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ABSTRACT
The kinetics and wmechanism of subcritical crack growth ia a

d4i=-Cr-Mo steel guenched and tempered at 60000, have been inv-
estigated in 3.5 per cent #§aCl and H_S impregnated acetic acid
solutions. The J-integral parameter< is used to describe the
cracking behaviour. The sulphide environment is found to be
wore aggressive than the chloride solution. The cracking
process requires considerable energy dissipation, and the
mechanism of crack growth is different in both the environments.
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INTRODUCTION

High strength metals and alloys are kaown to be susceptible
to subcritical cracking and prematurs fajlure in presence of
aggressive eavironments (Thompson and Bernstein, 1979;
Johnson and Willner, 1965; Landes and Wei, 1973; Carter, 1971;
Stellwag and Kaesche, 1979). Hvdrogen has been recognized to
be the most damaging species in environment induced cracking
( BIC) of high strength alloys ( Thompson and Bernstein, 1979 ;
Beachem, 1972; Hirth and Johnson, 13976). The kinetic beha=-
viour of subcritical crack growth in these alloys has been
successfully described using the LEFM approach (Johnson and
willner, 1965; Landes and Wei , 1973; Carter, 1971; Stellwag
and {aesche, 1979). However, subcritical crack growth
behaviour study in low sStrength high touszhness materials has
received little attention.

The present communication is concerned with the studies of
kinetics and mechanism of EIV in a low alloy steel tempered at

60000. The alloy in this condition possesses relatively low
strength and hign fracture tougihness and the X-approach is
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;:leid :gcause of crack tip plasticity. A4An attempt has been
n ¢_present work to apply the post-yield fract
parameters lfke Fhe J-integraf and CODpto ciaracterizeuiﬁe
gubcritical cracking behaviour in this alloy. The study has
een confined to two hostile environments; namely, 3.5 percent
?ﬁuggug iodi%m chloride solution and the hydrogen sulphide
2 aturated acetic acid solution. These environments are

frequently encountered in

» ; practice as in pipe lines for

traQSpo?tat}on of crude o0il, components of marine vehicles

0il refineries, petrochemical industries, ¥
EXPERIMENTAL PROCEDURE

Material and Heat Treatment

The chemical composition of the steel investigated is given in

Table I. Round tensile Specimens of dia. 4.1
» 4.1 mm, gauge length
iz.o ma and SEN fracture toughness specimens of éimengions -
mm X 25 mm X 200 mm were machined with their lengths para-

llel to the rolling direction. The Specimens were austenitized

o o
at 850°C + 5°C for 0.5 hr., followed by oil-quenchin
¥ ° ° G X and
liguid nlfrogen treatment., The hardened spegimens wgre tem-
pered at 600°C for an hour and subsequently air cooled.
TABLE I : Chemical Composition

T Mn T S 51 NI Cr — Mo
0.36 0.58 0.018 0.020 0.24 1.46 1.10 0.25

Experiments

Tensile properties were determined by testing the specimens
in an Instron m/c. Fracture toughness values were gvaluated
by testing the precracked SEN spec imens in three point bend
using a Tensometer. Load (P) vs. load point displacement
(LPD) and load vs. electrical potential (EP) plots (Fig. 1)
were obtained and analyzed to get the J ang (coD) “values
correspondinz to the point of crack initIﬁtion. c

Precracked SEN specimens were subjected to cantilever loading
for environmental Study in a specially designed test jig.
Fresh aqueous solutions of 3,5 per ceat HaCl (pHrvS.Sg and
the Hgs impregnated acetic acid (pH~3.0 and H.S Concen-
tratidn 1400-1500 ppm) were supplied continuougly to the
cracked part of the loaded specimen. The test set-up facili-
tated monitoring of the following during testing:
(a) the onset of subcritical crack growth,(b) failure time
using electrical clock system, (c) subcritical crack growth
€§%g§ ﬁytfigglll?g)mlcroicope,gd) load point displacement
crac
R e 2 N8 cli; gaﬁg:? opening displacement (CMOD)

J-Integral Measurement

The J-integral approach was used to describe th

i e initiation
of EIC in the Steel investigated. A specimen identical to
that used for environmental study was loaded in air to obtain
a P - LPD plot. The J-values corresponding to various points
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on the plot were calculated considering the initial crack
length by using Begley-Landes approach (Begley and Landes,
1972). In presence of environments the specimens were loaded
to a particular J value, J and the test was continued for

a minimum period of 100 hrg9 If the test failed to cause
appreciable change in LPD or crack extension at the J level,
the applied J value was increased sSlightly and the teé% was
continued., The process was repeated till the specimen reached
a critical J level where appreciable change in Aa or LPD

was noticed. Once the specimen reached the critical J level,
the changes in LPD and Aa as a function of time were recor-
ded, maintaining the load constant,

RESULTS AND DISCUSSION

Tensile and Fracture Toughness Data

The tensile propgrties and the fracture toughness values of

the alloy in 600 Cytempering condition are reported in Table II.
The reported (KI )Y values iIs derived from the measured JI

value using the felation: e

(£pg)” = [ag,-5M0-v5)]2

TABLE II: Tensile and Fracture Toughness Data

Ileld LSS PSR J

Stren- Stren- E{ Rﬁ J -2 ( c) cODc
gth (o) gth (xJm ) (MPaym) (pm)
MPa Y MPa)

1029 1117 11 59 45.4 101.8 57.5

Subcritical Crack Grow th

An appreciable crack extension was found to occur precedin
unstable fracture in both the environments. (Figs. 2 and 3?.
The crack extension continued without exhibiting any constant
crack growth rate region unlike many high strength materials
(Johnson and Willner, 1965; Landes and Wei, 1973; Carter, 1971;
Stellwag and Kaesche, 19794 Kumar, 1982). The ratios of sub-
critical crack extension to original crack length i.e.,é}ac a
values were found to be 0.75 and 0.62 in NaCl and H,S envif ©
ronments respectively. It is also worth mentioning here that
these crack extensions in Nall and H,S media tggk place over _,
& range of applied J level equal to 47-162 kJm © and 10-114kJm
respectively. Thus,a greater reduction of the load bearing
capacity of the alloy occurs in the H,S medium than in ¥aCl
solution is evident from the present %ork.

Threshold J Value, J

Iscec

The P - LPD plots as obtained during loading and subcritical
crack extension in the environments (Fig. 4) are analyzed to
compute the J-integral values correspondinz to various points
on the plots using the instantaneous crack lenzths., The
threshold J values, JIs corresponding to the onset of sub-
critical cracking are reported in Table III. 4 range of
JIscc values are given as a precise determination of JIscc was
not possible., The J under H,_ S environment is found to

be around 60 per cent®%Cor the J%scﬂ obtained in presence of
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J4aCl solution.

PABLE IITI Thresnolq and Teraminal J Values

Znvironaents J Av, /
Isce o JIscc’JIc JIf JIf/JIc
o= <2
{(kdm °) (kdm ™)
Chloride 17e6=20.3 Qe42 162.5 3.6
Sulphide 0.4=11.5 C.24 114.0 2,5

snergy Dissipation Duriaz SIC

The terminal J values, J were determined from the P=LPD
slots (Fis &) uoing thefins orack Gbhth. w5 ot
as the J3 Ji values are reported ia Table III. La;ge values
of J q c pahgd to J indicate that substantial enerzy dissi-
patidll is needed darEﬁg EIC. 4lso, higher J.,./J ratio for
NaCl suggested greater eaergy dissipation durin Icsubcriticél
cracking than that for H,S medlam. "The energy gissipation
per unii crack extensiocn, AJ/ Aal AJ=J__=J ) is also
iy A c3 If "Iscc
calculated to be 35.1 and 18,2 MJIm “for the NaCl and the H.S
mediums,‘;espectively. The reguirement of larger energy fgr
the crucking process under JaCl solution is also evident
from Fiz. 4 as the load had to be increased for the continu-
ation of crack growth unlike the H,S medium. The higher load
and conseqguently large plastic encfave rendered tne cracking
grocess&more difficult in the chloride medium. The plastic
eformation was found to be much restricted under H medium
resulting in lesser sanergy dissipation. 2

Crtical COD daurinsg iIC

The measuresd CMOL values during suberitical cracking in NaCl
solution were coanverted %o instantaneous cracik tip COD values
usiang the standard bend relationship ( Veerman and Muller
1972). The COD, values are found to increase continuousl’
witn t and Aa“the increase being more during the final stage:
of crack growth {(Fig. 5). The critical CCD value at anstable
fracture, CO; . is found to be 250 pm.

In addition tc COD,, the variation in COD values at the ori-
ginal crack tip i.&, COD, were also computed considerinz the
original crack length, a_ (Fig. 5). The terminal value, COD
is measured to be 400 ume The large difference between the o
CODTf and Cch values may be attributed to the (a) change in

crack lenzth and (b) large plastic deformation associated with
subcritical crac&ipg. On the other hand, the substantial dif-
ference between COD and CODc appears only due to crack tip
rounding and blunting (Kumar, 1982). i

Mechnanicsm of Ambient vsS, Environmental Fracture

The microfractographic investigation under SEM revealed that

a microvoid coalescence mode of fracture is predouinant in
this condition of the alloy when tested in ambient condition.
The fracture surfaces obtained from testing in chloride solu-
tion, however, exhibited large number of secondary cracks, deep
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pits, dimples and substantial plastically deformed zones (Fig.
6)., The mode of cracking is predominantly due to pitting and
secondary crack formation in this environment. This study
indicates that the mechanism of failure under HaCl environment
is stress corrosion cracking coupled with hydrogen embrittle-
ment. The presence of considerable amount of corrosion pro-
duct (assumed to be due to anodic dissolution) on the fracture
surfaces is an evidence for the contribution of SCC in induc-
ing cracking.

The fracture surfaces formed under sulphide environment, how=
ever, were found to be characterized by the complete absence
of dimples and presence of deep secondary cracks revealing
intergranular type of cracking (Fig. 7). Some scattered pits
and plastically deformed regions could also be noticed. The
in-situ study on miniature Specimens under SEM helped to re-
veal very fine cracks originating from the inclusions/carbides
particles and their joining in the direction of stress (Kumar

1982). This indicates that the hydrogen trapping at inclusion/
carbide-matrix interfaces gives rise to initiation of crack-
ing. The recombination of atomic hydrogen is inhibited by the
formation of iron sulphides and facilitates the penetration of
hydrogen into the metal (Karpenko, G.V., and I.T. Vasilenko,
1979). Some of the hydrogen may precipitate as hydrogen gas
molecules in the microvoids around inclusions/carbides result-
ing in high internal pressure within the microvoids. The EIC
is believed to occur when the built up internal pressure exc-
eeds certain limiting value. From the present work the susce-
ptibility to SIC of the alloy in sulphide environment appears
to be mainly due to hydrogen embrittlement.

COHNCLUSIONS
1. J-integral approach is useful to describe the sub-
critical cracking behaviour in the presence of aggressive
environment in low strength-high toughness steels where large
plastic zone accompanies the crack growth, The alloy 1ls sus-
ceptible to subcritical cracking in both the NaCl and H,S
media, the H,S environment being more hostile. o

21 The J EﬁJ ratios of about 3.6 and 2.5 for the NaCl
and H,S envirg eﬂ%s respectively, reveal that considerable
ener dissipation occurs during the subcritical cracking
process., The energy dissipation per unit crack extension for
the NaCl medium is found to be twice than that for the HZS
medium,

S It is believed that the hydrogen induced cracking is
responsible for the crack growth under the sulphide med ium
whereas the stress corrosion cracking coupled with hydrogen
embrittlement causes fracture under the NaCl environment.
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