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INTRODUCTION

The Pipeline Research Committee
of the American Gas Association has
funded a number of research programs
at Battelle's Columbus Division and

S-othe University of Newcastle on stress-
corrosion cracking (SCC) of line pipe
steels since the first reported field
failures in the mid 1960's. The primary
objective of the research has been to
identify the root cause of the failures
and identify practicable mitigation
procedures. One aspect of the research
that has received considerable attention
in recent years has been the relation-
ship between surface properties of
the line pipe steels and SCC suscepti-
bility. In this paper, the recent
findings in this area are summarized.

BACKGROUND

* Cracking is intergranular
and branching.

* The leak or rupture occurs
as a result of link-up of
numerous cracks.

* A black film, consisting of
FeCO and Fe3O4 is normally
found on the ntergranular
fracture surfaces.

* Most failures occur within
10 miles of the discharge side
of the compressor station.

* Most SCC failures have oc-
curred with coated pipe.

* All failures have occurred
on cathodically protected
pipe.

The first reported external SCC
failure of a nat yl gas pipeline * Most failures occur on normal
occurred n 1965' ' and subsequently, wrought line pipe but occa-
a number of similar failures have sional failure has been
occurred. Most of these failures associated with stress
have had .a nyVber of similar raisers, such as dents or
features. near the welds.
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Result s(5 4 aboratory and field
studies have demonstrated that the
root cause of the failure is a
carbonate-bicarbonate solution which
develops at the pipe surface as a
result of the applied cathodic pro-
tection (CP). Where the levels of CP
are inadequate or where the pipe surface
is shielded from the CP. the ential
may be in the cracking range.
Thus, the applied CP not only generates
the cracking environment, it also may
hold the pipe-to-soil potential in
the cracking range. The proximity of
most of the failures to the compressor
station is a consequence of the high
temperature in this region; cracking

'J velocities have beep shown to follow
Arrhenius behavior.\6' t

SURFACE FACTORS AFFECTING
SCC SUSCEPTIBILITY

A number of surface related factors
have been identified which are thought
to influence SCC. susceptibility. These
include the presence of mill scale,
surface pitting, near surface compo-
sitional changes, residual stress and
finally, the near-surface stress state.

-, Role of Mill Scale

It is well established that
seasoned (exposed to an underground
environment) mill scaled surfaces on
line pipe steels are more susceptible
to SCC than are machined surfaces.
Typical threshold stress data for
machined and mill scaled surfaces of
an X-52 steel that faiMs in service
are given in Figure 1. The root
cause for this increased suscepti-
bility is not known but it has been
speculated that the mill scale plays
a detrimental role. However, results
of recent studies have shown, at least
for one steel, an nverse relationship
between surface coverage with mill
scale and SCC susceptibility, see
Figure 2. This behavior s thought
to occur as a result of the protective
nature of the mill scale which prevents
access of the cracking environment to
the surface, and the absence of pits
beneath the mill scale. Thus, most

of the cracks in the specimens occurred
at the base of pits where gaps n the
mill scale were present.

The above SCC studies were per-
formed under potential control and
thus any detrimental effect that the
mill scale may have on the electro-
chemical potential is not expressed.
On the other hand, results of experi-
ments performed with artificial crevices
on mill scaled and machined surfaces
have shown that the presence of the
mill scale tends to hold the electro-
chemict)potential within the cracking
range. Typical data demonstrating
this effect are given in Figure 3.
Thus, the overriding effect of mill
scale on an operating pipeline is
probably detrimental because of its
detrimental potential behavior and
because a continuous mill scale cannot
be guaranteed. Mill scale will tend
to promote pitting on adjacent non mill
scaled areas.

Role of Surface Pitting

The role of surface pitting on SCC
and its relationship to mill scale was
alluded to in the previous section.
Thus, for one steel, an inverse correl-
ation was found between mill scale
coverage and pit density, as shown in
Figure 4. Not surprisingly, a good
correlation also was found between
pit density and SCC as shown in Figure
5.

In order to further investigate
the role of pitting on SCC suscepti-
bility, machined, and seasoned surfaces
of specimens of two steels were exposed
to an ASTM salt spray test (ASTM B117)
for two weeks prior to performing the
standardized SCC susceptibility test
in IN NaHC03-1N Na2CO3 at 75 C. This
salt spray exposure produces pitting
on the machine surfaces which is similar
in morphology to the pitting normally
encountered on seasoned pipe surfaces
after a number of years of exposure
to an underground environment.

Results of the experiments for two
steels, given in Figures 6 and 7, show
that the threshold stress for SCC of
machined surfaces on one steel, X-52T,
dropped to values measured for seasoned
surfaces of that steel as a result of
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surface rusting. Thus, for is parti-
cuTar steel, it appears th itting
produced by salt spray exposure is
sufficient to greatly increase cracking
susceptibility. On the other hand,
surface rusting of a second more SCC
resistant steel (X-52B) produced only
a small decrease in the threshold
stress. The mill scale surface of
this steel had not been exposed to a
service environment and thus had rela-
tively less pitting than the seasoned
surfaces of the X-52T specimens but,
nevertheless, neither the mill scaled
nor the machined surfaces were parti-
cularly sensitive to the surface rust-
ing.

In separate mechanical tests, the
Insusceptible steel (X-52T) underwent

plastic deformation at stresses well
below the 0.5 percent total strain
yield strength whereas the resistant
steel (X-528) exhibited elastic stress-
strain behavior up to the upper yield
point. Based on these observations,
it has been speculated that a syner-
gistic interaction between surface
pits and mechanical behavior affects
SCC susceptibility by means of their
influence on surface plastic
deformation. This hypothesis is being
investigated through SCC tests being
performed on specimens containing
electrochemically machined notches of
varying stress concentration.

Decarburization

It is well established that low
carbon steels are more susceptible to
anodic SCC than steels having carbon
contents that are typical (?S)C-Mn line
pipe steels, about 0.2 C. Thus,

lone might speculate that specimens
having decarburized surfaces would
tend to exhibit increased susceptibility
to SCC and laboratory results tend t o
confirm this behavior, see Figure 8.''

On the Aier hand, results of a
recent study suggest that decarbur-
ization may not play a significant role
in affecting the SCC susceptibility of
actual line pipe steels. Decarburi-
zation layer thicknesses were measured
metallographically in specimens of
three line pipe steels that exhibited
considerable specimen-to-specimen and

material-to-ma' al variability in
SCC susceptibi v.4 . There was no
evidence of decarburization in any of
the three steels, even though two of
the three steels had significant mill
scale coverage and had not been exposed
to an underground environment; for
the third steel it could be speculated
that any decarburization layer present
was consumed as a result of exposure
to the underground environment.

Surface Residual Stresses

The role of surface residual
stresses on SCC susceptibility of
actual pipelines has not been
established but it can be speculated
that cracking is affected. Most ring
sections removed from operating pipe-
lines open upon longitudinal split-
ting, indicating the presence of tensile
residual stresses in the pipe. Analysis
of a number of rings from operating
pipelines indicate that these stresses
may be as high as 87 percent of spesi2)
fled minimum yield strength (SMYS).
It is also probable that the residual
stresses vary around the circumference
of the pipe and this variation may be
responsible for some of the variability
observed in threshold stress data for
a given line pipe steel. A study of
the possible range of local residual
stresses is the subject of an ongoing
A.G.A. funded program at Battelle.
Preliminary results indicate that
moderate variation (up to 10 ksi) in
surface residual stresses is possible
from steel-to-steel or from specimen-
to-specimen of a given steel, or even
from the surface to t8lepth of 5 mils
on a given specimen.

In related research, it has been
demonstrated that the introduction of
surface residual compressive stresses
by means of grit blasting or shot
peening can be highly beneficial to
the SCC resistance of a line pipe
steel, see Figure 9. This approach
to SCC mitigation is finding favor
for new pipeline applications since
the Almen strip intensity necessary to
achieve measurable improvement in SCC
resistance is readily obtained by means
of the standard grit blasting procedures
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: used prior to thin 'a epoxy coating
application.

Role of the Near
Surface Stress State

Prelimn.~$y results of ongoing finite
element analyses suggest that a para-
meter such as J may be more appro-
priate since it takes into account
plastic deformation and more closely
described the observed behavior.

One curious aspect of SCC data
obtained for smooth specimens in
carbonate-bicarbonate is the dramatic
decrease in cracking velocities (in
the depth direction) observed with
increasing test time, as shown in
Figure 10. There is an equally dramatic
increase in the number of cracks per
specimen with increasing test time,
as shown in Figure 11. This behavior
seems to suggest that the conditions
at the surface are conducive to the
initiation of stress corrosion cracks
but, as the crack penetrates into the
specimen, the conditions in the bulk
are much less conducive to crack propa-
gation. These observations also are
consistent with the results of metallo-
graphic examinations of secondary
cracks from field failures. The length
to depth aspect ratios for these larger
cracks are considerably highy than
one, as shown in Figure 12, indi-
cating much higher axial than radial
cracking velocities.

One possible explanation for the
behavior described above is related to
the stress state within a test specimen
or operating pipeline. Near the sur-
face, plane stress conditions exist
and plastic deformation occurs more
readily than in the bulk where plane
strain conditions constrain plastic
flow. Thus, it appears that SCC in
line pipe steels occurs more readily
in the presence of plane stress condi-
tions; an observation which is not
particularly surprising considering the
association of anodic SCC with crack
tip creep, which is thought to be neces-
sary to rupture the passive films
present.

These observations have consider-
able implications for SCC testing
since fracture mechanics type tests
are commonly used and K is often con-
sidered to be an appropriate crack
driving force parameter. However, K
is a maximum at the root of a crack
whereas the maximum crack velocities
clearly occur near the free surface.

CONCLUSION

Results of the studies described
above have demonstrated that a number
of surface properties affect the SCC
susceptibility of line pipe steels.
Moreover, these studies have shown that
a knowledge of these effects can be
used to develop procedures to mitigate
SCC. These studies also point to the
need for further research to develop
better experimental techniques to
enhance our understanding of specific
phenomenon and develop more practical
mitigation procedures.

REFERENCES

(1) Wenk, R. L., Field Investigation
of Stress Corrosion Cracking", 5th
Symposium on Line Pipe Research",
Catalog No. L30174, American Gas
Association, November, 1974.

(2) Fessler, R. R., "Combination of
Conditions Causes Stress Corrosion
Cracking", Oil and Gas, Vol. 74,
p. 81 (1976).

(3) Sutcliffe, J. M., et al., Stress-
Corrosion Cracking of Carbon Steel
in Carbonate-Bicarbonate Solution",
Corrosion, Vol. 28, pp. 313-320,
(August, 1972).

(4) Christman, T. K., Beavers, J. A.,
"An Investigation of the Species
Responsible for SCC of Natural Gas
Pipelines, Submitted to Oil and
Gas Journal, September, 1986.

(5) Berry, W. E., "Stress Corrosion
Cracking Laboratory Experiments",
5th Symposium on Line Pipe
Research, Catalog No. L30174,
American Gas Association, November
20-22, 1974.

17814



(6). fessler, R. R., Stre -orrosion
/ 6) Cracking Temperature krects", 6th

Symposium on Line Pipe Research,
Catalog No. L30175, American Gas
Association, October 29-November
1, 1979.

(7) Koch, G. H., Beavers, J. A., and
Berry, W. E., Effect of
Temperature on SCC of Precracked
Line Pipe Steel", NG-18 Report
No. 148, Catalog No. L51491,
February, 1985.

(8) Beavers, J. A., and Christman, T.
K., Battelle's Columbus Division
Research Funded by the American
Gas Association, 1985-1986.

(9) Fessler, R. R., Markworth, A. J.,
and Parkins, R. N., "Cathodic Pro-
tection Levels Under Disbonded
Coatings", Corrosion, Vol. 39,
Np. 1, p. 20, January, 1983.

(10) Parkins, R. N., "The Controlling
Parameters in Stress Corrosion
Cracking", 5th Symposium on Line
Pipe Research, Catalog No. L30174,
American Gas Association, November,
1974.

(11) Parkins, P ., Unpublished Summer
Research K..>#d by the American
Gas Association and Performed at
Battelle'sColumbusDivision,1971.

(12) Private Communication, J. Kiefner,
Battelle's Columbus Division,
September, 1986.

(13) Koch, G. H., Barlo, T. J., Berry,
W. E., and Fessler, R. R., "Effect
of Shot Peening and Grit Blasting
on the SCC Behavior of Line Pipe
Steel", NG-18 Report No. 136,
American Gas Association, April,
1983.

(14) Beavers, J. A., Parkins, R. N.,
Koch, G. H., and Berry, W. E.,
"Test Method for Defining Suscepti-
bility of Line Pipe Steels to
Stress Corrosion Cracking", NG-
18 Report No. 146, American Gas
Association, Catalog No. L51484,
June, 1985.

FIGURE 1.

EFFECT OF STRESS RANGE ON
THE THRESHOLD STRESS FOR
STRESS-CORROSION CRACKING
OF MACHINED AND MILL SCALED
SURFACES OF AN X-52 LINE
PIPE STEEL (X-52T)
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