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The linearly increasing stress test (LIST) was used to study the stress corrosion cracking (SCC) 
behavior of a range of pipeline steels in carbonate-bicarbonate solution under stress rate control at 
different applied potentials. Stress corrosion cracking, at potentials below -8 0 0  mV(SCE), was 
attributed to hydrogen embrittlement. Stress corrosion cracking, in the potential range from about 
- 700  to - 5 0 0  mV(SCE), was attributed to an anodic dissolution mechanism. In the anodic potential 
region, the SCC initiation stress was larger than the yield stress and was associated with significant 
plastic deformation at the cracking site. The relative SCC initiation resistance decreased with in- 
creasing yield strength. In the cathodic potential region, the SCC initiation stress was smaller than 
the yield stress of  steel; it was approximately equal to the stress at 0.1 pct strain (Oro. 1 pct) for all the 
steels. The original surface was more susceptible to SCC initiation than the polished surface. 

I. INTRODUCTION 

STRESS corrosion cracking (SCC) of steels in carbon- 
ate-bicarbonate solutions has been responsible for failures 
at a refinery catalytic cracking unitt~ and of natural gas 
pipelines. [2-61 Such service SCC occurs within a narrow po- 
tential region corresponding to the active to passive 
transition,t6-10] in which SCC is caused by anodic 
dissolution after strain breaks the corrosion product film on 
the specimen surface or at the crack tip. Less attention has 
been paid to SCC of  pipeline steels at cathodic potentials, 
where SCC is caused by hydrogen embrittlement. ParkinsI71 
has shown that in service, the crack initiation process dom- 
inates the component lifetime because cracks propagate 
rapidly once initiated. However, a detailed study of  SCC 
initiation is still lacking. 

The linearly increasing stress test (LIST) is a new testing 
methodology developed by Atrens et  al.I"l  It is similar to 
the constant extension rate test (CERT) with the essential 
difference that LIST is load controlled, whereas CERT is 
displacement controlled. The LIST is a rapid method to 
evaluate SCC behavior, particularly to determine the SCC 
initiation stress. I~,~2,~31 The LIST technique has been used 
in the present research to study the SCC behavior of a range 
of pipeline steels in a carbonate-bicarbonate solution. The 
aim was to study the SCC susceptibility, especially to meas- 
ure the SCC initiation stress, and to relate SCC behavior to 
the material properties, applied potential, stress rate, and 
surface condition. 

II. EXPERIMENTAL PROCEDURE 

The materials were commercial pipeline steels, X65(A), 
X65(B), X65(C), X52(A), X46(A), and X42(A), with 
chemical compositions and mechanical properties as shown 
in Tables 1 and 2. 

Potentiodynamic polarization measurements were carried 
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out at 20 ~ 50 ~ and 70 ~ in the absence of load, to 
evaluate the expected potential range for SCC using the 
methodology of Parkins. "4,~51 The specimens were in the 
form of rods, 11.29 mm in diameter (i.e., 1 cm 2 of  surface 
area exposed to the solution). Before testing, the specimen 
surface was abraded with 800-grit silicon carbide paper. 
The potential was controlled with reference to a saturated 
calomel electrode (SCE) which was placed in a beaker con- 
taining the test solution at room temperature and was con- 
nected to the actual test solution through a Luggin probe. 
The specimen was held at -1300  mV(SCE) at room tem- 
perature for 5 minutes to remove surface oxide films, heated 
to the test temperature, and allowed I hour for stabilization. 
The polarization tests were started from the free corrosion 
potential, scanning in the anodic direction to 100 mV(SCE) 
at the rate of 10 mV/min and 1 V/rain. 

The SCC experiments were conducted in 1N Na2CO 3 + 
1N NaHCO 3 solution at 70 ~ in a standard cell, as de- 
scribed previously,II~.12] using smooth tensile specimens 
(gage length = 10 mm, gage width = 3 mm, and gage 
thickness = 2.5 mm) with the original (i.e., service) surface 
on one side and polished to 600-grit silicon carbide paper 
on the other side. To investigate the influence of polished 
vs original surface, some tests were carried out after mask- 
ing off the polished surface or the original surface. The 
specimen length was parallel to the rolling direction with 
the result that the crack propagation direction was perpen- 
dicular to the actual cracking direction in service. However, 
it has been shown t~61 that specimen orientation does not 
have a significant influence. Prior to testing, the specimen, 
except for the gage length, was coated with epoxy. The 
gage section was cleaned using alcohol and distilled water, 
and the specimen was loaded into the LIST apparatus im- 
mediately. Potential and temperature control were the same 
as that in the polarization tests. 

The LIST test, described previously in detail, t",~21 allows 
application of a linearly increasing engineering stress to a 
specimen exposed to the environment of interest. This test 
is very similar to the CERT, except that CERT is controlled 
by the extension rate whereas LIST is controlled by the 
loading rate. The LIST apparatus (Figure 1) consists of a 
lever beam balanced at its equilibrium position. The loading 
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Table I. Chemical Compositions of Steels (Wt Pct) 

Steel C Mn Si S P Ni Cr Mo Cu V Nb Ti A1 

X65(A) 0.07 1.36 0.19 0.002 0.013 0.01 0.20 <0.01 0.01 <0.01 0.04 <0.01 0.011 
X65(B) 0.055 1.40 0.25 0.005 0.016 0.01 0.25 <0.01 0.14 <0.01 0.03 <0.01 0.033 
X65(C) 0.12 1.34 0.24 0.002 0.016 0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 0.030 
X52(A) 0.16 1.32 0.31 0.006 0.017 0.01 0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.030 
X46(A) 0.10 0.60 0.13 0.014 0.016 0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.035 
X42(A) 0.15 0.68 0.11 0.011 0.016 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.035 

Table II. Mechanical Properties of Steels 100.00 

Steel O-y, MPa (ruTs, MPa 6, Pct 

X65(A) 446 560 31 
X65(B) 490 545 23 
X65(C) 470 570 29 
X52(A) 434 580 32 
X46(A) 426 500 31 
X42(A) 420 486 29 

Lever Beam 

Displacement 
Transducer 

Bo! 
PI 

} 
FVO- I :rolle 

De Motor 

Fig.  1 - - S c h e m a t i c  d r a w i n g  s h o w i n g  the  p r inc ip le  o f  the  L I S T  

appara tus ,  ttu2j T h e  load on the  s p e c i m e n  is i n c r e a s e d  l inear ly  by  m e a n s  

o f  a l eve r  pr inc ip le  and  a l inear ly  m o v i n g  load on  the  r i g h t - h a n d  s ide  o f  

the lever .  The  l eve r  is m a i n t a i n e d  hor izon ta l  via a l inear  ac tua to r  and  
se rvocon t ro l l e r  by  m e a n s  o f  a d i s p l a c e m e n t  s igna l  f r o m  the end  o f  the  
l eve r  a rm.  

train (including the test specimen) is connected to one side 
of  the lever beam at a small, constant distance from the 
fulcrum. There is a known movable weight on the lever 
beam on the other side of  the fulcrum. Movement of  the 
weight along the lever beam away from the fulcrum, driven 
at a constant rate by a synchronous motor, causes a linearly 
increasing engineering stress to be applied to the specimen. 
By using synchronous motors o f  different speeds, various 
applied stress rates are achieved. The applied stress rates 
used in this study were 1.91 • 10 -2, 1.91 x 10 -3, and 1.91 
• 10 4 MPa s-L A d.c. potential drop method was used to 
detect SCC initiation. A constant current of  5 A was applied 
to the specimen by means o f  two wires soldered onto the 
specimen ends, and the d.c. potential drop across the gage 
section was measured. In order to eliminate the influence 
o f  applied current fluctuation, a standard resistance was 
added to the measuring circuit. The measured parameter 

=~ ~ ~ ~ I , , , , i ~ ~ ~ ~ i , ~ , , i , , ~ ~ [ , ~ ~ ~: 

X65(A) 
~E . - 1N Na2CO 3 + 1N NaHCO 3 

10.00 , 70 ~ 

E 
, ' /  \ ', ." . . . . . . . . .  1V/_m!n, 

(- 1.00 Q 
"0 

,-- 0.10 

O 

i C C : t  

0.01 . . . .  t . . . .  I . . . .  I , j , , I  . . . .  I . . . .  

-1000 -800 -600 -400 -200 0 200 

P o t e n t i a l  m V ( S C E )  

Fig.  2 - - P o t e n t i o d y n a m i c  po la r iza t ion  c u r v e s  for  X 6 5 ( A )  steel  in 

ca rbona t e -b i ca rbona t e  so lu t ion  at 70 ~ 

Table IlL Potential Ranges for SCC (mV (SCE)) Predicted 
from the Potentiodynamic Polarization Curves According to 

References 14 and 15 

Potential Ranges for SCC (mV (SCE)) 

Steel 20 ~ 50 ~ 70 ~ 

X65(A) -600 to -480 -600 to -460 -620 to -500 
X65(B) -580 to -460 -640 to -520 -640 to -520 
X65(C) -560 to -450 -600 to -480 -640 to -540 
X52(A) -610 to -500 -620 to -520 -680 to -560 
X46(A) -560 to -440 -640 to -520 -640 to -520 
X42(A) -600 to -480 -620 to -520 -640 to -530 

U/Uo (U is a potential drop from the specimen gage section 
and U0 is that from standard electric resistance) can reflect 
the deformation of  the specimen and the SCC initiation 
processes. As shown in Section III, our present LIST ex- 
periments indicate that the onset o f  SCC is correlated with 
a significant change in slope of  the curve of  electrical re- 
sistance vs time in conformity with those reported in Ref- 
erences 11 and 12. 

I lL  R E S U L T S  AND DISCUSSION 

A. Potentiodynamic Polarization Measurements 

Figure 2 gives a typical polarization curve for polished 
X65(A) steel at 70 ~ There was a well-defined active- 
passive transition at both scanning rates, with a higher cur- 
rent for the higher scanning rate. Table III gives the 
predicted potential ranges for SCC, evaluated according to 
the method in References 14 and 15, where there were large 
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Fig. 4~Typica l  curves for the determination of  the SCC initiation stress 
for X65(A) in carbonate-bicarbonate solution at 70 ~ at (a) - 1000  mV 
(SCE) and (b) - 6 0 0  mV (SCE). 

differences of current density between the two potentiod- 
ynamic curves. These results indicate that the predicted po- 
tential range was similar for all the alloys and moreover 
was similar at the three temperatures studied. 

B. Potential Dependence of SCC Susceptibility 

Figure 3 shows the variation with applied potential of the 
fracture stress for X65(A) at the applied stress rate of  1.91 
• 10 -3 MPa s -1. The steel was susceptible to SCC within 
two potential regions, with the susceptibility greater at po- 
tentials below -800  mV(SCE) than at potentials from 
-7 0 0  to -500  mV(SCE). Within both regions, SCC cracks 
were easily observed on the specimen surfaces both by op- 
tical and scanning electron microscopy (SEM). In the ca- 
thodic potential region below -800  mV(SCE), SCC was 
visible by optical microscopy at low magnification; the 
number of cracks on the specimen surface increased with 
decreasing applied potential, and the crack size was much 
larger than at -600  mV(SCE). Within the anodic SCC po- 
tential range, the maximum SCC susceptibility, as meas- 
ured by the minimum fracture stress, was at -600  
mV(SCE). 

The SCC is attributed to hydrogen embrittlement at po- 
tentials below -8 0 0  mV(SCE) and to anodic dissolution at 
potentials between -7 0 0  and -5 0 0  mV(SCE), with the ex- 
perimental results showing that the pipeline steel is more 
susceptible to hydrogen embrittlement than to SCC caused 
by anodic dissolution at the same applied stress rate. In the 
anodic potential region, the LIST data indicated that the 
SCC potential range was from - 7 0 0  to - 5 0 0  mV(SCE), 
in good agreement with the expectations from the polari- 
zation curves. Therefore, the polarization curves do indeed 
predict the potential range for SCC for pipeline steels in 
carbonate-bicarbonate solutions. 

C. SCC Initiation 

The electrical resistance of the gage section increased 
during the tests due to the elastic and plastic elongation of  
the specimen. Once an SCC crack initiated, the resistance 
increased even further due to the reduction in cross-sec- 
tional area caused by the growing crack. 

The SCC initiation stress could be determined from plots 
of U/Uo against applied stress. Figure 4 shows typical 
curves of U/Uo vs applied stress for X65(A) at the potential 
of (a) -1000  mV(SCE) and (b) -600  mV(SCE). When 
SCC initiates below the yield stress, then it is very easy to 
determine the SCC initiation stress; the U/Uo curve in- 
creases rapidly at the SCC initiation stress before the yield 
stress is reached (e.g., Figure 4(a)). Figure 4(b) shows that 
it is also possible to determine the SCC initiation stress 
when SCC initiates above the yield stress, because the in- 
crease in U/U o in the presence of SCC is significantly 
greater than the corresponding increase in air due to the 
onset of plastic deformation. 

The SCC initiation stress for X65(A) steel at 70 ~ de- 
termined using this method (Figure 5), strongly depended 
upon the applied potential. Below the potential of about 
-925  mV(SCE), the SCC initiation stress was smaller than 
the yield stress and decreased with decreasing applied po- 
tential. In the anodic potential region, the SCC initiation 
stress was larger than the yield stress; the greatest suscep- 
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tibility was observed at - 600  mV(SCE), in agreement with 
the maximum susceptibility as evaluated from the fracture 
stress (Figure 3). Between -900  and -700  mV(SCE), 
there was a higher resistance to SCC; the SCC initiation 
stress was large and difficult to determine, 

The SCC initiation stresses for the other steels were de- 
termined; this led to Figures 6 and 7. Figure 6 shows the 
relationship between the SCC initiation stress/yield stress 
and the yield stress of commercial steels used for pipelines. 
At -600  mV(SCE), the SCC initiation stress was some- 
what higher than the yield stress for lower yield strength 
steel and was approximately the same as the yield stress 
for higher yield strength steel. Thus, the relative SCC re- 
sistance under anodic dissolution control decreased with in- 
creasing yield strength, which was consistent with the 
literature results, tl7,ts,19] In contrast, at - 1 0 0 0  mV(SCE), the 
SCC initiation stress was below the yield stress and inde- 
pendent of yield strength; this was somewhat surprising in 
view of the expectation from the literature I2~ of increasing 
susceptibility to hydrogen embrittlement with increasing 
strength. 

Figure 7 plots the SCC initiation strain (determined from 
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Fig. 7--Variation of  the engineering strain at SCC initiation v s  the yield 
strength. 

the initiation stress and the stress-strain curves) v s  the yield 
strength at - 6 0 0  and -1000  mV(SCE) for commercial 
steels used for pipelines. At - 6 0 0  mV(SCE), the SCC in- 
itiation strain was somewhat larger than the 0.2 pct yield 
strain and decreased with increasing yield strength to be- 
come approximately the same as the yield strain. At - 1000 
mV(SCE), the SCC initiation strain was nearly the same, 
equal to approximately 0.1 pct independent of the yield 
strength. 

For SCC controlled by the anodic dissolution mecha- 
nism, it was reported t71 that the SCC initiation stress for 
pipeline steels in carbonate-bicarbonate solution was larger 
than the yield stress at a potential of - 6 5 0  mV(SCE). This 
is consistent with the present results. Much experimental 
evidence has indicated that SCC is related to the plastic 
deformation process of  the material;[22.23~ SCC initiation can 
be discussed in terms of SCC initiating when the local plas- 
tic deformation at the cracking site reaches a critical value. 
For high strength steels, the critical plastic deformation can 
be reached locally before bulk yielding. In contrast, SCC 
initiation does not occur below the yield stress for very 
ductile low strength steels such as pipeline steels. The crit- 
ical plastic deformation for crack initiation varies with the 
testing conditions, for example, material strength, potential, 
and applied stress rate, as shown in Figure 8. The SCC 
initiation stress decreased with decreasing applied stress 
rate. The SCC initiation stress was approximately equal to 
the yield stress for the test at the applied stress rate of  1.91 
• 10 -4 MPa s-L For SCC controlled by anodic dissolution, 
passivation competes with the depassivation caused by 
strain breaking the crack-tip film. There is competition be- 
tween the corrosion processes and the applied stresses. At 
higher strain rates, ductile failure occurs because there is 
insufficient time for the corrosion processes. At lower ap- 
plied stress rates, repassivation becomes increasingly im- 
portant; Figure 8 is in this regime. 

For SCC controlled by hydrogen embrittlement, SCC in- 
itiation depends on the entrance of hydrogen into the spec- 
imen at the cracking site. Hydrogen-induced cracking 
occurs when a critical hydrogen concentration is reached at 
the cracking site. There does not seem to be any require- 
ment for a relation between the crack initiation stress and 
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Fig. 8--Effect of  applied stress rate on the SCC initiation stress for 
X65(A). 

Fig. 9--Effect  of  specimen surface condition on the fracture and initiation 
stresses. 

Fig. 10-Breaking  of  the original surface film at applied stress of  430 
MPa during elongation of  the specimen in air. 

yield stress in this case. However, there should be a critical 
stress for SCC, and hydrogen-induced cracking does not 
happen below this stress even if the critical hydrogen con- 
centration is reached. Wang et aLEZ4~ has shown that, for 
low strength material, the diffusion of hydrogen into the 
matrix is not the controlling step and that mechanical par- 

ameters play a dominant role during cracking. In the present 
tests, this mechanical parameter can be identified as either 
a critical stress (0.98 o-y) or a critical strain (0.1 pct). As 
for the SCC under the control of the anodic dissolution 
mechanism, SCC initiation under control of hydrogen em- 
brittlement was dependent on applied potential and the ap- 
plied stress rate. At a more negative potential, the amount 
of hydrogen absorbed by the steel is larger, leading to a 
decrease in the SCC initiation stress. Figure 8 shows that 
the SCC initiation stress decreased with decreasing applied 
stress rate. A lower stress rate allows more time for the 
entrance of hydrogen into the specimen matrix resulting in 
the decrease of the SCC initiation stress. 

D. Effect o f  Specimen Surface Conditions and Possible 
SCC Initiation Mechanism 

Each specimen had an original surface on one side and 
a polished surface on the other side. The influence of the 
original surface on the SCC behavior for X65(A) steel in 
carbonate-bicarbonate solution at 70 ~ was studied by us- 
ing specimens coated on one specimen side with silastic 
which cannot be broken during specimen deformation. The 
results (Figure 9) indicated that the original surface was 
much more susceptible to SCC initiation than the polished 
surface for SCC controlled both by anodic dissolution and 
hydrogen embrittlement. The original surface is covered 
with an oxide/corrosion-product film produced during pipe 
manufacturing; this film is brittle and breaks during the 
elongation of the specimen. Figure 10 shows the appear- 
ance of the original surface at an applied stress of 430 MPa 
for X65(A) steel in air. The original surface film cracked 
at this applied stress. The cracks became larger and new 
cracks initiated with increasing applied stress. It is inter- 
esting that the stress for cracking the original surface film 
in air is just below the yield stress of the steel and is located 
between the SCC initiation stress under anodic dissolution 
control and that under hydrogen embrittlement control. 

For SCC controlled by the anodic dissolution mecha- 
nism, the original surface film broke below the yield stress 
and this was associated with a lower SCC initiation stress. 
As these experiments were carried out at controlled poten- 
tials in the middle of the cracking range, there would be a 
high local current density at rupture sites in the original 
film which would promote local plasticity and thereby fa- 
cilitate crack initiation at lower stresses. This is similar to 
the work of Jones, t231 who indicated that for a freely cor- 
roding specimen, an exposed bare surface at a rupture site 
had a transient potential that was considerably more active 
than the passive surface potential. However, such a bare 
surface was anodically polarized to the passive potential by 
its coupling to the relatively large surrounding passive sur- 
faces. As a result, the local anodic current density would 
be very high because of the high ratio of anode to cathode 
surface area. This would promote localized plasticity by 
attenuation of strain hardening at the rupture sites. This 
localized plasticity allowed earlier SCC crack initiation 
when the required local minimum plastic deformation was 
reached, i.e., decreased the SCC initiation stress. It has also 
been reported that a specimen with the coarsest grit finish 
had a strain for SCC initiation lower than that for a spec- 
imen with a fine grit finish. E251 The rougher surface was 
associated with a greater local stress concentration, there- 
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fore, greater local plasticity and consequently higher SCC 
initiation susceptibility. 

For SCC controlled by hydrogen embrittlement, how- 
ever, there seems to be little relation between the SCC in- 
itiation and the breaking of the original surface film, 
because the SCC initiation stress is slightly lower than the 
stress for breaking the original surface film. It is concluded 
that the breaking of  the original surface film is not the cause 
of SCC initiation. The hydrogen must be able to enter the 
metal through the original surface film. The SCC initiation 
occurs simply due to a critical hydrogen concentration in 
the specimen matrix combined with the applied tensile 
stress; i .e.,  a critical stress intensity is reached at local sites 
on the specimen surface at a critical flaw. The original sur- 
face is more susceptible to SCC initiation, probably because 
there are concentrations of stress and chemical composition 
of aggressive species on the original specimen surface. 

IV. CONCLUSIONS 

1. The SCC tests confirmed the potential range for SCC 
predicted by the polarization tests. The susceptible po- 
tential ranges for SCC for pipeline steels in the carbon- 
ate-bicarbonate solution at 20 ~ 50 ~ and 70 ~ are 
shown in Table III for SCC controlled by anodic dis- 
solution. However, the steel was more susceptible to hy- 
drogen embrittlement than anodic dissolution at the 
same applied stress rate. 

2. For SCC controlled by anodic dissolution, the SCC in- 
itiation stress was larger than the yield stress of steel. 
The relative SCC initiation resistance decreased as the 
yield strength of the steel was increased. 

3. For SCC controlled by hydrogen embrittlement, the SCC 
initiation stress was lower than the yield stress of the 
steel. There was approximately the same SCC initiation 
susceptibility for all the commercial steels examined. The 
SCC initiation stress for each steel was close to Cro ~ pct. 

4. The original surface was more susceptible to SCC ini- 
tiation than the polished surface. At anodic potentials, 
the original surface film broke before SCC cracking in- 
itiated. This breaking of the original surface film accel- 
erated the SCC initiation process. At cathodic potentials, 
SCC cracking initiated before the original surface film 

broke. Stress corrosion cracking initiation had little re- 
lation to the breaking of original surface film. 
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