SOME CONSIDERATIONS  ON  DIFFERENT TEST TECHWNIQULS FOR  STKESS
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Afisd Al .- Siow  Strain  Kate Test technique has been  examined
from & iracture mechanics point of view, Lo compare resuits of
~lress Corrasion Tests owvtailned with different test techiniques,
umdder  the hyvpothesys that the crack propagation mechanism 1s the
Saine for monotonic and for eyelic loading, and that a simpie
ruparpoasition model can be used for the understanding of  iatlgue

sl bs ihe tensile specimen has been treated as a sinuic cags

Cliechoed panel under unliorm remove tension; the Lotal sirain oI

i spoecimen far from the crack has been calcuiavea and  3iress-
st raln Clrves for  uncracked ana for eraclbed specimens  wWiinh

diflersnt crack depth have been drawn,

]

‘his approach  permits  to evaluate more precisely ot in

Pitics it 1o toame il rhe rate of growutn of an ol crach . The

ohtained results have been applied to experimental data.
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£=-Strain EKate

Aii=Stress Intensity Factor Kkange

da/dN=Cyelie Crack Growth Eate

hIsCO=zMinimum Stress Intensity Factor for sStress Corrosion
Cracking

fdaFdt 1800 Cymnie fa Yy . ) -
AAL)SCUs Crack Growth tate Component due to Stress Lorrosion

traclhiing.
INTRODUCTION
i nce e the name of “knvironmentally Assisted Cracking one <an

indicate a wide range of phenomena, characterized by the action

of  an agaressive environment coupled with an applied load. The
elfect o the tvo variables {load-environment) together is more
delrimentai tnan  the sum of each of them, talken singuiariv.
Environmentaily Agsisteo  (racking is responsible TO1 Many

Taiiures in piants and

n

LIructures.

io verilfy  the sensitivity to Lkat for a given material-
environment couple, different test techniques can be used. They
diirfer mainly with regard to the loading technique.

in particular, in this paper we will examine the Siow Strain
Rate Test technique, to account for the presence of a crack in a

tensile  specimen, i th the aim at obtaining a more precise

estimate  of  craclk  growth rate to be compared with the value



measured 1n Corrosion Fatigue tests. The work is made under the
hypothesys that, for a given material in a given environment, the
stress corrosion mechanism active is the same, provided that the
stress- strain condition at the crack tip are favorable to the
Oonset of the phenomenon.

ol Tatigue tests, a superposition model will be used, sUupposing
thit ithe stress corrosion effect is superimposed to a mechanical
eliecct and that they are related by a simple superposition iaw,

Foliowing 1this approeach, Lhe stress-strain curve for a tensile
Cemt s been calculated For an uneracked Specimn, and for  a

cracked one, A comparison has been made between tests under load

cahirod and tesis under strain control, wiich allows (o explain

seli: bspedis i the resulis of crack growth rate measurement s .

Piln nate festis (SSKT) are widelv used to determine the

-

5T suscepiinlliity of alloys in aqquecus environment.,

ror ssanT, tne used specimen and test technique are simiiar Lo
Tnose  used Io0r tensllie testing | the specimen 1s tested 1 tne

aggressive environment; the load is applied under strain control,

i stralning tne specimen at a Lixed rate; this rate is usuzily



very low, and it is recognised as an important parameter in SCC.
Ductile fracture will occur when the strain rate is high. There
exists a critical strain rate below which SCGC occurs. In general,
[ ]
a decrease in the value of & increases the severity of cracking,
altough for some alloy systems there exists a lower-bound vaiue
.

tar g at which recovery of ductile properties starts to occur.
The critical range of strain rates within which EAC occurs varies
from one system to another.,

crom 5SRT, informziion about crack growth rate are resrricred to

the evaluation of a mean value; the crack veloclity is calculiated

as the ratio betwzocn the maximum crack length measured &:ter the

Test, ana the tots. test time. An 1ncubation time 1s
suuLracted to Lthe total, Lo account for ithe nuclieation of the
Crack .,

Corrogsion f

the properiies of a given material-environment couple with
resard Lo corrosion ratigue are important to predict fatigue liTe
ol structural componenis., Materiais and environments under siudy

are olten the same where sC0C occurs.

o o udy the susceprinility to corrosion fatigue, Lozt are
conduc ted Gn [raciure mechanlic specimens 1in agsressive
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environment. The practice of those tests is the object of an AST»
Standardil)., They are mainly conducted under load control, eitner
by mantaining a costant ioad range (increasing AL testsi, or by

applying a constanl stress intensity factor range durins the

compliete test (to this pourpose, the load is slowly decreased as
the crackh grows).,
ihe crack jength 1s measured during these tests, opticaiiy or

ihrough remote tecniques such as compliiance monitoring, poiential

drop ard 50 oon. As a consequence, the crack growth rate can be
Enown Wit good approximation, not only due to the precision  of

Lthe used technique, but also te the mathematical treatment of the

Clitioa . ihe peneral shape of a Tatigue ¢rack growth rate curve in
non-ngaressive  environment at constant load amplitude iz well
cmtabllsnedye g, ihe curves, daydyx vse Al in usual ios-io: wiots,
ares of -ilgmoldal shape. A dnear approximation is commonit  used

in  the midrange. At jow values of AK the erowth approacn=s an

apparent ©areshold. At high vaiues of AKX, an acceleration of
orowii i Ofren noticed, while variablies such as mater:ai and
mean load iniluence the general behaviour, frequency appezrs  1©o
hove  no sitgnificant efioct, When the cnvironment i1s aggressive,
an enhancoment of orack grovth racte 1s observed,

e of e nain goal ol research 1n kAl 1s to developn tae



capabiilty oi predicting, for design pourposes,

the maximum crack

groiwth "ate that can be expected under a particular sel of
environmentai conditions. A simple approach to this provlem has
been suggested by Weli and Landes (31 and by Vosliovsiky Lz, who
have  proposed a simple su perposition mooel. Lurrentiy o the

Tuliowing components are considered:

mechanicai farigue craci j

-A purely Erowin component
-4 Lrue corroasion faticue component
v s iress corrasion’ ccmponernit
a5 scoemal teally shovn in rFie.t.

ihils superposition medel, which has rece;i ved some criticism due
(o (S simeilcityeay, can oan ,i'x-"::x voaceount for tne erf E of

P ETIc § Inoce ). U nas been formulated as o eangegusnce of
Tl ODSE 1y o0 Simliaritics belween Ccorrasion Fatlguc &l S
DN 1o BRNTRAGE: TS, Those similaritles have fleaa Tie
SHUEeCesLlon that the mechanism of corrosion Ffatigue crack zrowth
1% ihe same a5 that of cracik growth under sustained and under
Mmoo tonre Load,

CLdPARTSON BriwkEN S5 AND CF TECHNTOQUES : THE © HALCKR GROwWIn BALL
L (O O T

tne nyvpothesys that Soi, when observed in a given suUsceptiblie



material environment couple, is due to the same mechanism with no
regard to the used testing technique, is confirmed by the crack
surface examination. Un the other hand, crack growth rate values
can  be different of more than one order of magnitude when
comparing  fatigue results{(7) or éonstant load results(8) with
SHiil resultsi{b;, Moreover, SS5KRT  data have shown that crack
veloelty 1ncreases with the applied strain rate(lG), whiie for
lactigne tests (using the superposition model) the cracikk growth
rate of the SCC component ig usually constant, so as for constant

lowd test,

i

o Tind the reason for this discrepancy, 1t 18 interesting Lo
examine the differencies between the used test techniques, in
particular, aitention wili ve paid to the presence of a crack in
4 Lensile specimen, tested under strain control.

When a  speeimen is tensile  tested in  a  non aggressive
envivanmenty the fracture will be ductile and tio eraciks wi1li form
during the cliastic part of the Lest. 1f the tensiie test occurs
In an aggressive environment, one or more cracks will form before
tLhe specimen is fTully plastic, I'nese cracks have an inlluence on
the stress-gstrain curve.

A fracture mechanics approach has been used to draw a stress

stlaln plot  JTor a tensile specimen  containing a  cracic. ihe



specimen  has been treated as a single edge cracked panel under
remote  uniform  tension, and the strain has been caliculated,
following the EPRKI approach, as the sum of four components
{elastic opening for uncraclked Specimen, ductile opening for

uncracked specimen, elastic opening for cracked specimen  and

ductiie opening for cracked specimen . For further details of
this caleulation, see ref.|].
tao apply  this approach to an S3KT specimoen, Lhe theoretical

stress-strain  curve has been drawn for an uncracked specimen;

tne  Kamberg-Ugswood cocriicients have been calcuiated from  an

cxperimental set aof data, obtained 1in a test where no
cuvironmoental effect was observed. ihe curve and the data polnts
Trom  which the curve has beeen obrained, are shosn in Fis. Z
wien o bhe spoecimen contains a 6 o ol oM the stress-strain curve is

wedified due to the inerease of the speclmen  Ccompliance

{
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Lhee  specimen elongation corresponding to a given load is

than that of the uncracked specimen, due to the contribution of

the crack opening, in strain control one will experience, far

given  appiied deformation, a load which is iower as the crack

"1
ol
o}

L

fength increases, ihe effect. of the cracii is shown in

Where a family of curves, corresponding to different crack iensgth

{1l Lo b mm}p has been drawn (supposing that the crack propaegates
perpendicular to the edge oi the specimen).

buring a test, hefere the nucleation of a crack, the spscimer



w1l follow the stress-strain curve indicated in Fig.Z2; as tne
crack ETOWS , the plot will pass [rom one curve to the otner of
the family 1n Fig. 3, depending on the crack depth. b5ince the

is made at constant strain rate, the straln 1ncreases

ct
]
un
ct

iinearliy with time, so that 1t 1s possible to draw a time axis on

the same plot; moreover, the hypothesys has been formulated that

the sSCU ecrack growth rate 1s constant, it 1s so possibie  to
suppose  Lhad the passage from a curve to the {olliowing one
happens 1n a constant range of time. As a consequence, wWhen one
hhow  the  nueiecation  ©ime and the crack growtn 1ate (=supposed

constant),  one  can  draw the espected stress straln curve Lor
spocimens with oniy one crack;  in rig.d  such plots are  shown,
Fois two cases wiith tweo different cracii groweohh rate vaius=s, [10U--
My S, anag iU-4 mm/sec, The nucleation has been  supposed Lo
ool 4t the beginning of the test, and the cppliled strain rate
P b '.-v'llle'ii Loy jU=o0 sSeo—1,

ii S5sitT results are examined from this peoint of view, the
foilowing aspectis can be evidenced qualitativeliy:

- Fifects on loac.

Pnder strain conirol, Lhe growlh of a crack causes a decrease oOf

ihe  fond, while at the same time the increase of iLhe appllea
SLrain caliscs an 1thnerease of the load, At the beginning of the
Loest, the efiect of the crack is smail , but as the applied
Shress LI 6 il s 0 s, {iye presence of a2 orack CAUSES & AL



appllied strain) are dependlng on time with a constant rate. They
are competitive, and a macroscopic decrease of the load can be
observed when the unioading due to the crack exceeds the 1cading
dur to the applied strain,
. Bifects on crack drowvth rate.
The cracii growth rate during an SSET can be calculiated by

mparison  of the stress-strain curve with the family drawn  in

F1e. 3, Using the timz base, 1L 1s possible to cal-ulate

e}
—

aphicaliy the time spent for a growth of one unit of leng-o.

Supposing that a given stress-strain condition at the crack i©Lip

L necessal'y to mantain the crack zrowth, and than Lhe uniczading

CaNses a decrease of orack velociiy and someilime crack

1]
Gn o can suppose that when craclk velocity 1s  high encuzs  To

picodiaoe unloading ol ine specimen, the <racii growth can price
by sieps, Wilen the crack growih mechanism 1s iLransgranuiar, Lhe

crack  arrest will Le indicated by a marking on the fracfoure

o those found by Hahn and Pugh (127, anda

Hal
s
—
o
~
=
—
b

iace S 1001
corregponding to load pulsing,

J:nifects  of strain rate,

As A consequence of the orack growth, a competltion can start
beiwern the unloading due to crack growth and the loading cuz  to

ine:  sltrain  imposed to the specimen.  Supposing that the crack

srokth 1rate g constant {((dasat)iscc g, as iound in CF iLegts: wnehn



appiying the superposition model, since for SSRT the strain rate
1s constant too, the two processes are competitive, so that:

-1t 1s possiblie to find a strain rate value below which the
craclk will proceed by steps, and the a?erage craclk growth rate

will be lower than the real one.

-1 1 E 15 above this value, the crack will grow withou STOPE.
A a  conciusion, the approach here described gives the

possibiiitly of
—obialning an estimate of the crack growth rate wirlch, at least
Lor iong cracits (high susceptibility te SCj, is supposed Lo bDe
comparable with the one measured with different test techniques
—-having i poetter understanding Wil ihe craci 21rowih rate
MECHhEN LSS |

—accounting for the offect of strain rate on SSk1 resultls.

PULICATION TU BEAPERTMESTAL DATA

At ISk, cxperimental work is periformed using both corrosion

fatigue and SSET techniques. The activity is underway since 1679,

wn
oy
i,
m
-
A

as & part of a main ENEL-DSR program on nuclear reactoi
iests  have been made on AS33B pressure vessel steel, and on
sensiorzed  AlLSD Jud o in LWE environment. Hesults obtained up Lo
now have shown the vaitdiiy of the superposition model for CF on
ADGIB Pressure  Vessel Steol{id). Since a large amount of data

uhtailrned wiih S5kt technilque are avaiiabie, an eftort has teen

11



mode to correlate CF and 5SRT results. A preliminary work has
been done, with the aim at giving some experimental evidence to
the approach described in this paper, on Alsl 304 specimens.

it is well known that this material is susceptibie to SCC in LWE
cnvironment, and that two different crack growth mechanisms can
be evidenced, a transgranular one , and an intergranular one (due
to sensitization). The two mechanisms are likely tn be associated

to different crack growth rates, as shown in literature{id;).

in Fig. D the stress-strain curves of two specimens tested in
the same environment are compared: the first one was treated at
BOU for 3 hours, while the sccond one for S0 Lhours. ine
diiterent heat treatment caused a different sensitization; the
fracture surface was completely ductile in the firsc case, whl oo

Lhe  sccond specimen showed about 40% of Tntergranular fractur-e.
e result of the ductile test has been used te calculate tne

stress-strain curve  at different crack depth. The time based

: . . i e o i ) s 2 A o
scale fias beeh superimposed to the strain scale, and the curve
Tor  the sensitized specimen  has  been superimposed to the

calculated  family, so that the intersection of the experimental

CU'Y with ecach af the family could be userd ta hava wan catimatc
ol the crack growth rate, In IFig. &, an enlargement of a section
Of Fie.3 shows the family of curves corresponding to different
crackh  depih, With superimposcd the experimental data  set. Liie



enlargement corresponds to the rectangular region evidenced
previously in  Fig.3, and 1t has been made tc allow a better
estimate of the lntersection points positions. The average crack
growth rate, calculated as the ratio between the maximum crack

Llength  and the total test time is L.o¥k-0, From Fig. o, the

erack  growth rate  can bhe calculated for each millimeter of

aih
propagation,; the oblained values are between 6.87:10 and.138JO

conlbirming Lhal the 5CC component rate is almost constant, as
observed  when  applying  the superposition model to corrosion

faligue data {1 the nucleation time is more difficult to be

identified, due Y] Lhe SN Ll P N between the curves
corresponding to no craciks and Timm coack”

A couple of specimens where transgranular SUU was observed, nave

been  examined with SER, In this ecase, the crack propagation was
about 0 omm omax i, starting on the (?(Jnifli Ehe SPERTmMer: periamiyer,
Since o completely  ductile curve has not  been oblalneq, the
stress strain plot was not calculated., it 1s interesting anyway

Lo notice thalk the crack surface prescenis a similarity with the

suriace of a specimen tested under CI,as shown in lig.7 (=2} and
i, and  that some arrest marks can be evidenced on  tne  SSET

5 . . y . < e .3 : . T g
SRG LG suriace., s nltn-j')hulu_:;y, voeury aimik lar te what has been

chserved in correspondence of load pulsing (147, 1s lilkkeisy To be
SO ated Lo the discontinous crack growth, predicted ©y the

Traciare mecnanloes approach .,

(h



CONCLUSIONS

In this paper, SSRT technique has been examined considering the
effect of crack growth on the compiiance during the tensiie
test. This approach 1is quite new and 1t is likely fo give the
possibility of a better understanding of the complex interaction
boetweeaen the effects of mechanical loading and aggressive
environment. The wvalidity of +the proposed method has been
verified only partially by experimental data, since the z2im  of
this paper is the suggestion of a different point of view, To be

discussed and applied in the future.

This approach allows an estimate of the time required to
lherease Lihve craclk lenght  of a given amount , anc 23  a

ot
m
-
bl
qu
M
n
@]
=1y

consequence Lo know the crack growth rate at diiferen

2 singic test,

Phe comparison with experimental results proves that !

=)
o
—
@

-1t is possible to measure the crack growth rate in a si
CPET which s likely to give results comparable with those
ohtained using different test techniques,

~the so calculated crack growth rate, for a sensitized AI31I 304
specimen tested in LWR environment, is almost constant.

SiBN

I
[

The described approach can account for the effect of the =t

rate on the ecrack growth rate, and for the presence of arrest

mariks on the crachk surface.
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