcracks - some of which penetrated through the liner reaching
the base metal. These failures have focusscd attention even move
acutely on the need for safe opervation of nuclear power plan.s

This safety depends mainly on the integrity of both the reactor
pressure vessel and the primary coolant cireuit of the reactor

syslem,

During the operation of modern nuclear reactor plants, stringent
pressure and temperature limitations for heat up and cool down of
the reactor coolant system are {mposed to provide adequate safety
marging  against the possibility of faijure of the fuorritic
pressure  wvessel materials. Fracture mecharics is  the hest
available sclence that can quantitatively ascoant for the factors
that influence the true factor of satety or degroe of veliaoility
of a structure, ihis 15 based on the so-called gefect tolerant
approach, {n which the prime consideratios {n dictating the
Fiferime of a component ts taken as the tire 0 number of  cyeles
required to propagate a subcritical coack fH an arsumed initial

defect size (often taken as the limit of the sicde st ruc tive test

method used) to  the critical slze where oul failure occurs
catastrophically This approach has beero o adied {noa widely
used  procedure for the gquantitative evalu o defect growth
in both a stable and an unstable manner du. . wovvice viz. . the
ASHME Boiler and Pressure Vessel Code, Seo RS The ASHE-XI
standard  pives code requirements for §nscivi inspection,  and
Appentdix A of section ¥I requives that de oo revealed during

inspection be evaluate' for accident loading comditions as  well

as for fatigue.




The compencement of power generation at the Koeberg nuclear power
plant has necessltated a greater wnderstauding In South Africa of
the various factors affecting tatipgue crack propagation in
reactor pressure vessel steels, This understanding will
contyibute o hoth  the safe operation and *he efficient yse of
the nuclear power station in that the premature closing down of
such  an  installation for repaiv van be extremely costly This
thesis teports on the results of an experimental fest prograwme,
sponsored by the Atomic Energy Commission, with the aim of
fnvestigating the effect of certain start up transients on the
rate of fatigue crack propagation in the reactor pressure vessel
ateel. These include examining some of the effects of
environment, frequency, wavetorm and varfable amplitude Inading

at low temperacure and pressure.

1.2 Objeetives

The aim of the present study was to develop a testing facility to
quantify the vrate of corvesion fatigue crack propagation iv

reactor pressure ve

1 steels, under specifiec conditions that
simulate reactor start up transients in the low temperature and
low pressure reglme This necessitated the development of the

following t

thnlques and systems

{1} the construction of an eaviroimental cell capable of
maintaining simulated rWR water at temperatures up to 90°C
while simultaneously accommodating fatigue leading of a
one inch  thick compact tension (1T 7))  apecimen under

leakproof crndlitions,

(i) facilities for remote yer veliable and accurate crack

tength monftoring within such a cell,

(111 de.elopment  of a simulated PWR water enviromment system.

(This was done by P dicks [1]),
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{iv) computer  control  of the nechanical variables in ovder t.

run  the fatigue tests bascd on applied load and measurad

crack tength, the  computer would thus facilitate test

control as well as data lopgping




2.1 lotroduction

Duting recent years systemat fe studies of corvosfon fatigue crack
pt’()pﬂg_m,irm in steels have led to an lmproved understanding  of
the relative etfects of those mechanical and environmental
variables which control the rate of cortesion favigue damage
Such  an understanding has been developed guantitatively through

the usy of fracuave wechanics,

1t fs well known that fatipue cvack prowth itself (L.e pure
mechanical fatigue effects) can be described iu fracture
mechan terms since the rate of fatipue crack growth per cycle,

da/dN,  is uniguely governed by ths cyelic range of stress
intenstity, AK, see Ritchie {21 for example. The typical
sigmoldal fatigue crack prowth behaviour exhibiting essentially
thiee separate reglouns ts {llustrated schumatically in Figuve 2.1

where the principasl features are

(aj the existence of a threshold stress intensity range &Ky,
below which cracks do net measurably propagate during many

fatigue eycles, typlcally 107 cyeles,

(b)  the termination of stable fatigue crack growth when K o

in ‘he cyecle reaches L ie the ouset of unetable fast

fracture,

(e) a substantial region of behavieur between the exvremes  of
(a} and (b)) which way be descrihed by the Pavis - Brdogao

[5] growth law,

da

. m
dN T GLBK)

where € and m are material constants,

P
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The evhancement  of  fatigue crack growth rate doe  to  the
environment has recelved much attontinn (see for example the NACE
conference on Corrosion Fatipue, a2y Complex frequency  and
temperature dependent crac k prowth behaviour has been {ound  for
aqueous enviromsents resulting in changes in both © and m {n rhe

faris-Erdogan equation.

Stress covrosion crack growth in a statically loaded structure is
caused by the conjolot action of the chemical ond mechanical
provesses  at the crack tip in a susceptible mlerostructure.  The
highest stress dntensity factor wvalue at  which subcritjcal
{stable crack growth befove the onser of fast tailure) crack
growih dees not  occur dn a material loaded statically (o an
aggressive environment s designated ¥ which represent o
threshold stress  iIntensity value for stress vorrosion cracking
{8CCy. This threshold stvess {ntensity for seress covrosion,
Kigee: Pprovides an  leportant sepavation point betwsen what are
now  known  to be distinctly differewt forms of corrosion fatipue
behaviour [64-8]. Tt is convenient to veter te these as "True
Corvosion Fatigue” and “Stress Corrosion Fatigue” and thes» way

be defined thus:

True  Corrosion Fatigue (T0FY © identifies the behaviour where

fatigue crack growth rates arve eotanced by the pres ace of an
agpressive environment through a synergistic action of corrosion

and  cyclic loading This is  “"below ¥y bebiaviour  and

BOC
applies to materials where the peak crack tip stress Intensity

Kaay does not exceed Kigee

2rress Coprrosion Fatipue (S0F) describes  corvestion wuder

fatigue conditions which occurs whenever the stress Infensity in

the cycle fs above Ky foe Mabove Ky o behaviour.

e
The  differences between true corrosion fat fgue and favipue {n an
inert environment may be characterised by different values of the
fntercept € and exponent m of the Paiis Erdogan equation. The
slope m may be such that che straight line portions of the inert
and agpressive  curves may converge, diverpe or be parallel

(Fipure 2.2a). Stress corrosion fatigue behaviour for materials

L
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which o not  exhibit  envivommental evhancement untii )(I see
15 reached is shown in Figure 2.2b This may be characterised by

the formation of a growth vate platese, i crack prowth rate
is ingensitive to AK level. The most comson type of behaviour
pertains to waterial -enviromwent  systems  which exhiblit stress
corrogion fatigue above the Klﬁvf ard  also  true cortrosion
fatigue at all svvess inteunsicy values,  Such behaviour is shown

in Figure 2. 2¢.

2.2 Facters Affecting the Rate of Iatlgue ©

ckoPropagation

2.2.1. Envirenment

Corrosion fatigue 18 a generic term that describes the rtesponse
of a material to the combined actions of cyclic loading and
environmental effects Previously, corresion fatipgue was most
aften used to describe the fallure of materials under cyclic
loading in overtly corrosive envirpnments, such as salt water,
high temperature gases and those prevalent in chemical processing
applications. Corrosion fatigue can be extended to fatigue in
ordinary alr, where, although overt corvosivn ls considered to be
of little consequence, there {s still a measurable effect of the

anvironment .

Envivonments employved in the labovatory canm be listed in  three

groups:

&) Novni-aggressive dry environments {vacaum, argon,

nitrogen).

by Mildly-aggressive environments (humid alr, distilled

water)

<) Significantly aggressive electrolytic conditions (sal

water)

In an aggressive envivonment fatipgue crack growth shovld be
expected to consist of ar least the environment attack, which is

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




Dependence on t ime implies a frequency effect. This effect was
clearly demonstrated for mildly appressive environments
{9‘10.11'11,13], An  exampble  is  shown dn Figuve 2.1 which

portrays the crack growth rate as a function of the water Vapour
presgsure and suppests a sigmoidal relation with a satucation at
higher pressure levels. Furthermore the abrupt  transition in

fatigue crach growth rate is clearly dependent on trequency

fovironmental effects on fatigue crack prowth exhibit a tendency
to diminish and ultimately vantsh at bhipgh  Af-values 1y s
generally supposed that fatigue crack prowth at bigh ak-values is
primarily a matter of (cyolic) plasticlry and consequently

environmental couditions should thevetore be less significant.

Recently more attention has been forussed on the environmental
fatigue ~rack growth behaviour of reactor pressure vessel (RFV)
steels in light water reactor (LWR) eunvirovments [16,15,16,177).
Dufresne [17] has studied the effects of accidental deterioration
of the high purity water used in reactors A bibliography of
incidents affecting the rhemical characteristics of the reactor
coolant in & PWR envirenment indicated that the frequency of
these incidents was very low, because unlike the seconuary
svstem, the primary coolant system does not have the risk of a
raw water {intake to the condensers since its pressure is  much
higher. The only pollution vccurring in practice {s produced by
the demineralisatlon system and is generally caused by chlorides
(177,

Extrapolating from an analysis of the abnommal occurvences
encountered during operation In FWR plants, the following out of
specification {ncursions for the reactor coolant were ant feipated

tor the 25 year-service of a PWH power plant:
B 4 chloride incursions with a maximum level of 0,80 ppm

malnly during power operation,

- 2 owypen incursions with a maximum level of 2.5 ppm
E

during startup periods (temp <120°C),

i - a i W



. 1 oxygen incursion with a maximum level of 0.7 ppm
during operation ocutside startup periods,

. 2 dncursions due to pollution other than chlarides or
oxygen, mainly due to fluorides or sodium during a

startun peiiod,

A crack growth test programme was performed by Dufresne [l/;

under the following conditions

- non-polluted water,

10 ppa chlovide,

- 10 ppm sodium,

. 3 ppm oxygun,

1 ppm ovygen and 10 ppm chlovide,

- 3 ppm oxygen ana 14 ppu chlovide,

This programme produced the following maln vesults (Figuve 2.4).
In the absence of oxygen, sodium or chloride concentyations of
about 10 ppm do not significantly affect fatigue crack growth
behaviour in the PWR enviromment. Osxygen concentrations of 3 ppm
led to an fncrease in the crack growth rate {(compared to the
nominal environment) by about an order of magnitude at low values
of AK (-20 MPa/m); with tincreasing &K level the extent of
increased crack growth is reduced, The simultaneous presence of
chloride and axypen (Ul concentvation 10 to 14 ppw, Qy
concentyation: 1 to 3 ppm)  led to fatigue crack growth rates

similar to those recorded in oxygenated PUR water.

Two me hanisms, dissolution-contrelled and hydrogen- induced, have
been  suggested to explain envirommentally enhan ed crack growth
tn simulated light water reactor enviromments [LB - 25]. In the
first mechanism the erack growth 1s econtrolled by anodic
dissoluticn of the netal at the crack tip, while in the second

the physical separation of the metal matrix at the crack tip is

- s o, s . e P s



assisted by hydrogen embrittlement . Both depend on the same rate
determining parvamete vie ruptuve of the oxide film at the
crack tip, and this makes it diflicult to differentiate bhetween

them experimentally (18]

2.2.1.0 Appdic Pissolution Mechanism

n a dissolution mechavisw (Vigure 2.9) the envirommental
contribution to cracking involves metal dissolution at the orack
tip which is anedlc In nature This mechanism has been explained

by a number of wodels, viz

iy Slip Sgep  Dissolulion Mudel In this wodel, crack growth

by anodic metal dissolution av the crack tip occurs s a
result of the vupture of an otherwise protective surface

film by the eme gent dislocations.

ii) Stress  Serptico. Medel tere, there {s adsorption of the
surface active species onto the exposed surface at the crack

tip and this results in a reduction of the fracture stress

i) Brdst e Film PBupture Model In this particular case crack

growti is  caused by the repeated formation and ruptute of
the brittle filw which Is growing Into the metal at ae

crack tip.

Doig and Flewitt (19] wstressed the lwportance of the local
environment chemistry and mechanlecal conditions which prevail
locally at the crack tip. flocalized corvosion in crevices and
pits vesult in the development of chemical and elecirocaemical
differences between the occluded corrosion cell and the bulk
énvironment . The tip of & growlng corrosion fatigue crack s
electrochemically different from the crack and bulk material
surfaces {u that Jlocallzed plasticity presents a film free
surfnce to the environment whicl, introduces a galvanic

contribution to the overall corroslon cell.

Crack peometry and length are fmportant in controlling the

localization of the chemical environwment within the crack and

sy P a
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thereby the electrochemical conditions at the crack tip which
determine the envirowmental contribution to the overall crack
prowth kinetics. ttere  the crack veloclity decreases with
increasing crack length for a constant applied stress jntensity
as the crack tip region becomes more remote from the influence of
the free surface and bulk environeent The main difference
betweenn the static and eyclic load conditions, as far as solution
chemistry s concerned, s that cyclic loading may produce
solution mixing and renewal by the pumping action of the crack.
Also the electrode reactions. pavticularly cravk tip dissolution,
may occur  only during part of the fatigue cvele such that the

steady state conditious are not established

Enhanced crack tip dissclution vocurs when the local dynamic
straln and electrochemical vonditions are sulficient to malntain
the crack tip region free from a protective oxide film Luring
fatigne loading the dyunamic stvaln couditions for  enhanced
anodic  dissolution may be reprodured by the fatigue loading
cycle. Thus, enhanced  growth may  be promoted in other
environmernits  and at stress intensity levels below those required
for stress corrosion cracking but only during that part of the
load cyecle for which critical local strain rate and enviroument
conditions exist. Thus the proportion of the loading cyele over
which  these conditions are satisfied will depend on load
frequency, amplitude, mean load and cycle shape. At higher
frequencies the corrosfon reactions at a crack tip have little
time to contribute to the mechanical crack advance which occurs
with each fatigue ecycle and environmental enhancement of crack
growth under these conditions ix negligible. This 0
particularly true for high R values where the solution chemistyy
within  the crack achieves a pseudo-equilibrium with sufficient
time  for diffusional processes to smooth any composition or
potential differences resulting from crack (ip electrochemical
reactions. As the test frequency and strain rates decrease, both
the corrosfon and the diffusfonal  processes become more
slgnificant with longer opevational time. Thus, environmental
changes may occur at the crack tip duiing the fatigue cycle
which,,  in turn, influence the range of strain rates over which

enhanced anodic dissolution may occur.




thereby the electrochemical conditions st the crack tip which
determine the environmental contribution to the overall crack
growth kinetics. Here the crack velocity decreases with
increasing  crack  length foo a constant applied stress intensity
as the crack tip veglon becomes move remote from the inlluence of
the free surface and bulk environment. The maln diffevence
between the static and cyclic lead conditions, as far as solution
chemistry 1is concerned, {s that cyclic leading may produce
solution mixing and renewai by the pumpling action of the crack.
Also the electrode reactions, particularly crack tip dissclution,
may  occur  only during part of the fatigue cy.le such that the

steady state conditions are not established

Evhanced crack tip dissolution cccurs when the local dynamic
strain and zlectrochemical conditions are sufficient to maintain
the crack tip reglsn {ree from a protective oxide fiim, Puring
fatigue loading the dynamic strain conditions for  enhanced
ancdie  dissolution may be rveproduced Ly the fatipue loading
cycle Thus | enhenced  growth may be promoted in other
enviromments and At Stivs  Liwtsity levels below those required
for stress corrosion cracking but only during that part of the
ivad  eycle for which critical local strain rate and  enviromment
conditions exist. Thus the proportisn of the loading cycle over
which these conditions are satisfied wiil depend on load
frequencv, amplitude, mean load and cycle shape. At higher
frequencies the corrosion reactions at a crack tip have little
time to contribute to the mechanical crack acvance which occurs
with each fatigue cycle and environmental enhancement of crack
growth  under these conditions is negligible. This is
particularly true for high R values where the solution chemistry
within  the crack achieves a pseudo-equilibrium with sufficient
time for diffusional processes to smooth any composition or
porential  differences resulting from crack tip electrochemical
reactions. As the tesgt frequency and strafn rates decrease, both
the corvosfon and the diftusional processes bacome more
significant with longer operat lonal time. Thus, envivonmental
changes may occur at the crack tip during the fatfgue cycle
which, in turn, influence the range of strain rates over which

enhanced anodic dissolution may oceur

.




2.2 1.7 Hydrogen Embrittlement He

In the hvea nooembrfttlement  mechanism, (Flgure 2,63, the
environmental cowten ot cracking involves hydrogen  atoms
jnside ‘he met. thereby leading to some form of material

degrad tion. Hydrogen may enter  the wmaterial from external

enviionments such as  hydrogen  pelmeation  {rom physi- and
chemizorption of  gaseous hyvdrogen, or cathodic production of
hydrogen atews In aquecus environmen s Several models have besn

proposed to explaln this wechanism viz,

i) Pressure  Model This s as a result of the pressure build

up in f{aternal voids of mwolecular hydrogen

i1) Degehssion Model Here hydrogen causes a decohesion of the

metal lattice

iil) Spxess  Sorption Meodel Adsorption of hydrogen reduces the
surface eunergy and hence the [racture stress is much

reduced

iv) Hydrpgen-xich  FPhase (i.e Hydrlded In this model hydrogen
reacts with some compositional elements to form a brittle

hydrogen rich phase,

V)  Hydrggen affected plastic deformation This  invelves the

transportation of hydrogen to the areas of maximum stress

triaxiality and maximum dilation,

The wost important {asue insofar as it relates to
phenomenological understanding of load-environment interactions,
appears  to be the ldentification of the rate controlling process
for environment assisted crack growth The possible sequential
processes  invelved in environment assisted ecvack growth are
fllustrated schematically in  Figure 2./ for a ferrous alloy

exposed to a hydrogenous gas {291,

Unlika the anodic  dissolution mechanism, fractography has in
many  cases produced delinite evidence to indicate that the

bydiogen embrittlement mechanism {s operative. Corrosion fatigue

- i s -a Y S
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and stress corrosion cracking specimens under  cathodic
polarisation exhibited similar features such as fan shaped facers
that wete usually associated with wmanpanese sulphlde inclusions.
Bulloch and Duchanan  [15]  in (hvf{ study  showed that the
appearance of these fan-shaped facets at low aK levels can he
associated with the initial environmental acceleration in cyelic
crack prowth rate. Also, such features were markedly reducrd at
the plateau velocity .and at post plateau growth rvates, The
correlation of these fan-s" aped fiatures with enviromnmentally
assisted growth vehaviour has been recently reported by a number
of investigators [15,20,21,23] but the fact that they are usually

as

seiated witn manganese  sulphide inclusions  shows that the
inclusion level could be an fwportant factar in corrosion fatigue
behaviour, Wilson [2%] showed that the type 11 MnS inclusions
increased the fatigue crack growth hehaviour of SA S11 B steel in
alr Since these Inclusion formations act as planss of weakness
due  to  the decsheslon  at the steel-inclusion interfaces, this
decohesion appeared to take place without much d¢ifficulty or

resistance at the interface at all AK levels.

It has recently been demonstrated [20] that in a PWR enviroument
mangarese  sulphides reacily disselve to fore soluble sulplide
species (H:“‘ HE ™, Sz') and  therefeore inclusions can have

a greater effect on fatigue behaviour in a water environment than
in air [24]. The fractographic results presented by Bulloch and
Buchanan  {15] suggest that the fan shaped facets do not result
from a stmple mechanical effect sssociated with inclusions, but
that s mwore likely reason i{s the local alteration in the water
chemistry at the crack tip that vesults fvom the dissoltion of
the Mns (nclustons in a weter enviroument This localized change
in crack  tip water chemistry results i an snvironment which is
agpressive enoupgh 4t the start of the test to cause [an-shaped
facets dug  to HyS preventing the recombination of atomic
hydrogen and  thus wmore hydrogen can enter the metal matvix.
However, as the test protresses the crack tip water chemistry
becomes lesg aggressive, as a result of the pumping action ol the
crack, and the extent of envirommer 11y enhanced crack growth is

m.ch reduced,




Recent workers [26] have obsecrved that when enhanced growth vates
were observed the fractography changes from a malnly duetile
striated structure contelning sowe microvolds to one of  almost
entirely wmicroveld coalescence [t was  sugpested  that the
cransttion from  the wmainly dactile stiiaed surface to one  of
almost  entirely dimpled rupture (mictovoids) was related o 2
local variation fn test conditions and/or the onset of stage 111
growth. However, it is possible that  the acerrrence  of
microvelds and concomitant environmentally assfsted fatipue crack
growth, could vesult frem a hydrogen asslsted cracking mechanism

similar (o that discussed by Brachem {7/}

¢ i

2.2.2 Erequensy

The effects of ftrequency on fatigue crack growth behaviouy Thave
been investigated over a wide range of frequencies in several
envirenments and in various matevials, viz . high and medium
strength  steels (9,10 14, 28,79 307, aluminfum alloys [6,31),
stainless st.els [32] and titanium allovs, [6,7]. 1t was
reported that accel ation of the {atigue crack growth rate
aceurred and  thar the magnitude of this acceleration is

frequency,  environment, material and stre

intensity dependent.
That is, the magnitude of the environmental acceleration can be
increased or decreased substantially by changing one of these
parameters. The effect of frequency will now be discussed under

the foliowing headings,

(1) True Corrosfor Fatigue,

{11) Low Stress Intensity lLevels aud

(1i1) Stress Corvosion Fati@pue

2,201 True Covyosion Fatigue
It is penerally accepted  that for steels and  at mediwn
frequencies (f.e. 1-200 Hz), the fatigue crvack growth rote 1s
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fndependent of trequency in air. An upper bound growth law, for

53, B-1 collected both in alr and reactor water environment at

vartous frequowctes, is presented in Appeadix A to Section X1 of
the ASME Code (Figuro 2.8) This curve fs  intended as a
roference curve for the estimation of the growth which a  {law
devected during faspection would experience during, the

fortheoming pertod of service

Livan “agpressive” envivorment, however, there is an increase in
the rate of facipue crack growth with a decrease in frequency.
Also, at higher €vegquencies the crack growth rate 1s essentially
the same as in air, thus the enviromwment has a negligible effect
on the fatigue crack growth rate.  This can be explalioed in terms
of the idea proposed by Barsom [4] that corrosion fatigue crack

propagation below is an unstable equilibrium process due

LPr
to a balance between two opposing mechanisms. One process is due
to environmental attack, which enhances fatigue crack propagation
rates compared to an inert snvironment, but which disappears at
very  high frequencies ov  fast  leading tates when there is

infficient  time for enviremnmental sttack The other competing
vocess viz | oxide layver formation, winich vesults {n a reduction
in the envivonmental compenent of crack propagation, controls the
crack growth rate at very low {requencies The magnitude of the
elffect of eyelie frequency depends strongly on the euvironmental-

material system.

Atkinson and Lindley {10} ebserved that under copnstant AK and
Kpax conditions, there was a very pronounced peak in the dasdN
vs. frequency nlot for En 560 and SA 533 B-1 (Figure 2.9). Theve
existed a critical frequency (fvrl() at  which maximun
envivomnental attack occurred, {.oe between .01 and 0.1 Hz,
whila below fopie  the fatigue crack provagation rate decressed
as  the testing frequency was lowered. Data on knd60 revealed
that the eritical frequency tnereased  with fncreasing
terperature, Gerber et al {14] testing SA 508-¢12 found that
lowering the frequency from 0.3/ to 0.637 epm  (0.00617 to
G.000617 Hz) in a Boiling Water Reactor (BWR) enviromment caused
only a4 small increase in the growth rate This result suppests
that, dn this case, the effect of frequency may saturate at low

frequei v levels Bamford [33] found that the crack growth rate

e W




fncreases with decreasing cyelic freguency, reaching s maximum
acceleration at a frequency between 0.1 and 1.0 cpm (0.0016/ and

0.0157 Hz).

2.2.0.2 Low Stres

E:3)

Iptensity Levels (Neay 4K - leve

Fatigue crack growth data for SA 533 B | presented by Paris ot sl
{34] in Flgure 7 "0 seems to sugpest that the tureshold  stress
intensity factor, &K, ds watfocted by an aquecus envivomment

Similarly data by Speldel et al [6] suppests  that M{“., tor

aluminivm and magnesium alloys, is also essontial’y unaffected by
various aquecus envivomments  dowever, to establish ARy within

a  reasonable test time, these data were obrained at falvly high
eyelic frequencies Since wt high frequencies the environment
has significantly less effect on the vate of fatigue crack growth
below Klfzcu' the fnvariance of ~E ar high oyelic

frequencles {n aggressive envivorments is not surprising.

Limited date relating to the effect of cyolic frequency on Ay
in agueous euvirouments has been obtained for various steels with
some "hat surprising results Contrary to what might bu expected,
viz., a lowering of AKth with a lowering of frequency, Barsom
[35] found that for ASl4 steels toested at 0.2 Bz in 3% sodium
chloride solution, the AR, level was about 12 MPa/m which was
about double the A, value recorded In alr  at ambieut
temperatures Bucel and  Donald  [76] observed that the
“environmental® Ay In A YO0 grade maragiog steel forging was
higher than that {a afy and concluded that salt water appeared to
produce an  dnhibiting effect on fatigue cracking at very low AK
levels. Paris et al {34} alse observed that the threshold stress
intensity of SA 533 Crade B Class | steel in distilled water was
grester  than that established in  aiv ~t amblent temperature.,
Atkinson and Lindley [10} found that at lov 4l (20 MPa/m) and low
frequen'y (1 He) the crack retardation effect fllustrated in
Figure 72.11 was observed tn §A533 B} during a constant AK step.
The fativue crack growth rate was initially faster than an
equivalent  test fn atr, but gradually slowed down and eventuatly
crack arrest occurred after about lmw of fatigue crack growth. In

an aly  envitomment for the various steols tested, the threshold
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(AK,y) . s independent  of cyclic fvequency. Since agpressive
envirommental effects on fatigue crack growth decrease with
increasing frequency, the corrosion fatigue AFyy, at very high
frequencies would have a value close to that of fatigue in aiy

B Kpgee test can therefore be looselv cons’dered as a corrosion
fatigue test at extremely low freguency becanse with decreasing
test frequency the actual threshold condition approaches the

alue .
Kigee valu

Hence, the value of the envivonmentally assisted AK,y,  at
fntermediate cyclic frequencies musc be preater than 4V for air
and less then the value of Ky .. for the envivomment-material

system under considevation. Based on the preceding observations,
a schematic representation of the corresion fatigue behaviour of

steels subjected to different frequencies has been constyucted,

as shown {o Flgure 2,17 {37

2.2.2.3 §tress Corrosion Fatigue

The rate of corrosion fatigue crack growth above Ky .. must be
greater than the rate below Klscv because whenever the
magnitude of the maximum stress intensity factor in a given cycle
becomes greater than Kigee» the rate of rorrosfon fatigue crack
growth should be accelerated by stress corrosion cracking. Based
o the assumption that above Kigeo the fatigue crack growth in
an  aggressive enviromment is enhanced by the same magnitude as
that for ecrack growth under sustained loads, Wei and Landes [18)
developed a linear summation model to predict the corrosion

behaviour above Kigep for high strength steels

‘his wmodel can be used for making quantitative estimates of the
effects of cyclic loading variables (such as {requency, wavelorm
and  stress ratio) on environment-enhanced fatigue crack prowth

for certain alloy-environment systems

e
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In this model, the total vcorrosion fatigue crack growth rate

(dﬂ/dN)T» is vconsidered to be the sum of two compouents, viz.,
one vepresenting the rate of fatipue crack prowth fn an fnert
enviromment, (da/dNYy, . and  aoother  concerning  the stress
corvosion fatipue crack growth rate component, where ((!A/dN/&U
is the stress corrosion crack prowth rvate computed by {ntegration
of the rate of sustained load crack prowth, (da/dt),
corresponding to the load profi e, Kk{ty, over one cycle of
loading. The effects of frequency and other loading variables
are incorporated through the load profile, K(t) (i e. the
vasistion of the ecrack tip stress inteusity factor K over one

loading cycle).

Foliowing the original formulation of the model, comparisons were
made with avallable experimental data on an 18 Ni(250) maraging
steel tested in dry {(debumiditfied) hydrogen, and the same medium
carbon, low alloy, high stvenpgth steels tested in distilled water
and in dehumidified gaseous environments [38]. As  shown  in
Figure 2.'3 these comparisons showed that this superposition
wodel essentially predicted the effect of frequency. Thus, it can
be seen from Figare 2,13 that as the frequency decreases the rate
of crack propagation increased. Caution has ta be exercised when
using the wodel since there are defivite limitations. Such
Limitations {nclude the fact that it Is  only applicable  for
Btress corresion fatigue since {t  is assumed that the
environmental coptribution to cracking arises solely f ron

sustained load stress coriosiou cracking

2.2.3 HWaveform

Available data indicates that the envivormental effects on the
rate of fatigue crack prowth in corvesion fatipue below Ky oo

is highly dependert on  the shape of the cyclic stress wave

{8,10,39,40 44, This dependence, as shown by Barsom [39], is
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illustrated by the difference betwcen the fatipue crack prowt
rate data for 1INL-%Cr-3HMo  mavaping  steel  do an amblent aty
envivonment {(Fopure 2040 and inoa 3% solution of sodbuas chloride
(Flgure 2.1%) under sinusoidal toading, triangulay loading, and
gquare toading at a  frequency of 6 cpm (0.1 Hz), All the
corrosion fatipue tests weve conducted on ddentical specimens, in
the same bulk envivomment, and at the same maximuw and winlwum
Inads, and thus, the effect of the cvelic waveform on corrosion
farigue behaviour helow Ki soe WAS obtained by dirvect comparison

between the crack prowth rates pev cyele

The data presented in Figure 7 14 shows that the fatigue covack
growth behnviour In a room temperature air envirenment iz
fdentical under the various stress fluctuations and is
essentially independent of frequency Also the data in Figure
2.1% dllustrates that crack growth rates Iin the sodium chloride
enviromment under sinusoidal and triangular streszs {luctustions
are almost jdentical, viz. at  constant  frequency, the
vnvironmen increased the crack growth rate by the same amount
under sinusoidal stress fluctuations as under triangular stress
fluctuations. However, these particular data also show that
environmental  effecis were negligible when the steel  was
subjected to a square wave stress fluctuation Corrosion fatigue
crack growth behaviour, wunder square wave loading tested {u a
sodfum chloride enviromment, was essentially similar to that in

the abgence of envirommental ~{fects.

The apparent  {mmunity of the 1JH{-5Cr 3Mn  steel to the
environment under square wave stress fluctuation does not reflect
an  ivherent fmomunity of this alloy to the environment, since
crack growth rates in this perticular alloy increased for both
the  sinusoldal  and trianglar waveforms Thus, such fmmunity teo
environmental affects must rvellect sipnificant differvences in the
manner to which the stress  chanpes  In each cyele. By
establishing the siousoidal cyclic frequency that would vesult in
the same euvironmental effects on the 1 e of fatigue crack
growth,  Barsom {39) showed that the envirommental effects on
fluctuations oceur primavily while the material at the crack tip
is being plastically deformed Corrosfon fatigue data obtained

below KIst' using square waves with different dwell times at

[




maximum and minimum loads, exhibited no envivommen al ef{oey

constant tensi le stresses

The differences between envivonmental eftects during  fncreasiog
rensile load and decreasing teusile load are clearly understood
when the corvesion fatigue data obtained under triangutar loading
are compared with the appropriate data obtalved under positive
and negative sawtooth waves {these are the {lrst  and  second
halves of the triangular wavelorw) frue  comparisons in
corrosion fatigue behaviour are those made between cyelic stress
fluctutations with transient stresses that are equal in rate  and

duration,

The data showed that the correslon fatigue crack growth rates
determined with both nepative sawtooth and square waveforms were
the same as the fatigue crack growth vate determined in air.  The
environmental effect {nn this particular case depends on the
waveform, with the negative sawtoorh and the square waveform
tests exhibliting no environmental effects.  The corrosion fatigue
crack growth rates decermined with sinusoidal, triangular and
positive sawtooth cyclic stress fluctuations were identical, but
wore three times higher than fatigue crack growth data determined
in air; thus the envirorment signiflcautily affected fatigue crack
growtd  behavieur. Furthermove, bevause the enviromsental effect
increased the vate of farlgue crack growth below Kigee by the
same  amount  for both the triangular and positive sawtooth
wavelorms, the corresive processes were ouly operative during the

tensile portion of the fatigue cycle

Tt is  interesting to note that while these phenomena were found
for the 12Ni-5Cr-3Mo - sodium chloride solution svetem they do
ot necessarily apply to all material eonvivowsent systems. This
was demonstrated by fatipue crack growth data  for 707576
atuminium alloys tested In salt water at 0.1 Hz under sinusoidal,
Syuare wave, positive sawtooth, and negative sawtooth loadiog
which showed crack growth behaviour wvevy similar  to  that

presenced for the 12Ni-5Cr- Mo mavaping steel in salt water [42].

Atkinson and Lindley [10) working on SA333-BL  in 3.%% NaCl

solution and distilled water found similar results to those
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observed by Barsom [39] They also found that at vervy slow
strain rates below a critical frequenry, f{.,.7,. the passive
tilm formatton reaction s thought to  inhibit the corrosion
process fovolved o styess corvosion cracking, and at very fast
strain rates only pure mechanical ftatigne offects are uvhuerved
1t wis also pointed out that constant load (incrveasing AKY tests
may lead to different crack growth rates from constant 8K
conditions, particularly at  low testing frequencies when the
crack tip prefile may progressively change duriog a test due to
dixsolution controlled blunting, which may differ between

conatant and steadily increasing K conditions.

Austen and Walker [8] fovestigating the offects of cyclic
wavelorm on true corrosion tatipgue at stress ratio, K « 0.1, awd
stress corrosion fatigue - K = 0.8 found a significant waveform
effect. This study was performed {n 1 5% NaCl solution at a
frequency of 4 Hz However, fatigue crack growth data for 7075
T651  aluminiom alloy tested at 1.7% Hz in discilled water showed
vo significant difference in the crack growth behaviour urder
positive and negative loadings [43] In true corresion fatigue,
sinusoldal and positive savwtooth waveforms produced rates of
growth  50%  faster than those obtalued in alv. A triangular
wavelorm produced ldentical rates to those in aly whilst sguare
waves and negative sawtooth waveforms pave crack growth rates
that were 20% slower than those obtained in air. The stress
corrusion fatigue data also fall into twe groups. In this case
siquare  wave, sine wave and negative sawtooth data exhibit peod
commonality fnasmuch as they show plateau growth rates of about
2.2 % 104 mm/eyele  whereas positive sawtooth and triangular

waveforms both give plateau rates that ars about 50% siower

The fact that the rates of crack growth in 3 5% NaCl solution for
squate  wave and nepative saviooth weire less than those in aiv
but  for a triangular waveform ave the same as in air is
attributed to creck tip blunting by general covrosive attack. In
stress corroesion fatigue the behaviour for tuiangular, positive
sawtooth and negative sawtooth waveforms would be expected to be
{dentical . However | the results are again attributed to

blunting, probabiy a: a - sosequence of microbranching.

oS
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amzallag et al  [41] conducted tests on SAS3Y Bl and $AS04 13
steels (sulphur  levels 0,013 and 0.009 respectively) in twe PUR
environments viz., Z8B°C (83 bar pressure) and 300°C (140 bar
pressure)  at R-rvatios of 0.2 aud 0O 6. In the case of the
material containing 0. 013 sulphur with R « 0.2 a significant
difference appeared betwesn the results of the tests cargcled out
with the triangular and siouscoidal wavetorws. The trianpular
waveform gave a typleal straight lioe Paris law type fatigue
behaviour while the sinusoidal waveform gave envirommentally
assisted plateau behaviour {.e., an foitial taplid increase of the
growth rate with aK level followed by a plateau where growth rate
is insensitive to AK level Tn the case of the tests carried out
or:  the material containing U.00%%  sulphur with R = 0.6, the
results  obtained with sinuseidal and trisngular waveforms are
similar ylelding Paris law type behaviour i e. no environmentally

assisted crack growth

It {s interesting to note that Bulloch and Buchanan [15])
performed  almost identical tests in terms ol material,

environment, wavetform, H-ratio and sulphur content and obtajined

tdentical results for the low R-ratio tests at the same
frequencies, However, at high R-vatio in PWR environment these
workers observed signifivant environmeutal enhsncement for
sinusoidal waveform. Both Awzallag et al {41} and Bulloch and

Buchanan [15%] interpret their results fn terms of sulphur vontent
in the steel. Amzallag attribured his findings to the bulk
sulphur content saying that the sinucoldal waveform is more
detrimental than triangular waveform for the material having the

highest wulphur content . Bulloch, however, explained his

findings in terms of size, type and distribution of Mg
fnclusions  and has  recently presented strong fractopraphic

evidence (19] in support of his avgument .

2.2.4 Hou-Metallic Inclusions

In his review paper, Ritchie [2], discussed the effect of non-
metallic inclusion content on near threshold fatigue behaviour of
& medium strength pearlitic ratl steel, It was found that,

whereas decreasing the volume fraction of inclusions (sulphide
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stringers and oxide type) led to marked increases in the fatigue
or endurance limit, mno systematic eftect was obssrved on  the
value of the threshola A . However, other studies [29%] on the
{nfluence of sceelmaking practice on the somewhat higher fatigue
crack propegation rates in a nuclear pressure vessel steel, 54
533 B, have shown that the absence of elongated type 11 Mng
inclusions and “galaxies” of alumina lnclusiens by caleiun
treating or electroslag remelting resulted in a4 sipuificant
improvement in the lsotropy of fatigue crack growth behaviour and

lower overall growth rates

Craig (23] noted in a recent study of rthe resistance of tewpered
4130 type wteels to hydrogen assisted crvacking that cevtain
characteristic features were present on the fracture surface,
The fracture surface displaved numerous regions of flat fracture
i which was centrally located one or wmove non-metallic
inclusions. These {nclusiouns weve eithey sinpular compounds such
as Mo§  ov Al0y, rr o a complex composition. Other features
common  to these tlat fracture regions are vidges radiating from
<he inclusion toward the periphery of the zone and the smooth
brittle appearance of the rone {tself at higher magnification.
It was concluded [23] that hydropen trapped at fnclusion sites
will aid In erack propagation when a crack is initiated at or in
an inclusion, ounce sufficlent strains have been realised.
Hydragen concentrated around the inclusion near the crack tip
could  then iInduce brittle crack growth by promoting loss of

cohesion,

Other workers [44] fnvestipated the effect of {nclusion volume
fraction and orientatiou on hydrogen assisted cracking in two
medium  carbon  steels of similar chemical composttions, but
cantaining  different sulphur contents. The crack  growth

beliaviour of the lower sulphur steel (S =~ 0.038%) indicated that

all of the orientations eoxhibited the prowth behaviour
characteviscie of hydrogen assisted cracking, namely a K
independent stage 11 and a steeply falling stage 1 The resuits

of  the higher sulphur steel ($ « 0.1%%) 1tested at the same
strength  and in (he same euvironment revealed the same trends as
the low sulphur steel but with a wider spread in stage 11 growth

vates and more pronounced anisotropy in threshold values.




Fractographic examination revesled evidence of decohesion of  the
inclusion matrix  Interfaces . [t was  also noted that  the
pechanism  of watviz separation was changed to  a  predominantly
quasi-cleavage mode,  and  that the potential for  envivonmental
attack is greatest when the inclusions have the major anes
oriented parallel to the dirvection of craca growth Clearly an
elongated sulphide Inclusion orlented at right angles 1o the
crack front will cause a more pronounced change v the  local
water chemixtry than one lying pevpendicalar to the crack front

The inclusion inttlated secondary cracks were observed to develop
at distances from the crack tip which were considerably in excess
of the plain straln plastic zone slze These secondary cracks

were only observed to be

ssoclated with clusters of  closely
spaced inclusions The stress flelds from the adjacent
inclusions can interact to produce an extensive avea of stress
invensification. As the ionteynal pressure continues to increase

sudden bursts of crack growth occcur Thus hydrogen assisted

cracking occurs  if there is;, (1) a sufficlent availability of
hydrogen at high activity and (ii) 4{ inclusions are sufficiently
closely spaced. Clearly therefere, {t does not necessarily depend
on  the velume fraction of sulphur. These conelusions were  in
direct contrast to these of Amzallag et al [41] who conducted
fatigue tests on two casts of SA $33B with differing bulk sulpbur
tevels and found that the crack growth rate fn a PUR envivonment
was greater In the highev sulpbur  steel. They therefore

concluded that the increased crack growth rate may be attyibuted

to the bulk sulphur content.

Bulloth  snd  Buchanan, {1b] while studying the crack growth
behaviour of 5A 533 in PWR water also observed envirenmentally
enhanced crack growth Fractographic evidence produced by these
warkers indfeated that the incidence of brittle fan-shaped facets
which are usually associated with non wetallic MoS inclusions can

be related to local envirommentally ephanced crack growih,

2.3 Varlable Amplitude Loading

Since  the majority of englneering companents in service are
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subjected to  varlable amplitude,  spectiom ov vandon  Joading
rather than constant awmpiitude loading,  an appreciation of the

influence  of  periodie overloads and block loading sequences  on

fatigue crsnck propagation s cleatly of practical  significance

Slassical.y, the approach taken for variable amplitade loading in
fatigue desipgn is to uwe the Palwpren Miner relatiouship, where
for a body subjected to iy nimber ot cyeles ol difierent

stress amplitude Aoy, with = 1 to W,

13 1
\ NS -1
[ i

where Ny is the pumber of cyolen to faliure had sll the stresy

amplitudes been of wagnitude o This approach, which s
utilized fov toral life prediction and thus includes both crack
fnitiation and cre 'k propagation stages, predicts that the cycles
to  fallure will be decreased L{f a single lavge positive overload
Ls  applied during constant amplitude cveling. However, as shown
schematically in Figure 2,16, the effect of such an overload on
Mode | crack propagation rates itz to initially vetard crack
growth, sometimes to the point of arvest, amd thus Lo {ncrease
the propagation life. fienwe 1t i appavent that the practical
applivation  of Wier’s rule to crack propagation behaviour under

variable loading may be lnappropriate.

For crack growth studies, however, the above approach van be used
for nayrow band random loading where vach eyvele does not  diffey
significantly fyom {ts predecessor. Here luteraction effects can
be  considernd small and it {s reasonable to assume  that  each
vyele causes  the same amount of crack extensfon as if it were
applivd as part of a sequence of constant aeplitude  loads For
Looad baad loading, on the o hey haud, cvelic erack extension has
been  estimated on the basls that the load, oy styess inteusity,
ranges are  constant  at thely vool mean square value Thus the

average {atigue crack growth rate por cycle fs plven by,
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da r
= e A (AR

dN ¢ rms)
where A and noare constants and

N

AK - :
rms 1

However, since loading scquence interaction effects are wmore
relevant for broad band loading, this procedure often vyields

congervative predictions for Mode [ ~rack advaxe

2.3.1 Retardation

Several investigators [45-48] have observed that the applicatien
of a single posltive overload of sufficient magnitude {generally
50% of the bascline load vange) can result in significantly
retavded crack growth over a crack length increment which is of
the order of, or greater than the overload plastic zouve size,
whereupon crack growth rates return to thelr original baseline
level. It has been shown {45 49} that cracks overloaded in this
fashion may totally arvest where the effective stress intensity
range actually experlenced at the cvack tip is reduced below
AK[“v Howevey, the onset of the retardation or crack arrest
often does not coincide wi'h the actual overload cycle but {s
delayed until the crack has grown some distance into the overload

plistic zone (so-called delayed revardation) [46,47,48,50)

For fuliy vreversed overload cycles, the application of an
underload prior to a single overload does not appear to have much
affect on subsequent vetardation, whereas an underload following
an overioad tends to mitigate the rvetardation effect [49] Bleck
loading sequences [48 49,51) are also known to produce large
transient effects on fatigue crack growth behaviour, For
example, high-low block loading sequences, where the stress ot
stress  intensity ranpe fs reduced {rvom one constant level to a
Lower one, can result in an initial retardation {or crack arrest)
which ds significantly greater than for an equivalent single

overload.
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Several models have been advanced to explain the  phenomenon  of

crack prowth retardation. In peneral, these models attribute the
delay  behaviow te residual stressos |57, crack tip h]\mz,ing
53] or fatipue crack closmie voncepts [hi] [834 the  various
typothetical mechantsms  Introduced, nope  as yet  has heen

conclusively shown to yileld a true mechanistic rationale to  the

observed fatipus crack growth bebavioor followivg an srerload,

However, several of these mechanisms have been successfully used
to empirically model retarded cvack growth behaviour. Suresh et
al  {56] in a recent analysis of the post-overload ret.rdation
effect suggested that during the overload cycle, the crack tip
prefile becomes blunted often with one or (wo 4% branch cracks
subsequently  emanating from the tip (oun the plane of maximus
shear stress),  The reduction {n etfective stress Intensity range
resulting from this blunted aud branched crack, coupled with the
fact that the crack is ovow propagating inta the compressive
residual stress fleld from the overlosd plastic zone, acts to
retard crack growth to near-threshold levels amd in certain cases
Causes  arrest. Furthermore, the retavdation can be enhanced
during the initial post-overlioad vegion because the crack ie
experiencing effective stress {ntensity vanges in the near-
threshold vegime such that the process of crack advance beccmes
influenced by additional crack closure mechanisms. Specifically,
the branched moiphology of the overloaded crack together with the
single shear raceted rnature of the svbseqient crack growth can
promote  significant  roughpess fnduced crack closure | evident by
severe abraslon between the crack faces in the post overloaded
rone It was  also noted that the stretceh zone created at the
application of the overlosd was free [ doamion marks, which
suggested  that  the {odtial blunting ot the cvack tiv minfwized
the effect of plasticity tnduced crack closure in the subsequent
Fetardation fn evack growth.  Stmilar arpuments inveolving crack
tip blunting and branching, residual corpressive stress, and
erack  closure mechanisms  have  beoen  advanced o vationalise
transient crack growth behaviour following spectrum and blnck

loading sequences .
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2.3.2 Crack Closure Mechanfer

Implicit an the analvses  of fatigue crack propagation so far, iy
the assumption that the {ull range of AK, computed on the basis
of Kinax - Kuin from applied loads  and  crack  length
measur. aents, is available as the nominal driving foree far crack
tip extension. However, soould physical contact between the
mating crack surfaces ocour positive loads during the favigue
cycle as a result of the local detormation and fracture
processes, this driviog force would be effectively limited at the
crack tip. Elber [23] was one of the first in developing this

concept in his proposal of fatigue crack closure.

2.3.2.1 Plasticity Iaduced Crack Clo

Plasticity fmduced crack closure can be constderved to woour from
interference between crack surfaces in the wake of the crack tip,
avising from the constraint of surrounding »lastic material on
the residual stretch in materfal elements previously plastically
strained at the tip This process is atdes by the fact that the

crack is growing Inte a reversed plastic zene in which a te of

vesidual  compressive stress exists (Figure J 17). Since the
crack caunot propagate whilst it remains closed, the net effect
~f this vlosure (s to reduce the nowinal stress intensity range,
4K, to some lower effective wvalue A gy actually  experievced
at the crack tip, i.e

AK - Kpax - Fuin (no closure)

Aot = Foax

Ko fwith closure)
where Ko s the stress futeusity to close the crack l.e. crack

tip no lovger under tensile stress Ry

i

This  phenomenon was effectively demonstrated by Elber |53} for
crack propagation at high stress intensities in aluminium alloys
by mounting suriace strain pauges of very small pauge length at

the tips of fatigue cracks. The vesulting e'- - ric compliance

e
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curves  at wchematically {llustrated fn Flgure 218 where it s
apparent that a specimen cootaining a fatigue crack of length, a,
inttially 'hehaves" as if no crack were present before following
the expected compliance slope for a physically open flaw of the
same length. The transition polnt in tnls curve thus defines the
physical closing (or opening) load and hence the value of K[1

Subsequently, uther experimental measurements of closure loads
have been performed wusing crack mouth openlog gauges {25577,
straln  gauges [58-60] and electvic potential measurements [57],
although the data are not always totally consistent when compared

between different procedures.

One of the more serlous objections [61] to this concept i{s that
the magnitude of plasticity induced closure i highest under
essentially plane stress conditions, vet in thin sheet specimens
whers such conditicns of plane styess often exlst, mean stress
effects sre genevally minimal. Furthermore, the major inslaence
of wean stress 1§ usually found at the ultra low growth rates
assoclated with near threshold fatigre, where invariably plane
strain conditions are present Recrntly experimenta. compliance
measurements [61] on near-threshold cracks have confirwed that
very significant effects of closure ave present in plane strain,
although 1t {s difficult to explain these effects solely fo terms
of the plasticity argumencs of Elber [53]. Accordingly, several
other mechanisms of crack closure have been ldentified based on
the role of crack surface corrosion deposits and fracture surface
roug.aness. These closure wechanisms arve 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 {g& cowparable to the crack tip opening displacements

2.3.2.2 Oxide Induged Crack Glosure

The origin of oxide induced crack closuye avises from the fact
that  during near threshold fatigue crack propagation at low load
ratios in molst environments, corrvosion deposits of a thickness
cowparable with the slze of crack tip opening displacements can
build up near the crack tip, thus providing a mechanism for

enhanced closure such that the crack becomes "wedged" closed at
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stress intensities above K Such oxide films are thickened

min
at  the low load ratios by a mechanism of “fretting oxidation®
(36}, {.e. a contimal breaking and reforming of the oxide scale
behind the crack tip due to the "smashing” together of the crack
surfaces as a result of plasticlity induced ¢losure.  For examplo,
in lower strength steels tested in moist alr at R =~ 0,05, oxide
“{lms have been observed near AV{h with a waninum thickoess
some 20-40 times larger than the limitiep thickness of films
formed naturally ou metallographically polished samples exposed
to the same envirowment for similar periods Since the formation
of enhanced crack surface oxide deposirs is far less predomivant
in dry, oxygen free envivenments, at high load ratie. (where
plasticity induced closure effects are minimal) and in higher
strength matertals (where fretiing oxidation {s less effective),
the resulting concept of oxide ilnduced crack closure provides an
attractive explanation foy wmany of the somewhat surprising
etrects (the decrease in threshold value when test atmosphere was
changed from alr to hydrogen) of microstructure and environment

on near threshold behaviour

2.3.7.3 Roughpess Indused Crack Closure

A& further mechanism of crack closure is that induced by fracture
surface roughness or morphology (Figure 2.17). Such roughness-
induced closure can arise where the size scale of the {racture
surface roughness is comparable to crack tip apening
displacements and where significant Mode 11 displacements exist

such that the crack can become wedped closed at discrete contact
points along the crack faces. Like oxide induced closure, this
wechanism  is most prevalent at low siress Intensity vanges where
max i mum plastic zone  sizes are typically smallex than
microstructural dimensions In this vregime, crack advance
proceeds via a single shear mechanism, with associated Mode 1 and
Mode Il displacements. resulting iun sevvated {racture paths which
obviously enhance the closure effect. Such roughness  jnduced
closure provides an important contribution to the role of
wicvostyucture in influencing nee~ threshold crack growth and in
fact has wlde significance te a large range of engineering

materials (e.g. titanium «lloys which form little oxide debris)

P
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For example, with respect to the weil known observations {71 of
fmproved neat thresheld crack growth resistance in coarser
prained materfals, coarse mlcrostructures tend o promoets rougher
fracture morphologies, and further delay the transition from a
sevrated (single shear) to a more planar  (alternating or
stmultaneous  shear) fdracture surface to higher AFK values, when
Fpaxe  he plastic zone sive, {4 appronimately equal to the
grain size. As a result coarse microstructures will promote move
closure such that the effective AK values will be lowey, at the
same  nominal  AK,  than  in finer-grained microstructures This
explanation s entirely consistent with the fact that at high

load ratios where closure effects arve minimal, the effect of

grain slze on near threshold behaviour Is markedly reduced.

Both oxide fnduced and roughuess {nduced crack closure mechanisms
predominagte at near threshold levels but it is worth noting that

thelr effect {s not necessarily unique to this reglae.

24 Sumnary

This chapter reviews some of the avallable literature for
corrosion fatigue crack propagation in metals. Attention was
focussed on some specific factors which have been shown to affect
the rate of fat{gue crack propagation viz., envivonment

frequency, waveform  and pon-metallic  inclusions. Special
emphasis was placed on the mechanisms by which enviroumentally
ansisted crack propagation ocours Loe. hydrogen assisted cracking
and anodic dissolutfon models. The effects of variable amplitude
loading on fatigus crack propagation weve also considered. The
observed phenomenon of retardation of tue fatigue crack growth
folloving overload cycles In such cyecles has been shown to arise

primarily due to crack closure
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31 Testipg Systen

1110 E S M Serve-hydsaulis Testing Machine

Fatigue testipg was carried out on a HOKR capacity E H. servo-

hydraulic testipg machine. 1 this system the load generated by
the hydvaulic actuator s measured by a straln-gauge dynsmometer
or load cell Ip series with the specimen, The sigpal from the
load vell s amplified and compared {n a diflerential awplifier
with the desired signal ebtalined from the data input, oulput
of the differential swpliifier ts transmitted to & servo-valve
whirh  controls the actuator, This systewm thus forms a closed-
loop control elreult (Figure 3. 13 The loop may alse be
coppleted wusing a displacement transducer signal or a strain
pauge signal from the specimen lustead of from the load cell, if

desired.

A very important advantage of these machines is the versatility
of the system rvegarding the input slgnal which can be accepted.
Vivtually any analog signal, for example, from a function
penerator, random noise genevator, maghetic tape or computer, can
be used as input., Thus, not only constant amplitude waveforms or
simpie block programmes but also random waveforme, such as artual
service recorded stress histories, can be accommodated, In
particular, load transfe ts typieal of PWR start up or shut down
could be employed. Specimens or components of specifle materials
can therefore be subjected to mach mwore realistic fatigue testing

than s possible in conventivnal machines

In this project a waveform generator was used which could
generate  the  {onput signal for the eyelic tests, 1t could
generate  different waveforms viz., sinusoidsl, pesitive and
negative sawtooth as well as square waveforms at  frequencles
ranging frem 0.0] Hz te 50 Hz. Siuuscidal andg positive sawtovoth

waveforms at {requencies of 0.1, 1 and 10 Uy were emplryed in the

e
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present fnvestipation.

3.1.2 puter Contiel

As  many of the tests were of louy duration, taverage duration
approximately two weeks to ope month), it was fwpevative thar
these tests be computer contvelled In the present study thig

was achieved with the use of a Commodore Pel wicrocomputor.

The Computer made {t possible to contrvel the tests usling the
function generator to generate the lnput signal of the required
waveform and at the covrect frequency The input signal wis thea
relayed through an Interface upit to the ESH testiog machine.
This was simultaneously carried out while the computer was
monitoring the feedback load signal from the ESH testing machine
through the interface unic Uther functions performed by the
computer either independently or simultaneously included; cycle
monitoring, crack length monitoviong and data logging in the form

of both a cons.ant print out as well as data stovage on disk.

As e result of design constraints of the {uterface univ it was
not  possible te carry oat computer controlled tests using the
wavefoim generator for low frequency tests. This restriction was
overcome 1 using the computer noo only to control the test but
also te  csperate the wavelorm signal at  the appropriate
frequend This, howaver, moant that crack length monitoring
could no. b dore constraocly and simvltaneously with the {atigue
test In some fpac oces this Ald not prove to be a serious

restriction, slnce farigve testing wes stopped s~ taat the crack

fenpth could be measured after which test ag was re med.

3.1.3 Microgomputer 1o erface Unit

The microcomputer interface unit vrovides an interface between

the analog input and eutput signals from the testing machine to

the microcomputer. The varf{ous modules incorporated in  the
testing system ave summarised overleaf, and the function and

cperation of each device la then fully detailed




]
;é Module Euneidon
ADC 12-8CH Analog to digital Measurement of analoy
converter visltages from transducers
Bt
s0i2 Signal Conditioner Generation and processing
of analog voltages.
1. A wean value of voltage,
2. The awplitude of external
voltage Ls changed
BACH-4CH Digttal to analog Genera +f analog
convertey valtages . .r general
p\ti}'i{!?@(’ use
Ps Powet supply Power supply for modules
TIMER Timer and bus Terminacion board tov
terminatoy interface units, combined

with a4 cycle counter

A 12 bit ADC with 8 differential fopat channels and containing a

propgramsable  gain lostrumentation amplifier (PCIAY was  used in

this work.

The galn  of the ADCIZ-8CH can be set under software control in
; the range 1,2,4 ... . 2’. S0 10240 The settling time for the
diftevent gains is automatically fncreased as the gain goes ({vom
1 to 1024 to ensure reliable vesults However, the measurement
¢f verv low voltages is Inherently prone to evevors, due to noise,

earth loops, etc.
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The foput of the ADCLT-BCH bas been multiplexsd to provide a
chioice of differential lnput channels The differential fnpurs

allow very good noize rejection to bhe realised.

sudd

In order to enable a microcompitter (o peviovm complex  functions
ft must also be able to provide an analog ouut that can he get
by software. The normal coutroel sequence weoid then be that the
ADCL2-BCH measures load or displacement, whereafrer the
microcomputer calculates a new control outpat which is  finally
used to drive the testing machline through the signal conditioning
module . This module contains two digital to avalog converters
which, in combination, should be able to perform the majority of

vasks reguived in control applications,

The 12 bit SCL12 is provided with an {nput and output and performs

the following basic functions

1. An analog output can be opevated by the micvocomputer in the

range -10.0 to 9,995 {rvespective of the 8C12°s lnput.

2. Any constant or changing voltage in the range +10 to -10V can
be supplied to the $C12's {oput, which is then attenuated by
the wicrocomputer and  the result provided at the outpu

socket,

3. The functions | and 2 can also be summed, hence providing any
combination of 1 and 2 above at the output, The eutpat wust

remaln In the range of +10 to -10V, however.

A typleal example of an application of the S§CI? is the
conditioning of a sine wave with an output of 20V peak to peak,
which 15 fed into the $C172's input socket. The microcomputer is
able to vary the amplitude and mean components and produce it at

the §C12's output socket,

a6

.
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A four channel B bit digital to anslop converteyr (DAC) provides
the input voltage for varlable power supplies, velay operation
et No Interface machloe code softwave 15 required as  BASIC

statements can be used directly for 8 bit lnterfaces

]

The power supply provides +10 and + 20V potentials to the modules
which contain their own regulators, A speclal switching system
har  bean devised which prevents an already switched on unit
gwitehing itsell on agaln alfter a power failure. This is a
safety presaution as the interface will not have been ipitialised
ard the progvam in the microcomputer will neot exist in the event

of the power failure.
TIMER
This module serves two purposes

1. It provides a passive termination facility for the bus
contained within the racking system to allow move vellable

operation.

2. Clreuftry s contained on the board which will count the

numbec ol pulses (eg. number of fatigue cycles)

The counting facility will count transitions which go from a
value less than Vi taa value preater than Vy volts, heveby

easuring that any nolse within the band SNy to Vy volts will

not  be counted. Vi oand Yy ocan be Individually set using
twe
present potentiometers within the unit. These potentiometers are

normally set at -3V and IV respectively

The {uterface unit and the microcomputer + dntevconnected by
means  of two fifty way ribbon cables This vable is teiminated
- i P - e W 4
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at the microcomputers “memory bue” and at the BUS BOARD contained
within the Interiace. The BUS BOARD contains travsceivers which
fully buffer the interface unit from the microcomputer This

ensures rellabilitv as well as safety.

3.2 Enviropmental Ciycuis

bl

3.0 1 IWR Water

The system was designed [1] to provide a siwalated PR
envirenment in which low temperature (Z3. 90°C) and low pr ssure
(approximately atwospheric pressure) corresion fatigue testing
could be carvied our. The system consisted of the circultry
fncluding tubing, valves, puaps ete., also with water chemistry
conditioning and water storage facilities Figure 3.2 is a flow
diagram of the low temperatur., low pressure loop and water

corditioning unit.

Tap water is procossed via filtration and de-lonlzation before
beln, treatad {n an activared carbon resin bed, oxvgen scavenger
bed and a final polishing unit The demineralized, deoxygenated
water is then passed through a fine filter before enteripg the
storage tank of 200 litre vapacity. The system {s a veclreulatory
one because, firstly the de-ionizer will not be able to cope with
long  perfods of use without vegulay replacement of the
cartridges, secondly, dosin chemicals will be lost to drain and
finally there 1s o need to conserve watet When the water
chemistry levels are not to specification the stored water will

ue discarded and a nes batch made up

The storage tank {s fitted with a hydrapen gas bubbling tube to
allow hydrogen to be bubbled through the water in order to keep
the oxygen levels down. The hiydropen can be vented into  the
Atwosphere via a pressure relief valve The storage tank also
has  a dosing connection which permit dosing with borie acld and
Tithium  hydroxide. After dosing {s completed the oxypen  level

can be reduced by further bhydrogen bubbling

Low denaity polyethylene tubing was used instead ol stainless

e e
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el tubing since {t we cont eftective way to experiment with
the recirculatiug system This also meant that low density steel

tubing since ff was a4 cost effective way to evperiment with

expensive stainless steel ones. All the valver and couplings
were manufactured from brass or cadium plated bhrass, The
{inatncial saving, without a serious drop  in techuical

requivements, fully justified the use of Tow density polyethylene

tubing and brass fittings

3.2.0 YWater Conditioning

The waver conditioning system consists of two treatment sectlons,
a pretreatment consisting of filtration and de-lonization and

then the final purification and filtration.

During the pretreatwent stage, tap water is passed through a
Sartobran capsule {ilter which has a Jpm absolute reting (i.e.
1008 confidence that wno material >lpm  will pass through the

filver).

The filter contains celluluse scetate filter material and has an
eperating temperature and  pressure of 120°¢C and 4 bav
respectively. A venting screw is situated in the filter housing
to allow wvepting of any trapped gas in the filter, This filter
not only removes the more massive particles iu the water but also
ensures prolonged life of the de-ionfzation and deoxygenation

plant

The prefiltered water then passes through a 28 1 capacity mixed
bed  de-ionizer before entering the mafn purification section.
This  de-fonlzation cartridge serves to increase the fon removal
capacity at a later stage and helps to reduce replacement of the

final de-tonization cartridges.

The pretreated water then passes into a NANO pure 11 de-innizer
which produces type | grade water | e, water tiaving the following

characteristics




Specific Conductance Dowe to 0,05

(micronhos, wmax)

Specifie Resistance tp to 183

(Megoton, wind

Total matter co6

(mp /i, man)

Silicate < 0.0)

Cap S, max}
Culture/Uolony count - 10D

The HARD pure Il system heing uvsed {no the PWR corvosion {atigue
work containg  four cartiidges The st enviridge is a de-
fonizer  and containg a contribution of granuiay activated carbon
and  wirgin, wmacvoreticular resin It effectively vrvemoves
collotls, bacteria, orpanics and chlorine The secopd cartyidpe
LeRmOVes  OXygon, A product of the reaction ts the formn fon of
50 fons which are  removed  in cart: tdges Noo 3 and No.o a4

The third cartvidge s a high capacity mixed bed de fonizer and
is used ax & roupher in the four cavtridge unit. [t has more
prain remsval capacity than the fourth altrapure caiividge, but
to 4 lower purity level The fourth ulrrapure cartridge {s also
a wived bed de-lonizer which can produce water with a resistivity

up te 18 % megohm,

After the demineralized water has passcd through the vaviyidges
it con be recir. alated Lor tarthey clean ap ov it can bhe poosed
Ywough s finel 0.7 wm filter belove belng passed into the
torage  tane The 002 pm tilter s a pleated mewbrane [iltey
that  rvemoves  all bacvteris  and was raviatio. sterilized at the
time  of mapufacture This ftlter s conulutent with the filter
placed {n  the return  line Just belore entry into the stovage
tank, These filters ennute that vo miterial < 0.2 pa {8 aliowed

into the svorage tank.

-t W
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3.2.3 Rechreulating s

The dewinervalized water in the storape tank is dosed wiili borie

actid  and  lithium bydrexide in order to simutate wironment
conditions, Hydrogen is bubbled through the water . we that
the oxygen level remaing within specification (0{/»1’ opb, . The

water in the storage tank can now be pusp mixed via the diaphragm
pumps. This veciveulating loop has a sample point to allow warer
samples to he taken in ovder to eunsuve proper mixning.  The design
cf all the retura lonps {s such thar the returning water cascades
through the hyviegen blanket thus facilitating dissolved oxyge.

remaval .

The main supply luop te the corrosion fatigue test cell {s  also
pumped via a diaphragm pump with a maximum {lowvate of 144 | /hr

This loop also contains a sampliog point for chemieal  analysis
checks and an {nline oxygen meter for batch tes.s. A multiple
valve system mnear the test cell allows specimen changes and
subsequent hydrogen purging without allewing oxygen to leak into

the system

All  the piping consists of low density polyethylene which has an

ouygen permeabllity of 60 x 10 10 g co{vm Hp). Given a tube
length  of 50 wm havieg an 0.0, of 172 and an 1.D. of 3/8" the
oxygen  leaking into 160 1 of water over a period of six mouths
will be 0,1 ppb.  This amount can be regarded as negligible since

the specifization allows up to 100 pph of dissolved oxygen.

3.2.4 Analytjca

whpment

The water wmistry specifleations drawn up by the 1CCCR for

testing in PWR type water is as follows:




PN 1Y

.52

Watey Chemistyy

Conductivity < 20 pmha/om

pit (room lmnporatm'e) 6.5 + 0.7

Dissolved Oy < 5 pyb

Boron 1000 ppm

Hy 15 - 90 Std. co/fkg Hqy)
Chloride < L1 ppm

Fluoride < 0.1 ppm

ductivity

An Orifon model 10! conductivity meter was used to measure the
electrical conductance Measurements could be made over a wide
range (i.e. 0.001 gmho to I who) using a variety of cells with an
accuracy better than 1% «11 mecale. 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 I5°C,

The Orion conductivity meter allows selection from three A.C.
frequencies (3 kHz, Z kHz and 80 Hz) permitting a choice of cell
Lypes. Commmon cells with platinized electrodes are calibrated
at 1 kHz, therefore the most accurate conductance measurement
will be made at the same frequency. The 3 kHz frequency should
be used when working with special cells using steel electrudes.
The 80 Hz frequency is recommended for conductance measurements

at  verw low levels (of the order of pmhos) When operating at

low levels, it is ne y to use cells with very small cell
constants 0.1y, whic consequently  have large capacitive
effects. Table 3.1 shows examples of some conductivity

measurements  and recommended cell voustants for the appropriate
measuring f{requencies. Table 3.2 is a vcell and frequency

selection chart for the model 101 conduct ivity meter .

High Sensitivity Dissolved Oxygen Detectoy

The sensor of the Orbisphere Model 2713 oxygen detector is the

membrane enclosed polargraphic type. It spnses the presence of

{

bl

s

——a Py o™



onypen i the wediue in contact with ihe membrane and passes g
YE

current, which is proportional to the concentration of the
oxygen, to the measuring [nstrument . The instrument has a

measurement range from L opg/l (Ippb) to 20 wg/l (20 ppm).

A flow chamber enables the sensor to be mounted in an air tight
flow circuit, which allows continuous wonitoring of the oxygen
levels. Sample  flow rates should be within the range of 50

cmi/m’n\ to 250 unk/‘m!n while temperatuves can range between U to

45°C,  Sample pressures should be lese than 20 bar

Flame Fmission Techolques for Boron apd Llthiue Determinations

Atomie spectva {n the ultraviolet or visible region are produced
by atowization of the sample, a process whereby the constituent
molecules are decomposed and converted to gaseous elementary
particles. Both  the emission and the absorpiion spectra of an
atomized element consist of relatively few discrete lines at
wavelengths that are characteristic of the elements As a result
of the atomized #tate of the sample the temperatnre of a flame is
sufficient to excite a small {vaction of the monatomic particles

(atoms and fons) to higher electronic states, Their return  to

the pround state is accompanied by the production of emission
lines, which gerve as a basls for flame emlssion spectroscopy
Here the location of the llnes provides qualitative lnformation

and their intensity permits gquantitative analysis.

In the case of Boron an acetylene alr flame was used with care
belng exercised to keep the background noise as  swmall as
possible foron, in contrast to most othey elements, has o
strong line that can be used for spectral emission analysis, thus
the BOs  mystem of bands between 450 and 600 pm was used which
was sufficiently sensitive for analysis.  The bands have no self-
absorption, so that the calibration praphs are always linear

Lithium on  the other hand, has resonanc lines at 670.8 and
323,26 pm which are  at a good distavce from interfering lines

making analysls somewhat easicr.




The Phitlips PW 9416 lop-Selective Analyser was used for all  the
{on-selective analysis  and plt determinations The following
electrodes were purchased for ton detecminations: (1) Uominbation
pil electrode, (7)) Fo yesistance thermocouple, {3y Chlervide fon-
selective elecirade  with reference electrode and  (4)  Fluoride

ton-selective electrode with reference electvods

Calibration and measuring methods ave simply cutlined  step by
step on a visual display unfit Onee  the  sousey har been
calibraced the measurement pavamelsers can be stored in permanent
memory. Nine memories are avallable which ave retained even when

the instrument is turned off

The doun-selective electyode senses the activity and  thus  the
velated concentration of  the measured  fon The vrefereuce
electrode provides a stable electirede potential and completes the
electric cirralr Tie vesultant pelential dilfevence i detected
By the voltmeter <o the conventration of the fon being weasured
is vomputed from  the measured voltage The resuiting

concentration appears on the seveen but wmay alse be printed out

by ths bullt-in printer. Printer tormat can be selected so that
maln paraseters ¢an also be printed out, H o required, mean and
standard  deviation can be provided w'th each result, Thus  the

reproducibility  and aceurary of any group of results can  easily

be checked,

Dissolved tydrogen Gas

Hydrogen gas  concentrations were estimated frow published data

given the rtemperature and  the poatial pressure of hydropen i

equilibrium with sater. The overpressure vange during testiog
was  between 0 40 kPaoalsoe the temperature ranped betweew 20 -
25°C. Thus the caleulated hydvogen comventrations ranged between
.6 to 21,7 Sud, ec/ky By The PWR specification tor

dissolved hydrogen is 0 S0 std. cedky 0, thus results were

well within the specification,

P s
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. ]
sulphate Concentrations (507,)

lonn selective analysis proved pet to be sensitive enough {or the
low sulphate concentration In the water. This then vequired very
spevialised techniques,  which  included cavefully controlled
evaporation to concentrate the soalution As a vesalt samples of
warer were sent to Bergstrem and Bakber Analvtical Laboratories

to determine the sulphate conventrations.

3.3 Envivenmental Cell

At enviromnmental cell was requited in wh'rh tests could be
performed in & simulated low tempersture low  pressure FWR
envivonment . Stace  thls  environment had to be very strictly
controlled the cell had to meet very stringent requirements 1t
had to be chemleally inert and be sble te contain fluids at
constant  temperatures io range from 00 - 96°(C. Complete
tsolatlon  of the enviromment war reguired to avoid any
contamination of the circulating flutd The ability to wonitor
crace growth remotely and the pessibllity of making optical crack
length measurements was also a py fority. Another important
consideration was oxygen permeability through cell walls sines
(as  described eavlier) the oxygen conventrations must be

maintained at very low levels

Previously, a number of designs for an environmeuntal cell weve
considered centerirg around a lovaiised eavivomment {n  the
immediate  wvicinity  of the  crack. These  designs  were
unsatisfactory since certaln practical problems weve oncountered

particularly leaks, thus a new cell was designed.

The new cell design was based on the {den of enclesing the
entire specimen in  the coll (Figure 3.3 and was  constructed
entirely from 12 mm thick perspex. This allowed all round visual
observation and sveciman access with pood thermal iusulation, was
rigld enough to withstand the stresses of handling and those
exerted during a fatigue test, It was also inert and thus could
not contaminate the enclurad environment. Ali the snaals were of

an O-ving type which maintain a good static as well as dynamic




seal even at elevated tempevatures and were also chemically inert
to the envivomment . The desipn of the cell facilitated the ready
PASSARE of the current and potential leads Access was also made
for the fitting of a thermocouple Inside the cell so  that the
temperature of the environment around the specimen could be
accurately monitared. Sufficlent  space was provided for the
addition of extra probes in the future, for example, reference
electrodes for electrochemfcal potential as well as conductivity
measurements and  sampling facilities in further corvusion
studies. Removable sides with O-ring seals meant  that easy
access was available for changlng the specimens (Fipore 3.4a and

3.4by.

One further censtraint of the cell destgn was that {t vequived
leakproof passage of the current input leads to the speciwn.
Aluminium alley rods were used which had, on the one haund, to be
sufficiently thick to accommodate the high current density with
neglible heating effects, and on the other to he sufficiently
thin s0 as to be flexible during the fatipue test, so that the
exlt seals of these rods through the envivoumental cell were ot
fmpaired during large crack opening displacements. Reduction of
the central portion of the rod from the original 4.5 mm to 5 mm
diametor fulfilled the latter of these veguirements, without

seciously affecting the former.

3.4 Crack leogth Measurement

Since good vevroducibility of results is an important requirement
mucly effort has been devoted to ensuring a highly stable system,
especially in view of the fact that tests wore, in some cases, to
tun for ‘wo to four weeks or more. An attempt was made to locate
possible sources of errovs with a view to reducing experimetal
error, The potential drop system used to measure crack length
can be divided {nto two sections, namely (a) the current

producing circult and (b) the recordirg equipment (Figurs 3.5)




3.4 Powey Supply

A Farnell Constant Curcent unlt (Flgure 3.6) providing a highly
stabilized current was vred. The ovtat specitications are given
in Table 3.3. Currently a one hour warwm up period to stabilize

output ls being used.

In order tuo veduce any thermo-electric heating effects which
could be transferred to the specimen, 50 amp welding cable was
ugsed as current leads. These were attached to the specimen by
aluminium scvewed connection (Figure 3.7). Tue electric heating
of these coumnections was calculated for a 74 hour period and

found to be negligible, (less than 1713 watu),
The cholce of current depended on two competing factors

{a) increasing current input pglves vise to increased

measurability | &, large output voltage.

(b ton  large a curvent {typically exceeding 30 amps for a
12.7 wm steel CT specimen) leads to measurable specimen
heating as a result of contact vesistance at  current

input positicns.
Thus  the chelce of current value depended on the resistivity of

the material. In this project 20 amps was found to give pood

voltage output and minimal thermo-electrical heating effects

3.4.2 Becording Sysiem

Probe wires for measurement of potential drop, typlcally about

0,2 mm diameter, were attached to wire-wrapping pin: lunseyced in

the specimens. These pins were inserted into 0,8 mm diameter
holes drilled 2 mm either side of the notch vcentre, (Figure
3.1 Tie probe wires were then connected to a digital

multimatery,

Fer the purposes of calibration, the voltage output was plotted

against actual surface crack length measurement using an optical

oy
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(x7) travelling micvoscope.

The digital multimeter had to [ulfil two lmportant requirements

viz.

{a) it had to have sufficiently bigh resoluc on 'n order to
detect small changes in voltage (crvack length) especially
for small cracks {.e. at the start of crack growth.

(by it had to be readily interfaced with a microcomputer for

remote control and data logpiug.

The Fluke B89860A Digital HMultimerer is a fully  puarded,
microprocessor-controlled $-1/2 digit, five function digiral
multimeter, which has a low DC voltage measuring range of & 200
VY with a maxlmur resolution of 0 .0005% of full scale (i.e. 1 uv
on 200 mV range) with a 3-1/2 digit display. The I£EE-488
interface option enables counection of the diglital multimeter to

a micro computer through the 1EEE stendard-488 bus.

1% Argon Envireumental System

This system was designed to produce an env mment in which  both
the moisture and the oxygen levels were kept as low as possible.
For this purpose, an ultra-high purfty (i.e. 99.995%) arpon gas

was used the main impurities being:

oxygen 3 vpm
nitrogen 5 vpm
moisture v
hydrocarbons

Figure 3.8 is a diagrammatic of the aignn system showing the

oxygen and melsture removal arrangements.

Control of the pas flow was maintained by the fine argon

T .




adjustment valve fitted to the gas cylindey. Finer adjustment of
the tlow rate was achieved by a Llowneter which gave flow vates

from 0-25%.1 1/min at a maximun pressure of one atmosphere.

An argon stream with a flow vate of 0% l/min was passed through
an oxygen reduction column In order to reduce the oxypen level in
the gas. This reduction column consisted of a glass column with
a standard taper joint to allew for the dusertion of the
catalyst. A heating tape was wrapped avound the outside ot the
glass column and connected to a Herastat temperature controller

for the heating of the catalyst.

Oxypen removal from the argon gas was achieved by passing the gas
through a bed of reactive metal or metal oxide, which was heated
o 160°C t» provide a reasonable reactiow rate in this case a
copper catalyst RO-21 produced by BASF (Radische Aniline und
Soda-Fabrik) was used. This catalyst is made in the form of
small peliets and is supplied in the oxidized form. [t is
reduced by heating to a lemperature of between 120 and 160°C in a
gas  styeam The temperature of the column should not exceed
200°C,  or sintering of the copper will cccur with a reduction in
activity, The column of RO-21 catalvst will remove a volume of
up  to 4 litres of oxygen at voom tempevature. At 150°C the

capacity is lncreased by a factor of 5°

After oxygen has been removed, the a. -, as stream enters the
moisture removal section after passing through a  bubbler, For
work at atmospheric pressuce pas bubblers & @ placed {n the argon
inlet lin» and at the outlet of the systoew they merve as visual
indicators of gas flow, aud the outlet bubbler also prevents
diffusion of air back into the system, Any dispay. .ty ‘v the twe
bubbling vates gives an Indication of any gross leaks that may
have occeurred in the system. The oxygen level {a the argoe.a g

was  constantly monitored using the Orbisphere Model 2713 oxygen

detector described earlior,

There are three primary methods for the romovia. of molsture from

& pas stream viz .
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[@D] low- temperatuie condensation

(ii) compression of the gas so that the partial pressure of

water increases and condensation results, and
(111} the use of drying agents.
These methods ave sometimes coembined to obtain high efficiency.

The effectiveness of the low temperature condensation method can
be seen from the fact that the vapour pressure of ice at -90°C ig
7 ox 1077 am Hg while one of the better ieslecants namely Catly
has an  equilibrium water vapour pressuve of 1077 Hg. Also
calcium  hydride on i1eaction with water produces a fine, high
volume powder which way clog the column. Furthermore, the
reaction of this particular desiccant with water introduces
hydroger into  the gas stream and under the present test

conditions this was unacceptable.

The  liquid nitrogen condensation methed affords an excellent
source of extremely dry gas because the vapour pressure of water
at  -196°C is about 10723 mm Hg. However, the use of a liquid

nitrogen trap for the removal of moisture fror argov proved to be

problemstical, due to the fact that argon boiis ar -18%5,7°C and
ireezes at -189°C, thus liquid argon would frieze and block the
capillary tube, In order to overcome this problem a liquid
nitrogen and  alvvanl mixture was  used, t. reby waintaining a
temperature in the range of -160 to 12570 t: lowering of the

dewpoint led to a reduction of the maiaturs

Less than 100 ppb.

The system wis connected using Tygon tuls! r than rubber

tubing since as can be seen from Table . pon (polyvinyl
chloride) has a lower pevmeability to < v oric gases than
rubber. Coupled  vo this, Tygon tubing no<o . very good seal
with glass, 1{s clalmed to have a vapour prossure of 1077w Hg
at  21°C, and is also less gugceptible to deterioration than most

rubber tubing.

i, A b -t



3.6 Summary

This chapter describes in detall sowe ol the experimental systems

used in this investigation., These include;

(i) the computer equipment for the control of the serva-
hydraulfc testing machine which make it possible to test

continuously for extended periods of time,

(i) the environmental circults which provided the argon and

PWR water environments to the required specifications,

{iii)y the envirommental cell within which the tests could be

conducted and finally,

(iv) the crack length monitoring systewm which allowed for the
‘curate meagurement of  the  cracks  at predeterained

intervals.

£
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TABLE 3.3 Farnelt constant carvent unit specification
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4.1 Material Specification

The mateyial used in this programme was 54 S0 Crade B Class 111

forged steel used for the wmanufacture of ouclear pressure

vessels, This steel was supplied by the Atomic Energy
Commission, and s sorap material  generated  during the
manufacture of a veactoy pressure vesgel. Tests (1] previously

conducted in the department to {ully characterise the chemical
composition and the mechanical properties yielded the following

data.

IaBLE 4.1 Chemical Analysis

Element WLe
c 016
Hn 1,38
P 0.013
3 0.008
St 0.25
Hi 0.7
Cu G.06
Cr 0.76
o [V
v 0.013
Al 0.029
Sn 0016
Co G021

el

)




anjcal Propextivs

Yield strength
Teasile strength
Elongation
Reduction in Area
Hardness

Charpy Tcmghxwm.‘

4.2 Test Frogramme

497 .6 MPa

L7508 MPa

7287 %

6915 %

227 VPN (30 kg load)
68

The following test programme was undertaken.

(1) Corresion Fatigue Test Matrd

WAVEFORM
Sinusoidal Pos. Sawtooth
.
%\»‘
T FREQUENCY (Hz) 1 1 10 1 10
T B-RALLO 2 .2 2 2 .2
ENVIRONMENT
Arpon ARL ARZ ARPL ARP2
Alr al A2 APST APS2
PUR Water Wi w2 w3 Wrst wrs2
. o - i o e o
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(i1y  Variable Load Amplitude Test Matryi

\\
\\\\\\ FREQUENCY 3 Mz 3 Hz 0.3 Hz
\\\\\\\ﬁhVIRONMHNT Argon PWR PWR
WAVEFORM \\N‘M
T
Ripples 51 82 §9
Peaks $3 S4 ;
Teapezoidals Sh 56
Spectyum §7 58 10

4.3 Vater Chemistyy Control

Af er the PUP water test rig was assembled {t  was  thoroughly
cleaned to prevent contamination of the high purlty water. the
svstem was then filled with ultra pure demineralised,
deoxypenated water and kept under hydrogen pressure. The water
was then dosed with lithium hydroxide and boric acid through the
dosing facility on top of the storage tunk. The dosed water was
thoroughly mixed by continuously cireutating the water through
the system via the pump while maintaining a constant Tlow of
hydrogen through the tank. After approximately foor nours  the
oxygen concentration was reduced to within specification (i.e.
[Q?} < 100 pph). Periodic checks confirmed that the water
chemistry remained within specification for long peviods of time.
Indeed only after aeveral months did the chloride level rise to
above  the specifled level necesaitating complete replacement of

the water supply.

Frior to the commencement to each corvosion fatigue test, the
environmental cell was purged with hydiogen to remove as much
oxye n and contaminated water as possihle. The cell was filled
using t! 30 kPa hydrogen pressure in the storage tank thus

ensuring  a  gradual filling of the cell thereby preventing the




vntrnpmvnt of hydrngvn in the upvvimvn starter notch, The water
was circulated through the system via the recirculating pump at a
fiow rate of 26 1/ht The corrvogion fatipue test was then

started.

on completion of the test the cell was emptied by forciog the PR
water back into the storage tank with the use of hydroger over-
pressure. The cell wi then fselated from the rest of the system
by a system of valves and the hydropen pressure was relleved
hetore the side covers were removed allowing for the removal and

replacement of a test specimen

4.4 Farleye Testing

4. 4.1 Prefatigue Cracking

Standard 1TCT  compact teusion specimens were prepared in
accordance with B 8. 5047 (Flgure 4. 1), The specimens were then
prefatipued in air to a length of approximately 3 mm from the
stavte” nuveh,  In order to expedite crack Initiation, especially
with high R-ratio tests, higher loads were initially used and
were later stepped down to meet the test load rejuirement. To
avert the transient effects of larger plastic zone size due to
the larger loads, prefatipue cracking was only terminated after

sufficient measurable crack extension had oceurved.

4.4.2 Visual Crack Length Mea

ement

Fatigue crack length measurements weve made as  a function of
elapsed cycles by means of visual and potential drop techniques
To facilitate accurate visual measuremont; (1) the test avea of
the specimen was polished and {ndirect lighting used to ald crack
aebservatlon and (11) all measurements were counducted while the
specimen was cuhjected to the mean load. Visual measurements
were made using a low power (x 7) travelling micvoscope having an
instrument resolution of 0. .01 ma. These measurements were made
at repular cycle intervals which were reduced as the crack growth

rate increased,
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4.46.3 Crack Curvature Correction

As a result of crack f{rount boving any surface crack length
measurement will wnot  eccurately reflect the true length of the
crack Thus, In  oerder to obtain a more accurate crack length
measurement “ crack curvature correction factor was applied Lo
all surface crack length weasurements. This crack curvature
correction factor was obtained by preducing beach marks on the
fracture surface as a result of varying the minimum applied load,
P

while keeping the maximum load, ¥ constant (i, e.

min: max
varying the R-ratio)., Alteinate regions of 0.1 and 0.6 R-ratio
erack growth wers therefore visible an the fracture surface A
seven point through-thickness average crack length was then
calculated, The ratio of the average through thickness crack
length and the corresponding surface measured crack length
recorded during the test being tha crack curvature correction

factor.

f.4 4 walibration of the Porvential Drop Technique

Potential difference measurements were made at fixed points
across  the crack for varlous crack lengths. These potential
measurements can  then be directly related to the curvature
corrected crack length using Johnson’s analytical solution [62]

to Laplace’s electrical potential equation,

. 2 A eesh w00y
3 8 cosh ({V/VO) cosh (ny/2W) /cos (nao/2U)3

where VO,V and a4 denote the initial and the actua’ measured
values of potential and crack length, respectively, and 2y is the
distance betwsen the potential probes and W is the specimen

width.

Due to crack curvature and short circuiting resulting from crack

closure effects, Johnson's equation was found to consisteatly




underestimate the crack length and this was especially noticeable
at longer crack lengths. Because of this underestimation of the
crack length the following calibration procedure was followed. A
least squares linear regression was taken of the corresponding
curvature corrected crack lengths and the Johnson's estimate of
rhe crack length. The Johngson’s estimate of the crack length
would thus be corrected by multipliication and addition of the
appropriate rvegression constants, with the result that the crack
length  was  veliably wmeasured at all stages using the P.D.

technique.

4.5 Computer Control aud Dats lLogging

The origiual computer control systew of the E.S.H testing
machine wae designed for medium frequency testing. (This system
consists of a microcomputer interface unit which allows the wuse
of a function genervator to provide the input signal to the E.5.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 simultanecusly reading and
storing the experimental data). Thus, the analog to digital
converter has de<ign limitations which prevent it from sending a
signal, from the function generator to the E.S H. testing
machine, for frequencies lower than 10 Hz, As the frequencies
required for this project arve all essentially low frequencies
(l.e, < 10Hz) this represented a serious restriction in that it
firstly prevents continuous and simultaneous monitoring of the
crack length and contyol of the £ § H.  machine. Secondly it
means that elither the E.§. H. is wmanually operated or the
computer s used to generate the appropriate fatigue signal and
frequency  thus  giving limited data reading and  storing

capability,

The last alternative while giving some computer control, does not
allow for the simultaneous control of the E.§.H. machine and
crack length reading. This means in fact that the E.S.H. testing
machine actually has to stop fatigue testing in order for a crack
length measurement to be taken. Fortunately the duration of the

veading and storing operation was very short, of the order of 30




seconds . Stnce many of the tests ran for several days, computer

control and data recording was considered vital. Also the load
spectrum for the variable amplitude tests could not be penerated
by the function generator and could only be generated by the
computer. Computer  software was therefore designed to use the

systorm in this mode of operation

A flowchart of the programmes is provided in Flgure 4.2 and

listings are in Appendix 1. The programse first required the
computer to inltialize all the peripherals (i.e. digital to
analog converter, fluke digital wiltimeter, disc drive aund
printey). All  the rolevant data (e.g. specimen dimensions

loads, frequency of crack length readings ete.,) were then
manually entered. Some of this baslc data {e.g. loads,
frequency, ete.) would be checked against preset limits {if
inadvertantly the wrong values were entered, the programme will
abort and will have to be restarted,. After the correct data had
been entered, the programme commenced the waveform and frequency
generation and the resultant sipnal was relayed to the E.S.H.,
machine via the digital to avalog converter. For the purposes of
the this projfsct the sine, jositive sawtooth and spectrum load

waveforms were generated at frequencies of 10, 3, 1 and 0.1 Hz.

At the required cycle interval the programme exited the waveform
and  frequency pgeneration loop and entered the data reading and
storage loop. The computer now addressed the Fluke digital
multimeter and took seveisl voltage readings, to allow for the

voltage to stabilize. The voltage was converted to a crack

length using Johnson's equation which together with the elapsed

number of cycles were stored on disc and recorded at the printer.

The programme 1e-entered the waveform and frequency generation

loop and vepeated this process until the final number of cycles
had been reached, or the crack length reached a preset limit. At
this stage the programme allowed for a review of the input data
and  new limlts for data reading interval and fatigue testing
could be set. At the completion of the test the load was ramped o

down and the peripherals were closed

R g e . Iy .. o —tde e




4.6 pata Reduction Technique

After obtaining the fatigue crack growth data, that is, Johnson
crack lenpth versus elapsed cycles, 1t was processed into the
standard form of fatlpue crack growth rate versus the stress
intensity range. In order to remove scme of the scatter in  the
experimental data it was numerically smoothed using the
incremental polynomial wethod. The data veduction programme,
flowchart provided {n Flgure 4.3, therefore ilncorporated both
these functions as well as plotting the graphs of da/dN vs. AK on

a log-log scale,

The Johnson c¢rack length was manually corrected for both
underestimation and crack curvature and then stored on  disc.
This operation can be included into the data reduction programme
by adding a linear regression subroutine to the programme. The
programme first smoothed the crack length values wusing the
incremental polynomial method and then calculated the crack
growth rate, da/dN and the stress intensity range, &K using the

following expresslons;

. BEY
L
Bw?
where AP 1s the fatigue load range,
B is the specimen thickness, and
W Is the specimen width,

e
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The compliance function, Y, is given by

1/2 172 5/2
¥ —29.6[3] - 185.5{5} " ma‘;{g}
1/2 9,2
1017 {3] v 638.9 [3]

where a is the smoothed curvature corrected crack length

Incremental Polynomlal Method

This wethod for computing da/dN avolves f{itting a second-order

polynomial to sets of seven successive data points. The form of

the equation for the local fit is as follows:

where b,, by and by aie the regression parameters that are
determined by the least squares method (that is, to minimize the
square of the deviation between observed and fitted values of

crack length) over the range

i43

The parameters

. 1

L\ <2 (N;~3 ¢ Nioi)

C, = 1 (N + N )
2 2 i-3 143

are used to scale the input data, thus avolding numertcal
difficultlies in determining .o regression parameters. The rate

of crack growth at Ny is obtained from the derivative of the

i




above parabola, which Is given by the following expression

The calculated values of stress Intensity range and crack pgrowth
rate were then plotted on a log-log scale while a printout of
the number of cycles, smoosthed crack length, AK and da/dN values

was produced.

4.7 Yarleble Awplitude Loading

At the 1983 Interunational Cyelic Crack Crowth Rate (ICCCR) Group
meeting Scott [63] sugpested a spectrum load sequence for a
corrosion fatigue experiment in ¢WR or BWR primary coolant. This
spectrum sequence was based on a simplified sequence of three
different types of stress cycle, A, B and C, with R-rativs of
0.2, 0.7 and 0.9 vrespectively as shown in Flgure 4.4, The
magnitudes of the stress cycles and number of occurrences were so
adjusted so that when applied to a twe inch thick compact tension
(2T CT) specimen, large differences in the crack extension would
be obvious depending on which type of corrosion fatigue behaviour

(e.g. plateaux or not) was observed.

Due  to the lengthy testing time, of the order of & months for a
L00 block sequence, it was decided to run a dry fatigue test to
validate a vrevised dry fatigue crack growth equation likely to
amerge from the Electric Power Research Institute (EPRT)
database . In the case of a dry test, where no environmental
effects are prevalent, high frequencies could be employed and the
test duration reduced. The spectrum used In the present study is
the same as that given previously (Figure 4.4) but with the

cyclic periods adjusted to give a less time consuming experiment.

Since in the present study the spectrum load sequence was to be
applied to 1T €T specimen the loads were recalculated ensuring
that the stress [ntensities remained the same as for those

calculated for the 2T CT specimens. Details of the specification
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for each translent A, B and € for both 27 and 1T CT specimens are

given in Table 4.1,

A computer programme (listirg in Appendix ) was designed to
generate the spectrum loading sequence. The computer generated
spectrum  loading sequence used ln the presert study had the
eycite  frequency increased bty a factor of 3 (l.e. eyelic
frequency of 3 Hz rather than I Hz). The 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 dvy environment.

To assist with the {nterpretation of the results, with vespect to
the contribution of each of the different components of the
spectrum sequence to the crack growth rate, the spectrum was
divided into {ts various components (Figure 4.5). The computer
programme was modified accordingly and tests were conducted using
the various components of the spectrum as well as the spectrum
itself. Before these tests were commenced the test specimens
were prefatigued in alr, initlally a R-ratio of 0.2 was applied
to iritiate the fatigue crack and thereafter the R-ratio was
fncreased In stups until a R-vatio of 0.9 was zttained. Care was
exercised that the magnitude of the Joad change did not  cause
crack arrvest and the load was ouly 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-ratio of 0.9,

4.8 Argon Systenm

The production of dry, low oxvgen argon gas required two start up
procedures. Firstly, the heat .ng tape around the oxygen reduction
column was switc.sed on and the temperature monitored by means of
a thermometer inside the colum, While the temperature continued
to rise to the operating temperature of 160°C a constant flow of
argon was required to displace as wuch of the oxygen in the

system as possible.

Secondly, the stainless steel capillary coil of the nitrogen trap
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was heated over a bunsen burner to eusure the removal of as much
molisture which had bees adsorbed cnto the tubing as possible. A
constant gas stream through the capillary tube not ouly ensures
removal of the moisture but also prevents further moisture
adsorption. After heating the tube for approximately 5 - 10
minutes the capillary tube was allowed to cool before being
{mmersion in  alcohol. Care should be exercised that the
temperature difference i3 not teo great since the lower
temperatures will cauge contraction of the gas with the
consequent rapld suction of the medical paraffin, in the bubbler

through the tubing. The higher temperature on the other hand
will cause a vrapid expansion of the gas blowing the medical

paraffin into the oxygen removal coluen,

Once the coil has been lmmersed in alcohel liquid nitrogen was
added wuntil the temperature has dropped to approximately -150°C.
When the temperature reached -100°C more liquid nitrogen was
added to bring the temperature down to the appropriate level

When the oxygen level on the Orbisphere oxygen detector had
dropped to less than 1 ppb the fatigue test was started. Using
these techniques, oxygen levels of less than 1.0 »pb and

calculated moisture levels of less than 100 ppb, were achieved.

4.9 Summary

The chapter deals with the experimental technigues employed to
produce PWR water with the correct water chemistry as well as the
procedures  followed to ensure accurate P.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 sontrol of the fatigue testing machine as well
as  data  veduction and pletting routines were also fully
described, The origin of variable amplitude loading sequence
uged in this investigation and its break down into simpler
loading sequences to facllitate with the interpretation of the

results is also explained.
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5 RESULIS

rowth Rate Data

5.1 Constant Amplltude Loading

5.1.001 Euvirgoment

The effect of enviromment on fatigue crack growth behaviour for a
frequency of 10 Hz, R = 0.2 using sine wave loading is
Pllustrated in Figure 9.1, These tests show that at AK levels
below 30 MPa/m PWR water glves about 3 times faster crack growth
rates than argen, however, at AK levels between 40 and 50U MPa/m
there is little difference fn the fatigue behaviour., The alr and
argon data lie below the ASME X1 (1974) dry line and agree well
with the 1 Hz data while the PWR water data resides slightly
above this data. The 0.2 Norativ 1 He sine waveform data is
shown in Flgure 5.2 where {t is evident that the alr and argen
data lie below the ASME XI (1974) dry line while PWR water plves
crack growth vrates that are consistently about 5 times [aster
than argon but reside on  the ASME dry line. The effect of
decreasing frequency from 10 Hz to 1 Hz Increases the growth rate

by a factor of 2.

The effect of envirenment usiug positive sawtooth wavelorm is
shown  in Flgures 5.3 and 5.4. In Figure 5.3, tests vonducted at
1 Hz using positive sawtooth waveform show that helow 40MPa/m
argon  growth rates ave 7 times slower thun buth the air and PWR

water crack gprowth rates which reslde tozether approximately on

the ASME XI (1974) dry line.

In the case of the | Hz test using positive sawtooth waveform
(Figure 5.4) at  AK levels below 40MPa/m the ate prowth data is
about 1.5 times faster than crvack prowth rates in argon, while
PWR water growth rates are 7 Clmes faster than those recorded for
argon, At MK levels alove 50 MPa/m the data tend to merge

together, while at AK levels below 30 MPa/m PWR water gives

pr— - . s W o
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prowth rates that are between 7 and 3 times faster than the argon

data.

The etfect of environment at U Hz tends to be slightly preater
for the positive sawtooth than the sine wave, while at a
frequency of 1 Hz the effect tor both wavelorms s about the
same Only the positive sawtooth crack growth data at 1 He,
however, exhibit any real measvrable EAC growth inasmuch that the
data resides above the ASME X1 (1974) dry line at 8K levels above

15 MPajm.

5.1.1.7 Erequency

The results of the effect of frequency on fatigue crack growth
rates in argon utilising a sinuscidal waveform are {llustrated in
Figure 5.5, From this Figure it can be seen that there is little
effect of frequency on fatipue crack growth The present data
resides below the ASME XI (1974) dry line, which rvepresents an
upper  bound  to crack peopagation data for 8A 533 B and  Sa 0 508
steels In alr. Mo effect of frequency was observed for tests
conducted in  argon using a positive sawtooth waveform (Figure

5.6). This data also resided below the ASHE XI (1974) dry line.

Tests conducted in an alr environment for both sine and positive
sawtooth waveforms (Flgure 5.7 and 5.8) show little effect of
frequency within the 8K range tested In the case of the sine
wave {(Fipgure 5.7) the data resides well below the ASME X1 (1974)
dry line while for the positive sawtooth (Figure 5.8) the Jdata

resides on the ASME dry line.

The PWR water tests in Figure 9.9 show that rveduciog the
frequency from 10 Hz to 1 Hz increases the growth vrate
constatently by a factor of 2 at AK levels ahove 30 MPa/m, while
reducing the frequency from 10 iz to 0.1 He incrveases the growth
rate by a factor of 4 at a AK level of -25MPajw. However with
in(zn’wasixxg AK level both sets of data converge and at a AK level
of  ~4UMPa/m  both exhibit alr growth rates of ~4 x ]0'7 m/evele,
The 0.1 Hz frequency data exhibits classic envivonmentally

assisted crack (EACY growth hehaviour inasmuch that a growch vate




plateau is evident which resides well above the ALME air line at
low AK levels. Crowth rate plateamus by their very nature oxhibit

a constant growth rate that s lnsensitive to AK level

For the positive sawtooth waveform in PWR water (Figure 5, 10),
there s an increase by a factor of 2 in crack growth rate at AK
levels lower than 4% MPa/m.  Above this AK value the 1 He and 10

Hz data tend to merge together.

The only significant effect of frequency was found in PER water
when the test frequency was decreased from 10 Hz to 0.1 Hz This
particular result agrees well with the data repovted by Atkinson
and  Lindley [10] which showed that the maximum environmental
effects in a water environment coccurred at a frequency of - 005
Hz and predicts the significant envirommental effects observed in

the present study on reducing the frequency from 10 to 0.1 Mz

5.1.1.3 Yavefomn

Tests conducted 1n argon at {regquencies of 10 Hr and 1 Hz  (see
Figure 5.11 and 5.12) i{odicate that at 10 Hz there s little
difference between the sine and the positive sawtooth wavelorm.
At a frequency of 1 Hz, however, there is a slight effect of
wavelorm viz., crack growth rates are about 1.3 times faster fov

positive sawtooth than for sine wave.

In alr (Figure S5.13 and 5.14) positive sawtooth waveform
consistantly pave faster crack growih rates  than sine wave At
a  frequency of 10 Hz the cruck growth rate was 2 times ‘faster
than the growth rate for sine wave while at 1 Hz 1t was 1.5 tlmes
faster, Surprisingly, in PWR water (Fipure 5.1% and 5.16)
waveform effects tended to be more evident fn the [0He data than
in the 1 Hz with crack growth rates fov pogitive sawvtocth

waveform being 1.5 times faster than sine wave at 10 Hz.

Generally, positive sawlooth waveform data extiibited crack growth
rates that are approximately 2 times faster than the sine wave
data. In argon waveform effects are evident only at a frequency

of 1 Hz while in PWR water waveform effects ave only evident at
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10 Hz In atr waveform effects are observed st both frequencies

5.1.1.4 High R-Ratie Tests

J Mg Argon Tests

The results of the Transient C (R ~ 0.9) test (Table 5.1) with a
final crack growth vate of 2 x ]UV’: mm/cycle represents a near
threshold condition for SA 508 ol 111 RPV steel in an argon
ervironment 1.e. AKgy, ~ 5 MPajm. This crack growth rate data
point together with the R = 0.7 data from the present study and
relevant argon data vreported by Bulloch and Buchanan [64] arve
illustrated in Figure 5.17 (The steel used by Bulloch and
Buchanan was Ducol W30 which has a similar chemical composition
to oA 508 and is used for pressure vessels in conventional coal

fired power stations).

1t can be seen that ths near threshold data for the Ducol steel
agrees well with the near threshold growth data point for the
present investigation Further an extrapolation from * . lioch and
Buchanan’s R = 0.9 argon data to the B « 0.2 argon data also
shows excellent agreement It is ifmportant to note that both the
present data as well as the R = 0.2 data does not exceed the ASME
XL upperbound  for fatigus crark growth rate in an  air
environment . Bulloch and Buchavan’s data [64] however resides

below the ASME X1 dry code line

or AK levels < 7 MPa/m which
reflects the vconservative nature of this code line at near

threshold levels.

4 Hz PYR Water Tests

After 500 blocks the fatipue crack had reached an avevape growth
vate  of 6.5 x 1077 mm/eyele  which apain represents  near
thresheld fatigue crack  prowth behasiour (e « 10b
mn/cycle) . In  order to obtain further data points the R = 0.9
test was allowed to continue after the 900 blocks were completed,
This then generated corrosion fatigue crack prowth data over a
range of AK levels and this data s {llustratet together with the

R o= 0.2 PWR water data in Figure 5.18. [t can be seen that all

" o
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the R = 0.9 data points reside along “he low R-ratlo ASME XI )ine
for reactev water environments., An extrapolation from the R =
0.9 PWR water data to the R = 0.7 data agaln shows excellent

agrevmpnt‘

The effect of environment on fatigue crack propagation is  shown
in Figure 5.19. From this Figure, as well as Table 5.1 {t is
evident that the cvack growth rate after 500 blocks for Transulent
¢ in PWR water has been enhanced Ly a factor of 3.3 as opposed to
crack growth in  argon. Truis  enhancement decreases with
increasing AK to 2.58 times at AK = 11.17 MFa/m when compared to

Bulloch and Buchanan's argen data,

0.3 Hz PR Water Tests

Crack extension after 500 blocks st a frequency of 0.3 Hz was
measured at 2.2 mm which ylelded an average crack grewth rate of
319 % 107t m/oyele. Here the test was again allowed to
continue to provide crack growth data over a range of AK. This
dota is [llustrated in Flgure 5.20 1t is also clear that the
effect of reducing the frequency shifts the Jdata 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 ¢ data resides between the hl gh and low R-vatio ASME XI
lines for low stress intensity levels (i.e. < 10 MPa/m) while at

higher stress intensity the data lies or the low R-ratio line.

The effect of environment and frequency on the Transient ¢ test

dramatically increase the fatigue crack growth rate by ity order

of 16 times greater than the avgon test, Figure 5.71. This
increase only occurred at the low AK range (i.e AK < 5.6 MPa/m)
while av the higher aK range the increase was considerably
reduced to  about 4 times before {ocreasing apain to final

failure,
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5 1 2 Variable Amplitude Loading

5.1.2.1 3 _Hz Argon Te

A1l erack extension data and related AK levels for the varfous
loading sequences are listed In Table 5.1 In order to deteimine
the individual effect of the varlous discrete R-ratio cycles of

the Spectrum loading sequence on the overall spectrum  corack

extension, the spectram was divided {nto the varlous loading
sequences containing fewer Roratios (i.e. Trapezoidals and
Peaks) After 500 blocks the crak extension for the i{ndividual

Trapessidal,  Peak and Spectrum loading sequences were 033, 042
and 0.6/ mm respectively which yielded average crack growth rates

of 4.4 x 1077, 549 x 1077 and 8./5 x 1077 wmpeycle

This crack growth data was then plotted {(Figure 5.17) apainst the
stregs intensity levels calculated for the 0.9 R-ratio lowding
sequence . While {t can be seen that the Traperoldals, Peaks and
Spectrum loading d- . voints show good agreement with Bulloch and
Buchanen's [66) veported 0.9 R- ratio data, there {s an
approximate  four told increase in crack pgrowth rate for
Trapezoidals, Peaks and Spectrum loading sequence when cowmpared
to the single Ripples (R = 0.9) data point at a AK level »f 5.3
Hpa /i,

The crack growth rate data points for Trapezoidals, FPeaks and
Spectrum loading sequences reside above the ASME X1 line for an
air environment, indeed the Spectrum data point lies cleose to the

low R-ratio ASME XI line for reactor environments,

5.0.2.2 3 Hz PWR Matcr Tests

The ecrack extensions after 500 blocks for the Trapesoldal, Peaks
and Spectrum sequences were 1.1%, 1.41 and 2.5 mm, corresponding
to average crack growth rates of 1,57 x 1070 184 x 10°° and
169 x 108 mm/eyele  respectively. This growth rate data was
again plotted agalnst the stress {atensicy levels calculated for
the R = 0.9 loading sequence From Figure 5,18 1t can be seen

that once again the variable amplituade data compaves favourably
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with the R = 0.9 PUR water data greuerated trom the present study
The increase in crack pgrowth rvate tor corresponding stress
intensity levels, however, exhibited rather small changes i e,
1.3, 0.3 ane 1.7 times respec iy These data points also lie

above the low R-ratio ASME X1 line for veactor eovironments

fhe effects of PWR water envivonment on the fatigue crack prowth
rate for the Trapezoidal, Peaks and Spectrum loading sequences is
{llustrated in Figure 5.1%, where It is evident that the orack
growth rate behaviour was enhanced By a factor of 1.0%, Yo and

4.2 times respectively.

5.1.2.3 0.3 Uz PYB Watey Tests

After 300 blocks of Spectium loading sequence the crack had
extended  3.23 wm which gave an average crack growth rate of 5,65
x 100 mu/cycle. This data Is illustrated in Figure 5,20
togethe: with the relevant R = U.% crack growth data generated
from the present study and {t {s evident that the Spectrum crack
growth data lie directly on the curve for the R = 0.9 data. Also
these data points lle between the high B and low R-ratio ASNE X1

line for reactor envivonments.

The weffect of dec-easing the frequency for the spectrum loading
sequence  was Co lucrease the crack growth rate by a small factoy
of 1.5 times when compaved with 3 Hz PWP water test see Fipgure
5.21. The effecr of environment and frequency, however, lncreased
the crack growen rate by a factor of 6.5 times when comparved to 3

Hz Argon test.

Figure 5,22 compares  environmental and  frequency eifects
resulting from variable amplitude loading tests. Ihe effect of
envivonment on  the average crack prowth data for  the various
Transient tests and spectium loading test {s clearly displaved in
this  Flgure; also a significant frequency effect on both  the

spectrum Joading and Ripples tests fn PWR water s evident
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5.2 Frogtoglaphy

The tracture surfaces of all fatigue crack propagation specimens

were sectioned, surface cleaned apd studied in the S anning
Election Mlcroscope a. various magnif{ications. These will be
presented in terms of the effect of envirenment on the

fractographic features.

§.2.1 Copstant Amplitude lLopding

2.0 10 He fests

The fractographic features of the sine and positive sawtnoth
specimens were very similar and thus they will be discussed

together.

The argon latigue tested speclmens showed the dominant {racture
mode to e ductlile 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
indivigual striations can be geen (Figurves 5. 23 and 5,24) and the
average weasured striation spacing over the various AK lovels
tested was 1 x 10" mm which compares reasonably well with
vecovded wacroscopie  crack growth rates, In the case ol the
specimens  fatipued in  alr the crack growth mechanism was spain
that of ductile striations (Fipgure 5.29%). However in this case
there 18 evidence of a few MnS inclusions (Figure 5,76} In the
case of the specimens tested in PWR water there [s evidence of
the crack front encountering far more Mn$ inclasion clusters
(Flgure 528 and 5.29) many  of which were o served to be
partially dissolved (Figure 5.79). The lracture mode exhibited
in this cnvivonment wis primarily  transpranular  ductile

striations (Flgure 5. 27)

S.2.0.20 L Ui Positive Sawlooth Tests

Figure 5,30 shows the general fracture surface at the start of

the specimen tested in argon, and ductile siriated growth is not

. -
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viry evident however, at higher AK levels ductile stviated growth
became more evident (Figure 5.31) The fracture surf. ce revealyg
little evidence of the cvack encountering MuS inclusion clustery
during  growth, For the specimen fatigued {n air there was a
small  amount of i{ndividual dinclusion clusters evident on the
fracrur  surface. These dinclusions  were cleavly evident and
srill  present in  theilr sites (Figure 5. 37) and it can be seen
that the dominaut fracture mode s once again ductile striated
prowth At hipher magnifications there is some _vidence
fndicating two kinds of individual striations viz., coarse and

«

fine (Figure 5.13). Measurement of the coarse striations glve

vage striation spacing which range betweer 1 x 10°% mm to 4

x 107" mm which exhibits pood commonalitv with the observed
macvrocrack growtn rates which ranged between 1 x 10°% and 5 x
104 mm/cycle. Evidence that the pgrowing crack firont had
encountered npemerous noncmetallic inclusion clusters is shown {n
Flgure % 34 while Figure 5.35% shows the detailed nature of crack
extension  through an individual cluster. At high wagnifications
(Figure 5.36 and 5,373 partially dissolved M8 inclusions can
still  be seen in their sites while the peneral fracture mode was
ductile  stristed growth with an average striation spacing of 1 x
in mm, at an observed macrouncopic growth rate which ranged

y N .
betweero 2 % 107" and 6 x 107" mw/cycle.

5203 1 Mg Sipe Wave Tests

Figure 5,38 shows a tough  fracture surface with deep fissure
formstion perpendicular to the crack growth direction, such
teatures are characteristic of ductile striated fatigpue fracture.
pitele evidence of individual inelusion clusters were evident in
this specimen. Individual styiations were observed (Flgure 5.39)
and  thelr average spacing was 1 x 10°% mm. Evidence of some
fsolated Incluslon clusters were observed (Figure 5.40 and 5. 41)
In those  specimens which were fatipued in air while the peneral
fracture mode was cuctlle striated growth. The specimen tested

b PWR wate - again  showed evidemwe of numerous inclusions

clusters  within which partially dissolved Mn§ inclusions were

observed (Figure 5,43 and 5.44), As  shown in Figuve 5.42,

ductile striated growth was apain the dowinant fracture mode.
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5. 2.1 4

The 0.1 Hz PWR water test exhibited extensive ifsolated reglons of
{ntevgranular  fatlure disperced within a  transgranular ductile
striated fatipue fracture surface at {nitial AK levels | e 24
Miajm. The percentage ares of this statie suberitical fracture

S.o4h) while the sive ol the

mode was assessed  36%,  (Fipure
jutergranular tacets varfed between 20 ta 60 pm A detalled view

of the fatergranular fatlure vepions, (Figure 5. 4631 show

(i) that the separvate regions of  futergranalar  failure  aro

conpected by a ductile fatipue cracvk growth [racture mode,

(11) evidenre s’ a corrosion product that covered the

otherwise swooth grain boundavy repglons of failure.

With incrveasing AK level the extent of {nterpranular faflure is
reduced, until at  AK=30 MPa/m  the fatigue fracture mode was
almost  totally ductile striated growth, see Flpgures 5.47 - 5 50.
fowever, small areass of fan-shaped growth  (100um by BOpm in
size), associated with nonemetallic Inclusion clusters, were

evident

5.2.1.5 High R Ratio Tests

i Mz Arpen Tests

A general view of the ribbon of fatigue crack extension,
approximately 150 pm {o size, for the Ripples test is shown  in

Figure 5 .51, Note the significant difference in fatigue fracture

appearance between the afr pr eracking region and the argon
fatigued region. A solitary MuS inclusion with the associated
vold formation {s also evident while a detailed view (Figure
5.52) shows that the fatipgue fracture process exhibits a certain

degree of directionality

e
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3 Hz PWR Water Tesls

The specimen subjected to the Ripples loading propgromme  was
allowed to contlonue past the 500 plocks so that more data points
for c¢rack growth behaviour could be obtainec, This  led to
different fract graphical features being observed in  the
different crack growth repimes.

5,

At the mnear threshold AK levels (Figure 5 53) the fracture
surface shows ductile viack extension which contained highly
directional tear ridges. A mmall isoiated region  of
intergranular decohesion of approximately 12 um in size can also

be observed,

At iutermediate AK levels the fracture surface i{s predominantly
transgranular ductile striated growth (Figure % .54}, once  again
small isclated incidences of intergranular failure can be seen.

Facets were between 10-1% um in size.

At relatively higher AK levels, 1.e. as the urack approached
final fallure, the fracture curfuce showed entensive ductile
fatigue crack growth extension in the form of microvoid
coalescency (Flgure 5.55). There {s a large variation In dimple
size withk the largest dimples belng 30 um in size. These
microvoids are associated with ﬁon«metal]ic MnS inclusions which
have been torn out of the wmicrovoids or have remained on the

companion fracture surface.

0.3 Ho PWR Mater Tests

A general lew magniflcation view (Figure 5.56) of the fracture
surface {mn fiately at the start of testing, l.e. AK level of 5.6
MPa/m, shows that while the main f{racture mode was transgranular
ductile striated growth, extensive intergranular facets are
evident which accounted for some 18% of the fatfgue eurface area.
Subsequent fractographs at increasing AK levels (Figures 5.57 -
5.59)  shos = dominant fracture mode of ductile st fated growth
and  decreasing area f{ractions of {otergranular failure, A
detailed view of fntergranular facets (Figure 5 60) that occcurrec

near  the precrack region shows facets of 10 - 30 um in size with
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evidence of a rvouph corrosion product on the facetted regions.,

Near the final failure reglon, (Figuves 561 - 5.60) 1o A¥ -1 4
MPa/m, the fracture mode is a combimation of ductile strjated
crack growth with rveglons of microvaid vaales nce whilol had ao

average dimple size of approximately 29 um 4

Variable Amplitude lLoading

5.2.2.1 3 Ha Argon Tests

For the specimen subjected to the Peaks loading programme (see
Figure 5.63 and 5 643 no evidence of plasticity effects due to
overleading or underioading viz. ., beach marks ete. weve observed
There was, however, much evidence of ductile rtriated fracture
mode . Similar detatls for the specimen subjected to the
Trapeziodal loading programme (Figure 5.6% and 5. 66) were
observed. The specinen subjected to the sgpecirum loading

programme showed much evidence of ductile striated growth (Filgure

5.67) while at higher magoification (Figure 5.68 and 5. &%)
individual striations were cleavly seen and exhibited an  average

- Mich was some - T the
srriation spacing of 8 x lp°% ™o which was somewhat greater than

the average crack growth recorded for this particular  specimen
Figure 5.70 shows a AnS inclusion cluster surrounded by striated
growth, many of the fuclusions are clearly evident in individuai

sites.

32,22 ) Hz PWR dater Tegts

Figure 5.71 gtves ~ peneral view of the fracture suvface of the

specimen subjected to the Peaks programwe where the predominant
fracture ¢ iz oneo agafn transpranular ductile  striated
fracture. A detailed view, Figuve 5.77, shows the nature of
striated cvack extension and an fsolated replon of intergranular
decohesion {5 clearly evident., These intergravular facets varied
hetween 20230 am in size. Similavly for the Trapezoidal specimen
the  predominant fracture mode was transpranular ductile striated
fatigue crack growth, However, in this case there was evidence

of {solated fan-shaped regions (Flgure $.7%) within which the

Y Y e -



duetile nature was markedly veduced and  fxolated fan-shaped

regions were recovded, see Ciguvre 5 /7.

For the Spectrum specimen the dowmiuant fracture mode  (Figure
5.74) was also transgranulay duc ile striated growth. Figare 575
shows that the metal fatigue region just abead of the Lrecracked
reglon encountersd a number of MuS inclusion clusters A more
detailed view (Figure 5.76) shows that some of the Mnd i{oclusions
have been dissolved out and also the reduced Hductility in  the
reglon just ahead of the cluster. A further intevesting feature
observed was the "elephant trunk™ (Filgure 5. 77) This was caused
by some hard debris being trapped In the opposite fracture
surface and with each cycle,  impacting the otherv surface forming

this rippled effecr.

$.2.2.3 0,3 Uz PWR Water Tests

For the Spectrum loaded specimen while the fracture mode was
mainly transgranular ductlle striated growth theve were numerous
flar  leatureiess vegions (Figure 5.78) which were disperssd over
the entirve fatigue cvack growth region. A more detalled view
(Figure 5.79) of the flat amorphous {an shaped replon show viver
type liney emanating from a point  source, I A high
magnification view (Iigure 5.80) indlcates that the possible
initiation point P could have been a large carbide or more likely

an inclusion.
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6 DISCUSSION

6.1 gonstant Ampllitude lLoading

6. 1.1 Epviroppment

Generally in PUR  walor many wmove | oclusion clusters were
encouutered by the advancing crack than in air, while in a pure
argon enviromment little or no ifnclusions weve observea on the
fatigue fracture surface. The effect of envirorment was mere
obvious at 1 Hz than at 10 Hz for both waveforms ifnvestigated and
consequently ouly the 1 Hz data utwed be discussed, The
diffevences in growth behaviour between the argon ana PUR  water
tests can oaly be explained [n terms of hydrogen embritclement

effects.

6.1.1.1. Argon Envirenment

The effect of a pure avgen envirenment on the fatipue crack
growth rate was essentially lnsensitive to frequency over the
range 1 to 10 Hz. In generayl growth rate data in argon was
slightly slower than ulr growth data and appreciably slower than
PWR fatigue crack growth data. The present fatigue crack growth
data In argon agree well with the results from reported vacuum

data [65] and McMinn's argon data [66] (Figure 6.1).

Fractographic examination of the fracture surfaces for positive
sawtooth bath at 1 and 10 Nz (Figures 5. 23 and >, 31) and for sine
wave (Flgure 5. 38) revealed that the fracture mode was ductile
striated growth. Many workers [67-70] have tried to characterize
the paraneters which affect the relationship between
fractograplle [features and fracture mechanics data for fatigue
fallures. Vtowever, to date, no single rationale exists that

adequately explains the phenomenon of striation formation.
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Laird [67] suggested that striations are formed as a result of
plastic blunting of the crack tip (Figure 6.2} Puring  the
tensile part of the load cycle plastic hlunting of the crack tip

occurs, this is thun followed by resharpening of the tip durivg

the compression part of the cycle. Lalrd s wmodel therefors
accounts for the presence of fatigue striations in non-
crystalline, as .ell as crystalline materials. Hertzbery {68

attempted to show that crystallographic considerations could be

used to explain the sawtooth apparance of the striations lowever
his medel lacked experimental evidence. Pelloux [69)] [ollowed

this up by showing that the formetion and orientation of fatigue

striations depended upon the crystallopraphic orfentation of
graine  and also that a process of deformation by alternating
shear results in an extension of the notch length by a rupture

mechanism (Figure 6.3).

Meyn [70] was among the first to shtow that fatigue striations ave
rot  formed when the fatigue crack propagation test is  performed
in vacuum. This observation nepates the validity of the plastic
blunting theory for the formation of striations (at least for low
growth rates). This lack of striariovrs was explained as the
effect of "an envivonmental cracking of an unspecified nature”
during testing in alr and hy the fact that no environmental
cracking occurs in vacuam. Pelloux clarifies this environmental
erack'ng  as an oxide layer which {mmediately forms on crack
surface exposed to air (Fipure 6.4). This oxide layer will then

limit the ¢ nount of reversibility of the deformation at the tip

However, Lankford and Davidson [71] found striations fn vacuum.

In the case of the present stady several factors need to be

snsidered when describing these tractopraphic features. Firstly,
the tests were conducted in high purity argon and not vacuum.
The 99.45% pure argon represents a vather poor vacuum of about
1073 Torr, thus sufficient active ingredients may be present to
form a monolayer of oxide on the fracture surfaces. Secondly
Kendell and Knott [72] also showed that 1onolayers of relatively
inert gases such as argon can be adsorbed onto the fracture
surface. Thirdly stage I1 growth rates were measured for ali the

tests conducted in argon. From these congiderations it weald
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appear that both the Lailrd and the Meyn model can be used to
explain the appearance of striations on the fracture surfaces.
Yet, only Meyn's model can suitably tie up both the {ractographic

features and the crack growth data,

In the present study the crack growth rate differences observed
in atr and PWR water when compared to argon can best be explained
in terms of a hydrogen ewbrittlement mechanism. Hydrogen
embrittlement occurs as a result of the reaction  between
"hydrogen containing” environments and the freshly exposed
atomic. “v  clean material at the crack tip which produces
hydrogen fous which cause embrittlement. In an fnert envivonment
the absence of "hydrogen producing” species would explain the
frequency independence of 5a4 508 ¢l 111 material recorded in the
present study, The almost total absence of moisture In the pure
argon  environment would therefore lead to a fracture mode that
was cycle dependent rather than time deperdent. Iu the prasent
study there 1s lictle effect of waveform and frequency 11 an

argon environment.

6.1.1.2 PWR Water

The effect of an aquevsus environment is dirvectly related to the
frequency of the test. The slower the freqguency the greater the
eavironmental effect. This can be ¢ »n in that the 0.1 Hz te-t
exhibited EAC plateau growth rate, see Figure 5.9, while the 1
Hz crack prowth rate in FPWR water was approximately 5 times
faster than the argon data, and the alr data resided slightly
above the arpon deta (Figure 6.1). Data fiom the present study
apres well with McMinn's [66] 1 Hz ambient temperature PWR water
deta as well as Amzallag's [41] | Hz at 2B8° PUR data, but ts 2
trmes  faster than Bulloch’s [15] 1 Hz ac 290°C PWR water data
tor a trianguler waveform. Compariscos cannot be made with the

1

GR  group data since most of thelr tests were conducted at |
cpm and at 290°C.  The main findings of their 1 cpm data was the
existence of EAC plateau formation at much higher crack growth

rates and AK levels.
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Fractographic examination revealed that the effect of PWR water
resulted in a significant amount of intevrgranular fallure in the
case of the 0.1 Hz cest at initial AK levels (Figure 5.46) . With
increasing &K level the extent of intergranular failure
decreased and at AK = 40MPa/u the failure mode was predominantly
ductile striated growth within which were dispersed isolated
“brictle” like fan-shapes (Figure 5.47). The existence of such
intergranular failure at low 8K levels csused the formation of
the EAC growth rate plateau. In the case of the 1 Hz test the
fracture wmode was ductile striated growth with isolated fan-

shaped regions of reduced ductilitvy (Figures 5 35 and 5. 41).

Thus the effect of PWR enviromment with reference to the air data
can be explained in terms of the findings of Klemetti et al [20]
who found  that at amblent rtemperature and pressurs some
dissolution of Mn$ inclusions was observed already afrer only 20
hours ., This was confirmed by the fractographic examination of
the PWR specimens of the present study which showed partially
dissolved HMn$ inclusions in the fracture surface (Figure 5.43).
The ‘issolutfon of Mn$ {nclusions in acid conditions is wore
pronounced when compared to neutral water conditions. On the
other hand the hydrolysis of ths wet-' ions lead to local
acidification {24], which may provid conditions for chemical
dissolution. it is therefore evident that MnS inclusions on the
steel fracture surface can provide {nitlation sites for EAC
growth. This is borne out by the presence on the fracture surface
of fan-staped regions of reduced ductility ahead of the inclusion
clusters, Several wurkers [1%,23,27,44] have also observ:d this
phenomenon and have shown that a FAC plateau occurred as the area
fraction of  fan-shaped fracture abruptly facreased. When
congldering a growing cra~k 1t ly obvious that the MnS inclusions
which are exposed to the envirvonmeni fuoside the crack can
dissolve. The dissolution is enhanced since the environment
inside the crack s expected to become more acldic. ‘The MaS
fnclusions  inside the crack act as local cathodes and dissolve
forming  HyS. Thus the dissolutfon of the Mn§S {nclusion
produces iS5  saturated water at the crack tip. The poisoning
effect of the resulting HyS retirds the recombination of atomic
hydrogen into molecular hydrogen and hydrogen absorption into the

metal is enhanced, Also the hydrogen atom may be easily

FA
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dissociated from HyS.

Beachem’s model [27], see Figure 6.5, supgested chat initially
for an increasing K situation when the critical combination of
hydrogen concentration for a glven stress Intensity is achieved
intergranular failure can occur. 1In the 0.1 Hy test the crack
front encountered a band of MnS inclusions which were dissolved
by the PWR water resulting in Hy§ production at the crack tip

This then  led te greater hydrogen generation and diffusion into
the metal matrix. The combination of thiy hydrogen concentration
and  the level of the infcial stress Intensity caused extensive
intergranular failure (36%) during the wearly stages of the
fatigue test.

The Harwell data (73}, see Figure 6.6, which indicate only winor
environmental influence, may be explained as resulting from the
high fiow rate (turbulent) of the veclreulating water. This _k ;

turbulent water flow may prevent ‘he formation of the necessary 1
crevice chemlstry conditions inside the crvack, which can decrease
the rate of dissolution and subsequent hydrogen evolution
resctions and result in a reduced envirommental tnfluence. The
clear envirommental influence in fatigue crack growth rates
indicate that the dissolution of MnS inclusions occurs  and
favourable conditions for hydrogen evolutinn and absorption are
created. Thus the development of the crevice chemistry {nside

the crack is of great jmportance.

The vesults of Amzallag [41), Bulloch aund Buchanan [15] and

MeMinn  [66)  and the present stuay all  indicate that  hydropgen '

evolution and absorption while leoding to enhanced crack growth

i« not sufficient to cause EAC plateasu effects. This iy probably

due to the fact that at 1 bz the crack velocity fs still greater l
taan the rate of hydrogen accumulation despite the high |

temperatures in some caves The lrwer prowth rate obtalned by

Bullech  and Buchanan [15) for triangular wave 1 Hz ar  290°C {n
PWR water can be attributed firstly to, the relative cleaniiness
of the EPR1 steel compared to the present stecl and secondly to
wavefurm effects, Bulloch and Buchanan [15] suppested chat the
lower growth rates founi for triangular waveform compared with

those of the sine wave could be explained in terme of crack tip
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closure effects. The crack tip strain rate vrange of the
sinusoidal waveform is much greater than that of the triangular
waveform, This difference in crack tip strain rate behaviour at
low values of AK, ¢ together with the fact that during
sinusoidal waveform loading the crack tip is opened for a lonper
period, could  prevent passive film formation and hence
facilitate hydrogen absorptivn and thus envivonmentally enhance
crack growth. Thus, desplte the Increase in temperature which
would aid  the MnS dissonlution the greater preponderance of Mns
inclusions  found in the present steel can lead to more HyS
formation and thus greater hydrogen absorption. In the case of
Amzallag's results 1t can ouly be surmised that the steel used
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 wates
at a f{requency of 0.1 Hz wheve a growth rate plateau anl hence
environmentally assisted cracking was observed (see Figure 6.6).
It should be noted that the International Cyclic Crack Growth
Rate (ICCGR) Round Robin data (1 cpm at 290°C) agrees well with
the present data at AK levels of approximately 30 MPa/m,
However, at AK levels above 30 MPa/m the [CCCGR band (/4]
exhibits growth rate values that are In some cases an ordev of
magn:cude greater than the present results. High flow rate data
(73] (Harwell 1 vpm at 290°C) and Babcock Power Limlited (BPL)
data  {15] (1 Hz at 240°C) shows good apreement with the present
data dussmuch  tbat  these data also show little envircmmental
asslsted crack growth, McMinn's data [66) (0.1 Hz at amblent
temperature PWR woter) agrees well with 0.1 Hz data of the
present.  study in that it also shows evidence of environmentally
assigted crack growth starting at approximately 28 MPa/m. In the
present  study the growth rate plateau starced forming at a AK
level of 26 MPa/m and the crack growth rate remslned alwost
insensitive to AK values up to 4. MPu/m,  tor the Round Bobin
testy conducted by the ICCGR group, *he majority of growth rate

plateaux were formed at . ¥ levels approaching 40 MPaju.

r A

.
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Sulphur prints [1] taken from the stesl used In the preseat study
show the material to be proune to gross seprepation and exhibited
much  evidence of MnS clusters while the Electric Power Research
Institute (FPRI) steel, used in the ICCGR  Round Robin  test
programwe ls reported [/5] to be falrly clean. Since the stress

intuensity range at which the plateau formed, AK in the

plat:
present study 1is  much lowver than that found tn the TCCUR Kound
Robin tests, this would suggest that steel cleanliness could be
dominant cause of the lower AKplnt
However the present study was conducted at  amblent temperature
and  hence a less aggressive environment in which MnS inclusions
were only partiallv dissolved Coupled with the lower AKpla&
the present 1 & vack growth data is approximately double the
BPL  data or EPRI steel growth rate. This would suggest that the

inclusion  content/cleanliness/segration effects can play a

dominant rule in EAC growth.

4t the onset of plateau growth rate two fracture mechanisms were
observed  viz. transgranular ductile striated growth and
intergranular fajlure. This can o seen {n Figures 5.4 and
5.46 which show that 36% of the avea at the start of BAC p owth
(&K = Z6MPa/w)  consisted of intergranular fatlure (IGF). This
tracture mode was transient and the area percentage of (I1GF)
decrea 5 with Increasing (K level wiz. 22% IGF at 0K = 25 MU
Jw to 4% IGF  at 4K =26MPa/m. These percentages o1

intergranulay  fallure agree well with the data portrayed by

Cooke et al {76] for a mediun carbon steel tested in air.

Beachem {27} in his wmodel for Hydrogen-Assisted  Cracking
suggested that hydrogen diffusing into the lartice just ahead of
the crack tip will aid whatover deformation process the matrix
{microstructure) will allow (Fleoure 6.%). Such  deformation
processes also depend upon the stress intensity factor and the
hydrogen concentration at the ~rack vip enclave. At slow crack
growth rates I1GF is an enerpgetically more favourable process than
the kinetically faster microvoid coalescence and quasi-cleavapge
processes. Thus, hydrogen will d{ffus, further ahead of the
crack tip permitting a hydvegen concentration at the grain

boundaries and  maklng the conditions for graln  boundary
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plasticity wmore favourable. Cooke et al [/6] found that the
transition from microstructure sensitive  behaviour to
microstructure insensitive behaviour occcurred when the reversed
plastic zone silze approaches the vrelevany microstructural
dimensfon, eg. the prior austenite grain size Although this
correlationr i« encouraping, the reversed plastic zone size was
caleulated t. be 7.39 x 1077 ma at the end of intergranular
failure, This dimension is approximately four times lavger than

the reported grotn size of 17 pm [77].

Fractographic observations support the Hydrogen ssisted Cracking
(HAC) model as the fracture mechanism, since more non-metallic
touclusion clusters were encountered by the advancing crack {ront
in the 4.1 Hz test than in both the 1 and 10 Hz PWR water tests,
In fact there was increaslng evidence of Inclusion clusters with
decreasing frequency, This can be attributed to the increase in
loading time in which liberated atomicr hydrogen can diffuse
through the lattice and embrittle the wmetal. Furthermore,
hydrogen tepds to accummulate at grain boundaries, inclusions,
volde, dislocation arrays and solute atoms and thus the extent of
HAC  is controlled by thoss hydrogen accummulation sites that are
most sepnsitive to fracture. From this {t becomes clear that the
the test frequency determines the rate of hydrogen supply wnich

in turn leads to the various fracture wechanisms.

At the relatively high frequencies of 1 and 10 Hz the hydrogen
supply is low »and for low AK levels few inclusion sites are
located in the area of maximum triaxial styvess ahead of the crack
tip which by naturs are preferentlal sites for hydrogen trapping,
However, for intermediate AK levels (incre.sed plastic zone size)
more sites are present and thus a larger accummulation of
hydrogen can occur. Also, trapped hydrogen and the microcvack
type hbehaviour of the inclusiens together with the stress field
ahead of the crack tip can cause hvdrogen induced cracking around
the inclusion. This leads to fan-shaped rcegloas of reduced
ductility just ahead of the MnS funclusion cluster as seen in
Figures 5.28 and 5.35. At lower frequencies (i.e. 0.1 Hz), on
the other hand there ls & much greater hydrogen supply and yet

for Low AK lavels still few Inclusions are present in the forward

s




166

plastic zone, therefore the hydrogen accummlates at the

boundaries. This then leads te envivoumentally assisted cvacking
(EACY by lutergranular failure as seen in Flgures 5.45% and 546,

As  the AK level increases (witl a correspouding increase {n the

plastic zone size) there a preater  likeliheod that more
inclusion clusters can be sampled; such clusters ave preferentinl
"hydvogen sinks” and this together with the faster crack veloclty

enhances the occurrence of quasi-cleavage fan-shaped FAC  growth,

see Figure 5,46,

Abrupt  changes in cvack growth rate establishing plateau regions
in the fatigue erack curve have heen related to an
environmentally ~ontrolled pheanmenon. At low values of Ak, the
effect of increasing K on both the stress and hydrogen at  the
crack tip combine to produce a rapid Inerease in the crack growth
rate. Az the crack extension rate sccelerates {t  eventually
reaches a veleocity where the kinetics of hyvdrogen entering inte
the c¢rack tip are not sufficlently fast epnough to prodoce the
hydrogen concentration needed for further accelerated growth,
The fatigue crack prowth then slows down to a rate determined hy
the rate of hydiogen accumulation, becoming only weakly dependent

on AK,

The preponderance of MnS inclusions enccuntered in the present
study not only explains the lower AKplAt ohaerved bur alsoe the
high crack growth rate of the 1 Hz data over that of the BI'L data
despite  its higher testing temperature. The Harwell data while
at & higher temperature (290°C) and a slower frequency (0.017 Hz)
agrees well with the present 1 Hz data and exhibits no prowth
rate plateau, This  could be due to the hipgh flow rate of the
civeulating PWR  water, prevalent within the Harwell testing
facilities which could flush out the dissolved Mns environment
from the crack into the bulk liquid and possibly slow down the
rate  of  hydrogen entering the steel.  The higher plateau formed
by the 1CCGR group data can be attributed to the lower frequency
(00167 Hz) wused for these tests and/or the higher temperature
used, i.e. the lower frequency will lead to greater hydrogea
accumulat . ; while the increased temperature will cause a faster
dissolution rate of the Mn§ to produce an agpressive ecrack tip

environment which in turn can lead to further hydrogen evolation,
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6.0.3 Waveform

From a fractopraphic aspect waveform effects were negligible in
all three enviroments, also similar fractographic details were
observed for both waveforms tested in this study. For both the 1
and 10 Hz argon tests far fewer MnS inclusion clusters were
encountered by the advancing cra~k front than in the air. The
fracture mode was ductile striated growth (Figure 5.23) and in
the few instances where the prowing crack front cur  through an
inclusion cluster, each individual inclusion was sepavated {rom
the matrix by voids formed through differential thermal
contraction during cooling ar in F'gure 5.26. The tes’
conducted in FWR water showed more evidence of MnS inc.us{ons
being encountered by the growing crack front than for both the
air end argon tests. A decrease in frequency from 10 Hz to 1 Hx
increased the incidence of MnS Inclusions encountered by the
crack front and heace the incidence of brittle “fan shapes”
extending ahead of the inclu,ion clusters (Figure 5.35),
furthermore, the inclusions were partially dissolved and many

could still be seen in their sites (Figure 5 36)

Positive sawtooth waveform consistently gave faster crack prowth
rates than sine wave although the extent varied depending on the
environment and in some instances frequency. However, the
fastest crack growth rates for bhoth waveforms was observed at the
slowest frequency in PWR water. Two difficulties arise with the
interpretation of these results. Flrstiv, an accurate comparison
of the varlous waveforms should be on the basis that che
trangient stresser are ~qual in rate and duration. Secondly,
wost  of the work done Lo corrvosion fatigue of RPV steels in  PUk
water was done at 290°C using sine or triangular waveforms thus
there 1is very little suitable data with which to compare. For
these reasons comparisons will only be made between the two

waveforms used In this investigation,

”

e
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For the tests done in argon there was 1. .le difference in both

the 1 Hz and 10 Hz crack prowth data for both wavelorms.

In air the corresponding crack growth rates for tie wvarious

waveforms are hlgher than those in argon aund the difference in

the crack growth rates for the two wavoforms also incressed. The
fact thau at 1 Hz the crack growth rates are esgentially the same
as v 10 Hz ‘rdicate that there is li{ttle effect of frequency
ard  tha Ei difference is wmainly the vresult 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 curn lead to a faster dislocation pile up giving faster

crack growth rates in air for positive sawtooth loading.

For the PWR enviromment a similar trend is observed 1i.e.
| individual crack growth vates are higher. However, as the
frequency is reduced the crack growth rates increase which is the
result of an {ncrease in the envitovuwental component. A greater
loading period, such as that prevalent {n the positive sawtvoth
tests, causes more hydrogen to diffuse into the metal and to the
reglon of greatest stress triaxiality where it will accumulate
and cause embrittlement. Further, not only does hydrogen diffuse
rapidly through the lattice because of its small size but
J ] potentially of preater significance i{s the fact that hydrogen

transport vates in association with dislocation motion can be

several orders of magnitude greater than that assoclated with

lattice diffusion Beachem's model [27] suggested that hydrogen

does not lock dislocatisns in place but rather unlocks them and
allows them to multiply or move at reduced stresses. Thug  the

i disgsolved hydrogren lowers the true fracture stvength of the

lattice. During the rapld loading perviod, as in the sine wave,
embrittlement does vyt oceur Juring the loading cycle since the
hydrogen does not have time to diffuse o the crack tip. At
large AK values the strain rate dependence diminishes since the

large K value provides suffi -ifent driving force for both the

Hax

mechanical and hydrogen diffusicu mechanisms  and hence the
sinusoldal and positive .awteoth ‘ata tend to merge at high AR

values.
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6.1.4 High R-R

Avgon fests

The present constant amplitude argon data together with that
reported for Ducel steel by Bulloch and Buchanan [64] repiesent
near-threshold growth data at R=0.9 and a smocth  continuous
extrapolation from this low growth rate data rto intermediate 64K
levels seems reasonable. It is also reasonable to .ssume that
AS08 ¢l 111 and Ducol steel will have similar throshold
chavacteristivs because they are both low alloy ferritic pressure

vessel steels wirh very similay strengrh properties.

Load raciv  and mlerestructure are considered to be 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 Joad ratio and microstructure do
not  have uwearly such a pronounced effect on fatipue crack
prepagation  and indeed fatigue crack propagation at intermediate
LK levels is relatively microstructvre insensitive. In almost
every coase, the transzicion from micvestructure-sensitive to
microstyucture insensitive crack gruwth behaviour is  associated
with a concomitant transition in  fracture mode [/8} These
fractographic observations strengly  supgest  the role of
micreostructural  iofluences on the ‘etermination of the operative

micromechanigms of {racture,

It was apparent, hovever, from the work done by Bulloch and
Buchanar, [64] and from the fiactographic evidence of the present
study (Figures. 5.51 and 5,52 that the growth rate 1n argon was
unaffeced by Reratlo and  the fracture mode remained
mivrostructure insensitive, There facts, particulariy the
latter, sugpest that a continuum  type mechanism (plastic
blunting [67} cr shear band decohesfon [69]) may be  the
fundamental wachanism of crack growth. Thes the abse e of a
relatively benign environment (in the case of the R-0.9) resulted
in & rediced cra k growth vate because the absence of a hydrogen

producing specles prevented any hydrogen asslgted cracking.
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It is interesting to note that in the vegion of the crack that

was precracked in air the striations ave wmore distinct when

compared to the striations formed in argon. (Figur "t . Thesa
resuits are in good agreement with the findings of et al
[76] for wvacuum “ests and tend to support e, ‘s {69]
Findings.

Suresh et al [54], however, found that boch hylregen and Ly
argon gave accelerated near-threshold fatigue crack growth rates
relative to air. In explaining this enhanced growth rate they
noted that fatigue testing in alr creates an oxide layer on the
fracture surface that thickens in the threshold regime as a
result of closurs-induced fretring. Similar oxide layers in the
threshold regime have beern reported by Cooke et al [76]. The
thicker oxide layer, would increase the crack opening stress
intensity, Kop* and bring about a corresponding decrease in the
effective stress intensity range, AK,¢p, 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 findings
apply to low R-ratio tests. For high R-ratlo tests there iz
little chance of crack closure, this resulted in no thickening of
the oxide layer and no increase {n the crack opening stress
intensity. Thus the crack growth rate for a high R-ratio test in

air should be greater than that of a low KR-ratio test.

PWR Mater Test

The most significant effect was that of frequency on the Ripples
(R=0.9) loading sequenze, in which decreasing the frequency from
3 Hz to 0.3 Hz resulted in increased the crack extension from
0.50 to .20 um. This corresponded to a 65% 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, 1ts contribution to crack extension
woa  small (23%) whereas at lower frequencies this R-ratio became
a deminant  contributing factor in spectrum loading crack
extersion. This was due to enhanced growth rates that resulted

from he occurrence of a significant amount of intergranula:
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failure on the fatigue fracture surface.

Fractographic examination of the 3 Hz R = 0.9 test showed that
the dominant fracture mode was ductile striated growth (Figure
5.53). Hewever, small isolated intergranular facets were also
found in the ‘racture surface (Figure 5.54). 1In the fast fallure
region the fracture mode was microvoid cealescence (Figure 5.55).
The 0.3 Hz R = 0.9 test showed that at the start of the fatigue
test a mixed fracture mode of intergranular failure and ductile
:triations was operative. With increase in AK level the
percentage of intergranular failure decreased from 18% to < 1% at
AX = 6.8 MPa/m (Figures 5.56 - 5.59). Ouce again in the fast

failure region the fracture mode wvas microveid coalescence

(Figure 5.61) with microvoids of about 10 um in size.

The environmental enhancement factor, in PWR water after 500
blocks, for relatively high frequency (3 Hz) ranged between 3 and
4 while that for lower frequency (0.3 Hz) was greater than
sixteen, Both these enhancements can be described by the
hydrogen sssisted cracking model The "high" frequency results
can be explained au described in section 6.1.1.7 above, while the
“low” frequency results can be described by two hydrugen models
proposed by Irving and Kurzfeld [79] and Beachem {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 vyele diffused into
the plastic zone used local reductlon of cohesive strength
of the grain bounc g 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 t¢his 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 insufficlent time for hydrogen to diffuse to the region
of maximum triaxial stress and {ntergravular fallure would
declire, At low crack velocities the rate of hydrogen production
at the crack tip will be insufficient to promote grain boundary

decohesion, and intergranular fallure will again be reduced.
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Clearly loadivg rate will change the transient rate of hydrogen
supply to the region of maximur ‘riaxial stress since only time
under load aud the crack growth increment will influence the
avevage vate of hydrogen supply. The concentration of hydrogen
at the crack tip does not matter whereas the corncentration 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

8, from the srack tip to the point of maximum triaxiality is,

where E is the elastic modulus and o, is the yield strength of

v

the steel. This expression implies that §,  will increase with
increasing K level The analysis also wsuggested 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 they
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 maximum 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 macerial at high mean loads, or

high R vaiues.

Another model for Hydrogen-Assisted Cracking forwarded by Beachem
[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 envirenments, 2) pure
molecular hydrogen gas dissoclates at clean deforming surfaces
and enters the metal matrix, 3) hydroge migrates to replons of
higher triaxial tensile stresses in the mectal matrix, and 4) the

presence of hydrogen dissolved in the ferrite matrix alds the




- 173 -
deformation of the matrix.

Beachem's model sugpests that hydroger diffuses into the lattice
just ahead of the crack tip and alds whatever deformation
processes the matrix will allow. Microvoid coalescence, quasi-
cleavage or intevgranular fracture are postulated to occur by
these deformation processes, depending upon the stress Intensity
facter and the concentration of the hydrogen ahead of the corack
tip. It is important te note that the sodel relates primarily to
plasticity. The model predicts that at low K va ues the most
energetically favourable fracture process is intergranular
failure as opposed to the kinetlically fastoe microvoid coalscence
or  quasi-cleavape, since these slower cracking rates peymit
hydregen diffusion further ahead of the cvack tip, giving rise
co hydrogen concentration at the grain boundaries and making the
conditions for intergranular fallure wmore favourable. AT
intermediate AK levels the plastic zone which can be developed {s
not  large enough to include large numbers of inclusions, Thus
the K level is sufficlent to drive the plastic deformation
required  In quasl-cleavage. At high Al 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 puclei, the fracture process which develops is microvoid
coalescence .,

Cooke et al [76] found that in an  alr environment a new
micrestructure  sensitive mechanism bepan to replace the vacuun
mechanism when crack tip plasticicy was confined to within
microstructural dimenslons, Using the continuum relationships
developed by Rice [80], the maximum and veversed plane strain

plastic rone sizes were caleculated,
1 Py

Maximum plastic zone sine = y l *
an o

Reverse plastic zone size = ,L [ QAK ]
/
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Thus & two componett mechanism was proposed to explain crack

extension at low AK wvaluws fn meist air environment One
component involved the creation of the intergranular facets by a
AK coutrolled process and the second, a facet Interconnection by

a tensile tearing process {.e. K controlled,

WX
The main differences between these two mndels are that firstly
Beachem’'s model attempts to explain hydrogen assisted crack over
the complete range of stress intensity from near-t“reshold to
stage 111 crack pgrowth while the other is a model for near
threshold behaviour only. Sveondly the lrving model predicts
thar  at ‘dgh crack velocities there ls insufficient time for
hydrogen to diffuse to the vregion of maximum triaxialicy
resulting in a decline in intergranulav fai ure, Cooke et al
{76} however found that when the reversed plastic zone size
approaches the prier austenite grain size there is a transition
from crystalline to non-crvstalline failure f.e. at reverse
plastic zone sizes large than the prior austenite grain size
there will not be any intergrvanular faflure. Bea~hem's model,
however, suggests that hydrogen 1s in fact responsible for all
the various fracture modes and that the failure mode depends on
the complex Interplay between hydrogen concentration at the crack

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 s pecessary so that a model may be developed that wmay
be applicable to all conditions. The contradictions were as

follows;

{ay while both the 0.3 Hz, R =« 0.9 test and the 0.1 Hz, R = 0.2
test showed that the crack extension was microstructure
seneitive In that Intergranular fallure was the [rac re
mode (Figures 5.46 and  5.60) the transition from
microstructure sensitive to microstructure insensitive
fracture did not always occur at the predicted point

inasmuch that,




(b)

(1) while for the 0 3 Hz R = 0.9 test at the polut where
the percentage of intergvanular fallure was < 1% (at
AK=6.8 MPa/m Figure 5.59) the reverse plastic zone
size (~% pm) was smaller than the prior wstenite
grain size, and the plastic zone wasg 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=2( MPa/m)
the reverse plastic zone size (-74 2 pm) was largerv

than the prior austen te graln size of ~17um [7)].

the crack velocities of both the R«0.9 and R=0.2 tests were
below the level found by Irving to be too low for hydrogen

production for hydrogen assisted cracking inasmuch that

(i) for the R=~0.9 test the initlal crack velocity of
5.4 x 1077 mm/gsec  gave 18% intergranular faliluve
while a velocity of 1.5 = 1076 mn/sec gave < 1t

intergranular failure and

(11) for the R-0.2 the Initial crack velocity of 31.%9 x
100 mm/sec  gave 368 intergranular failure while a
velocity of 5 «x o> mm/sec gave 4% intergranular
failure. Irving's data however predicted <« 4%
intergranular failure at crack velocities of 5 x
1073 am/sec  wad 358 dntergranular failure a1 a

velocity of 1.5 x 1073

mm/sec.

This possibly  suggests firstly cthat in an  aqueous
enviromment where hydrogen is more {freely available, the
range of crack velocities over which intergranular fatlure
way occeur {s much  lower than for those in a humid air
environment, Secondly the hydrogen concentration required
for the promotion of intergranular fallure ip this material
is  less than for the material lrving used and thus the

corresponding crack tip velocity is reduced
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Despite these inconsistencies these results show excellent
agreement with Beachem's [27] model in that it predicted both the
intergranular faiflure and the microvoid coalesence fallure mode
for the R=0.9 test. This 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 bulld-up to cauee lavge scale
intergrapular failure. However, sufficient hydrogen build up did
ocuur in a few isolated cases gilving rise to isolated
invergranular facets (Figure 3. 54). The resulting slow crack
growth rate does mnot supply sufficlent bare metal for hydrogen
preduction, thus hydrogen assiste craching cannot take place.
Initially hydrogen concentration at the crack tip and hydrogen
transport to the region of maximum stress triaxiallity were the
limiving factors. However as the crack growth rate increaged
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 disiocatlon motion. At longer crack
lengths and large X levels large areas weve then plastically
deformed which activated the dislecation sweeping mechanism
allowing a greater hydrogen build-up at inclusion sites. Thisg
then led to a change in fracture mode to wicrovoid coalescence

(Figure 5.55),

—

n the case of the 0.3 Hz test the loading cycle was long enough
to permit hydrogen diffusion combined with ¢islocaticn sweeping
of hydrogen to the grain boundaries. The bu'ld-up of * 4 < .en
at the grain boundaries led to hydrogen assisted crackin, - :ho
form of intergranular fatlure (Figure 5.56). This iuvcreased
crack growth rate thus supplied more reactive surface area for
the production of hydrogen thereby maintaining the increased
crack growth rate. However, the c¢rack 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 fallure occurs. The reversed plastic zone size

then approached the prior austenite grain size and caused
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transition from intergranular failure to ductile striated growth
(Figure 5.59). This transition occurred at the knee of the
cruck 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
the large K valus resulted in microvoid coalescence (Figure
5.62). This transition occurred at the second bend in the crack

gt wth rate curve {(Figure 5,21,

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 designed viz. Ripples,
Peaks and Trapezoldals (Flgure 4.5). These loading sequences
consisted of one or two of the R-ratios in the same proportion as

used in the spectrum loading sequence.

6.2.1 Argon lests

The crack growth rates after 500 blocks for Trapezoidal, Peaks
and  Spectrum loading sequences weve greater than that found for
the high R-ratio (Ripples) test. Thu since all these tests
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
prowth  retardation could have occurred as a result of peak
over loading, This was borne out by fractographic observations

(Flgures 5.63 - 5.70) which showed no plasticity effects {.e.

increased striation spacing due to ov . McMillan and
Pelloux ([8l] showed that aithou ceelerations or
retardations of crack growth can bha .served from crack
growth curves striations indeed can veve.. ..ch effects.

» o @

”

i
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The lack of retardation or delayed retardation of the fatigue

svack growth, as well as the lack of fractographic evidence of
thig, is due to a number of factars. These will be discussed
separately for each of the load sequences. For 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 larpe delays being recorded for peak loals
which were 100 pevcent greater than the maximum load just prior
to overload application. Despite the fact that the magnitude of
the overload peaks wused in the present study were 100 percent
greater than the maximum load before overload application no
retardation or delayed retardation of the fatigue crack growth

was ohserved.

Both retardation and acceleration can be explained in terms of
crack closure. Eiber (53] pointet out that crack growth
retardation did not occur immediately after an overload. The
crack had to peaetrute into the plastic zone created by the
overload before crvack closure could become effective (deliyed
retardation)y. Measurements of the crack opening stress, SOD
f1.e., the stress at which crack c¢losure is vemoved) showed that
Sap <Spiy before the overload {is applied [82] (Figure 6.8).
lmmediately afrer the overload, Smp is reduced still further.

This would allow an accelerated growth for a small number of

cycles, however, shortly afterv  1s, Swp is  significantly
raised to beyond 8§ 4. Late -, . agaln decreases and
Serf (Spax - Snp) in-vease, aen Snp “ Spine the

retardation of the crack growth tws vanished,

1t was also shown [82 83] that specaimer “hickness had an effect
on  the amount of elay o fatfgue crack growth with longer
delays being obtained for the thinner specimens In both cases
tests were done on speclmens ranging from 2 - 10 mr in thickness
with Schijve [78}] measuring a B0% reduction in Snp with
increase in thickness and Shih [83) measuring a 50% reduction ia
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 thicker

A
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specimen being smaller (approx' ately plane strsain) than in the
thinner specimen (approximately plane stress). In the present
study the specimens were 25 mm thick, thus the delay would be
atill further reduced, if not non-existent. Further, Rice and
Stephens [47] showed that as the uvumber of cycles between
overloads were reduced so Lo did the amount of retardatifon. In
the present study the number of cycl~s between each tensile
overload was only 50, much less than the 1000 used by these

workers [47].

Whereas tensile loads temporarily slow down the rate of crack
growth or ariest altogether its advance, comprossive overloads
tend to accelerate crack growth [78,02). Furthermors, if a
tenslle overload 1is followed immediately by a compressive
overioad, the beneficfal 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 stvess
level which rapidly stabilizes [{8i]. The transient increase in
crack growth rates associated with compressive overloads and
low- high Llock leoading sequences may be explained with the aid
of the closure model. Here K during the first few cycles of the
high load block or the compressive overload, the material
experiences a low openlng stress intensitv level and hemce a
greater  AK gg. Once these large displacements begin to
interfere in the wake of the crack frort, the opening level
begins to rise and eventually reaches fts new equilibrium value.
Indeed thiz 1s what happens {n the case of the Trapezoidal
loading sequence and leads to the faster obscrved and growth
rates and explains the lack of fract:  vaphic evidence of

plasticity effects.

All the above mentioned facters which exp it the {ncreased crack
growth ratos for the Peaks and Traperzolds - sding sequences also
apply to the Spectrum loading sequences ' 's Is once again
confirmed by the fractography (Figures 5 /. > 76) which clearly
show ductile striated growth without = ach marks at the
overload positions. This is further supvo.: .¢ by the fact that

when the separate transient crack growtl crntributions are added
together the sur aprees well with the me.sured crack extension of

the spectrum loadi.g (Table 5.1).
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6.2.2 PUR Water Tests

The discussion on retardation and delayed retardation of the
fatigue crack growth for the variable amplitud loading sequences
in an argon environment also applies to the tests performed in
PUR water. The increased crack growth rates for the different
loading sequences when compared to the argon teuts were due to
the environmental effect. The different models for environmental
assisted cracking discussed in the effect of PWR  water
environment on high R-ratle tests still applies to the wvariable
loading sequences. Once apain the greatest envirvimental 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 toc 3.36 mm.

ae individual transient crack extension data when added together
» ~resent  2.05 mm of crack growth whereas the actual spectrum
loadi. - crack growth was 2.56 mm. This difference can be
explained by (a) ~rack extension In the spectrum loading test was
much greater than that of the individual tests 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 envirommental comporent, (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 eacnh transieni will be slightly more because
growth rate is a function of AK level and (¢} a synergistic
effect resulting from the varlous mechanical loading vonditions.
The fact that the avgon tests, which were essentially ‘“non
environmental® iu nature, did wpot exhibit any synergistic
mechanical effects sugpests that the difference betweea the added
translent growth contributions and the spectrum loading s

probably a result of some combination of (a) aud (b),

F.acte rvaphic evidence of the 0.3 Hz Spectrum loading specimens
supportad the above argument inasmuch that while the dominant
fracture mode was ductlle striated growth there was evidence of
numerous flat featureless reglons (Flgures 5.78 - 5.80). 1In 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
peint  suggested that a cleavage fracture starte! at this point
and spread out toward the front and side of it. This «can be
explained 1in terms of Beichem’'s model where at intermediate AK
levels  quasi-cleavage was the prevaleat hydrogen  assisted

fracture mode,

The «crack growth rates obtained for the 3 Hz Peaks, Traperzoldal
loading sequences showad good agreement with the 3 Ha 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 grewth curve (Figure 3.20). This
increasing « ~eement petween the R = 0.9 and the Spectrum loading
with  decrevusing frequency Indicates the increasing role played
by the R = 0.9 growth rate component in the Spectrum leading

crack growth rate behaviour.

e
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The plastic blunting process

on the stage 11 mode: (a)
lead, (¢) maximum tensile

load, and (f) small tensile

of fatigue crack propagation
zero load, (b) small tensile
load, (d) small compressive

load. The double arrovheads

in (c) and (d) signify the greater width of slip bands at

the crack in these stages of

is vertical., Laird f

the procass. The stress axis

e &
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Figure 6.3: Crack extension by alternating shear In a singly

grooved tensile specimen. Pelloux [B3].

Load

R e R
[
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2 Cycles 2 6‘,;!05
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{Oxidation) {Vacuum)

Figure 6.4: Model comparing crack tip oxtension after two load

cycles in alr and in vacuum. Pelloux [83}].
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Figure 6.5:

Schematic representation of different hydrogen induced
fracture paths as a function of stress level.

{a) High K level generates microvoid coalescence;

(b) intermediate K level generates transgranular
fracture by a quasi-cleavage mechanism; (¢) low K level

leads to Intergranular fractuve path. Beachem [27].
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Figure 6.7: Effect of crack velocity on proportion of intergranular
failure for SAE 4340 steel tempered at 200 ¢ and tested

in laboratory air at R = 0.35. Irving and Kurzfeld {68).
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A series of tests were conducted on A%08 ¢l 111 RPV  steel to

deter

mine the effects of enviromment, frequency, waveform, and

variable loading sequences on the faligue crack growth behaviour.

The

7.1

(iii)

(iv)

ollowing conclusions were arrvived at

Congtant Amplitude Loading

Striations were found In the fracture surfaces of

specimens tested in argon.

These striations resultved f{rom the fact that while 99.95%
pure argon was used thils represents a rather poor vacuum
of 10°3 Torr thus sufficient active components may be
present to form a monolayer of oxide (or indeed &
monolayer of argon could be adsorbed ontoe the {racture

surface) .

The effect of an aqueous enviromment is directly related
to the frequency of the test. The slower the (frequency

the greater the envirvommental effect.

The effect of the PWR water was to partially dissclve the
Mns inclusions  producing  Hy8  which  retards the
recombination  of atomic hydrogen and  thus  hydrogen

absorption into the metal {s enhanced.

Frequengy

No effect of frequency was found in both air and argon

environments for both waveforms tested.

A




(il

(iii)

(iv)

(v

7.1.3

(1)

(i)

(iii)

(1v)
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The 1 Hz PWR water test showed some increase in crack
growth rate compared to the 10 Hz PWR water test buet no
environmentally assisted crack (EAC) growth which agrees

well with other reported data.

The 0.1 Hz PWR water test exhibited classic characteristic
EAC growth i.e. plateau growth behaviour. This was
manifested fractographically as intergranular failure,

The onset of

plateau growth occurred at lower AK  levels
than similar 1CCGR Round Robin data and was due to  the
preponderance of MnS inclusions encountered in the steel

used for the present study.

Plateau rates found “n the present study were lower than
those found in the ICCGR Reund Robin data and this was
attribute’ ro the fagter fr juency (0.1 Hz as opposed to
1 cpn (0.01667 Hz)) used for this test and/or the lower

temperature used (25°C as opposed to 290°C).

Waveform

An  accurate comparison of the various waveforms could not
be made since the loading cycles of positive sawtooth and

sine wave should be equal in rate and duration.

Positive sawtooth wavefora consistently gave faster cvack
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 waveforw and

frequency in an argon environment.

The differences in crack growth rates observed in alr and
PWR water when compared to argon can best be explained in
terms  of the presence of a "hydropen vroducing" species

which caused embrittlement.

”
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In  FWR wat “ie Increased crack growth rate of the 1 Hz
test relast:i. e & M test was due to the fact  that
the ironger looting time allowed dislocations to sweep
hy- rogen into the matrix thus increasing  hydrogen
Lrangport rates to the replon of greates! triaxial stress.
This led to a larger environmental component for the

positive sawtooth at a frequency of 1 Hz.

figh K-Rario Tests

The present R = 0.9 argon data represents near-threshold

growth rate and agrees well with the data reported.

The fracture  mode tor the argon  data rtemalned

micrastructure insensitive.

Crack 3 cowth rates in sir wers faster than thuse in argon

and no evidence of closure induced fretting was found.

Once again the most significant environmental effect was
found in PWR water at low frequency in which the
environmental enhaucement factor arfter 500 blocks for
0.3 Hz PUR water versus 3 Hz argon was 16.2 as opposed to

the 10 Hz PWR water which was 3.3,

The fracture mode for the 0.3 Hz test was microstructure
sensitive (i.e. intergranular failure) also the transition
from microstructure sensitive to microstructure
{nsensitive oaccurresd when the reversal plastic zone size
wes  smaller (~5um) than the prior austenite grain size

{(~17um) .

The crack velocities were below that predicted by lrving
and Kurzfeld for the respective percentage of

interpranular failure.

Two  hydrogen agsisted fracture modes as predicted by
Beachem's model were found in the 0.3 Hz test viz,

intergranular failure at low crack growth rates and
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microvoid coalescence at high crack growth rates,
. 7.2 Yarishle Amplitude loading

7.2.1 Acgon Tests

(9] No fractogreaphic evidence of retardation or delaved
retardation of the fatigue crack prowth was found.

(iiy  The lack of retardation or delayed retardation was due to
lack of cleosure effects due to high R-ratio testing,
thickness effects and relative ~loseness of the subsequent
overloads. This also led te faster growth raves.

(iii) Compressive overloads tend to accelerate crack growth due

- to the lower crack opening stress intensity of the
compressive overload and hence a greater oK ;¢ This
led to greater crack growth rate for the Trapeznidal load
sequence when compared to the Ripples load sequence.

(iv) The separate argon transient crack growth contributions,
when added together, approximate the Spectrum crack
extension very clogely.

]
r' 7.2.2 PWR Water Teasts

(i) ihe increased crack growth rates for the different i~ading
sequences when compared to the argon test was due to  the
environmental effect.

(i) Once  again  the reductien of frequency caused the wost
significant environmental effect

L ‘ -
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(iv)

7.3
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Fractographic examination of 0,3 Hz Spectrum test showed
evidence of flat brittle fan-shapes which initiated from
large carbides or inclusions.

Excellent agreement of the 0.3 Hz fpectrum data points
with the 0.3 Hz B = 0.9 crack growth curve indicates that
the R =« 0.9 crack growth component of the Spectrum loading
sequence plays a dominant role.

Heghanismg
Hydrogen assisted c¢racking was shown to be the most

acceptable model for expleining both the crack growth
behaviour as well as the fractographic obgervations found

in all the tegts conducted in this study.

¥

W
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8
Phenomencloglcal Aspects

The results obtalr 1 for correosion fatigue crack growth vates in
the present study show good agreement with other data reported in
the literature, 1t is therefore sugpested that further frequency
tests be conducted at the frequency and temperature of most

interest, viz., 1 cpm and 290°C respectively in PWR water.

To clarify the position with r1egard to waveforms further tests
using sine, positive and negative sawtooth waveforms should be
conducted being careful to keep the loading or unleoading periods

the same for all the waveforms

5o recent study was conducted to determine what accidental
seteriorations of the high purity water used In reactors can
acour and vhat effect these conditions had on the crack
propagation, High chloride and oxypen levels were found to give
greater crack growth rates. 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 speclal reference to the effects of
R-rvatio, in the near threshold regime but spanning a larger 4K
range. Once again a decrease in frequency to 1 ¢pm and increase

in temperature to 290°C should yield vseful Information,

Subsequent fractographical analysis gnould yleld more information

regarding the fracture mechanism/mechanisms,

Vechanlstie Studles

Secause  of the complexity of the Spectium loading sequence more

vork Laould be done to clarify the effect of single overloads and
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undericads at high R-ratlo in argon and aqueocus environments.

Further contributicns are sgtill required to improve our
understanding of the wmechanism/s of environmentally assisted
eracking. To this end a study should be made of the plastically
deformed area ahead of .o crack front once EAC growth has been
achieved. This area should contain information reparding the

operating mechanism.

Also the transition from microstructure gensitive to
microstucture insensitive behaviour is thought to be due to the
veversed plastic zone size being of the order of the prior
austenite grain gsize. Thus wmeasurements should be made of the
plastic zone sizes of various crack lengths at the onset of EAC.

This can be done by a recrystallization techulque.

However, new areas of investigation could Include a study of the
crack growth retardation and/or crack closure phenomena. Also
further “nowledge of the hydrogen embrittlement mechanism could
e obtained by conducting tests {n varlous hydregen containing or
hydrogen producing environments. A fractographical study of the
resulting fatigue fracture surfaces will greatly aid in the
understanding of environmentally assisted crack growth and
hopefully  yleld & working wechanistic rationale for such

processes .
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Programme for positive sawtooth waveform
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Programme for spectrum loading
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