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ABSTRACT. The susceptibility of welded
API 5L X70 and X80 steels to sulfide
stress cracking (SSC) was investigated
using two applied stresses and three H2S
concentrations. The effect of peak weld
hardness was examined by using three
welding conditions. Weld hardness was
characterized with Rockwell C and Vick-
ers (HV) 10-kg hardness mapping. Hard-
ness mapping revealed the inadequacy of
Rockwell C hardness (HRC) measure-
ments, which is specified by the National
Association of Corrosion Engineers
(NACE) MR0175 standard, for testing
narrow heat-affected zone (HAZ) regions
because of the size of the indenter. Several
welds meeting the HRC 22 requirement
failed by SSC. Several weld conditions
containing hardness exceeding 248 HV,
which is equivalent to HRC 22, were resis-
tant to SSC at low H2S concentrations,
suggesting that cap hardness levels ex-
ceeding 248 HV are suitable for sour ser-
vice. Hardness level dictated the perfor-
mance of the X70 material, while the X80
was more susceptible at lower hardness
due to localized plastic deformation in in-
tercritically reheated HAZ regions. The
centerline segregation region (CSR) in
the X70 material was exposed to the cor-
rosive environment at the sample surface
as an artifact of the sample preparation,
and played an important role in the sus-
ceptibility to both SSC and hydrogen- 
induced cracking (HIC). 

Introduction

The hardness of carbon steels currently
determines their fitness for sour (aqueous
and H2S-containing) environments ac-
cording to National Association of Corro-

sion Engineers (NACE) MR0175, which
requires that carbon steel and its weld-
ments not exceed a Rockwell C hardness
(HRC) of 22 for these applications (Ref.
1). Steels exceeding the HRC 22 threshold
are more susceptible to sulfide stress
cracking (SSC), a form of hydrogen em-
brittlement (HE) (Refs. 2–4). The suitable
sour service materials listed by NACE
MR0175 are based on their resistance to
SSC either in actual field applications or
in laboratory testing using the NACE
TM0177 test method, which is a severe,
accelerated exposure test (Ref. 5). The
HRC 22 hardness requirement precludes
the use of many high-strength low-alloy
(HSLA) steels, especially in the as-welded
condition, due to either high base mater-
ial hardness or to the formation of local-
ized high-hardness regions in the weld
heat-affected zone (HAZ). HAZ regions
have shown heightened susceptibility to
SSC in both service and laboratory envi-
ronments (Ref. 3). The NACE MR0175
requirement may be overly conservative
for HSLA steels due to their low carbon
contents and high toughness.

The oil and gas industries have in-
creasing need for the use of HSLA steels
due to the cost savings they afford, espe-
cially in long piping systems that transport
crude oil or natural gas. Transport condi-
tions, however, are becoming increasingly
sour (higher H2S concentrations) and the
use of higher strength HSLA grades is pre-
vented where NACE MR0175 is em-
ployed as a governmental regulation. Of
particular importance is the performance

of pipeline girth welds used to connect
pipe segments in the field. Circumferen-
tial girth welds are typically multipass
welds, in which subsequent welds temper
underlying hard HAZ regions, leaving the
hardest HAZ regions in the final untem-
pered cap passes. The cap passes are on
the exterior of the pipeline girth weld and
thus are exposed to lower hydrogen con-
centrations than weld regions in contact
with the sour environment within the pipe.
Because SSC is a HE mechanism, higher
hardness values (exceeding HRC 22)
should be tolerable in hard weld cap re-
gions, which are exposed to relatively low
hydrogen concentrations. Testing per-
formed at TWI showed that, in fact, hard
external weld regions exceeding a Vickers
hardness (HV) of 300 (248 HV = HRC
22) were resistant to SSC in a stressed pipe
containing the NACE test solution (Ref.
6). This investigation was aimed at assess-
ing the conservatism of the NACE re-
quirements for HSLA weldments, with
focus on weld hardness requirements and
extrapolation to service conditions. Many
of the corrosion and embrittlement as-
pects of this work are described elsewhere
(Refs. 7, 8).

Experimental

The materials investigated were API
5L X70 and X80 spiral-welded high-
strength low-alloy (HSLA) line pipe ma-
terials. Table 1 lists the steel compositions,
the values of carbon equivalent CE (IIW),
cracking parameter, Pcm, and the perti-
nent pipe dimensions, including outer di-
ameter (OD) and wall thickness (t). The
X80 was very low in carbon, just above sat-
uration in ferrite (0.022 wt-% C). Both al-
loys are low-sulfur steels (Ref. 9). The pri-
mary carbo-nitride-forming elements in
the X70 and X80 are vanadium and nio-
bium, respectively. The Pcm values are
more relevant measures of the harden-
ability of these alloys than the CE values.
The X70 has a higher susceptibility to hy-
drogen cracking (higher Pcm value), pri-
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marily due to its much higher carbon con-
tent. The X70 would be expected to form
harder coarse-grain heat-affected zone
(CGHAZ) transformation products.

The as-received microstructure of the
X70 pipe steel consisted of banded, fine-
grained ferrite + pearlite as shown by the
long transverse section in Fig. 1A. The
X70 contained a heavily banded center-
line segregation region (CSR) character-
ized by thicker, more continuous banding,
as shown in Fig. 1B. This region is compo-
sitionally different due to segregation of
elements like C and Mn (Ref. 10). As a re-
sult, the alloy-rich bands are more hard-
enable than the alloy-lean bands. In con-
trast, the X80 did not contain large
amounts of carbide, a banded microstruc-
ture, or a visible CSR. Figure 2 reveals
fine-grained ferrite, large secondary fer-
rite grains, and granular bainite in the X80
base material. The observed differences in
microstructure between X70 and X80
steel pipes result from different chemical
composition and steel processing routes. 

Metallographic sections were taken in
two orientations relative to the pipe axis:
longitudinal (L) and longitudinal-trans-
verse (LT). The through-wall hardness
profile of each pipeline steel was mea-
sured using the Rockwell C and Vickers
10-kg hardness test methods, as shown
schematically in Fig. 3. 

Girth welds were simulated using a
seam weld geometry due to the difficulty
foreseen in performing actual girth welds
on large pipe sections without the proper
automated gas metal arc welding
(GMAW) equipment. Two 6 in. × 24 in.
unflattened plates cut from the pipe stock
were utilized for each joint. The plates
were tack welded to a 2-in.-thick steel
plate to provide the necessary constraint
during cooling. A small carbon steel 3⁄8 in.

× 1 in. backing bar was incorporated into
the joint to facilitate the deposition of the
root passes. The mock-up weld geometry
appears in Fig. 4. The joint geometry was
chosen to duplicate a typical GMAW girth
weld joint: a 0.25-in. root opening with a
12-deg included angle. All root passes
were deposited using low arc energy (15.1
kJ/in.) and the weld interpass temperature
was measured using a contact thermocou-
ple. The subsequent fill passes created the
gauge material isolated in the tensile spec-
imens for SSC testing. The fill pass weld
preheat and input energy were varied to
achieve three desired ranges in specimen
peak hardness for each pipe steel. These
parameters were chosen based on the re-
sults of preliminary weld trials. The para-
meters used for the fill passes in each weld
condition appear in Table 2. Condition I,
II, and III welds correspond to hard,
medium, and soft gauge regions, respec-
tively, in the final simulated girth welds.

The weld cap passes were all per-
formed utilizing the low heat input and a
room temperature (RT) preheat in order
to minimize tempering effects, thus im-
proving the predictability of the peak
hardness from preliminary bead-on-plate
weld data. Low heat input weld cap passes
were omitted from the Condition III welds
for both base materials in order to prevent
localized hard spots in these soft weld con-
ditions. The welds were performed at Edi-
son Welding Institute (EWI) using an au-
tomated GMAW station, which allowed
for accurate control of the weld travel
speed.  Each weld pass was visually in-
spected for undercutting, incomplete fu-
sion, and slag. The pertinent welding
process conditions common to all welds
(both X70 and X80) appear in Table 3.
The typical composition for the ER70S-3
filler wire is 0.08% C, 1.1% Mn, and 0.6%
Si. The joined material was milled flat on
the upper and lower surfaces and screened
for defects using X-ray radiography.
Transverse weld tensile specimens were
machined in accordance with the specifi-
cations in NACE TM0177-A — Fig. 4. The
machined tensile specimens contained a
weld centered in the gauge length.

In order to systematically quantify both
the peak weld hardness and hardness dis-
tribution in each tensile sample, weld
hardness mapping was performed. Metal-
lographic sections were isolated from each
weld condition. These sections were taken
from regions of the milled weld plates that
were adjacent to the material machined
for the NACE TM0177-A samples. Each
weld was mounted, polished, and etched
with 2% Nital. The approximate weld cen-
terline was then scribed across the etched
surface as it provided a reference point for
the hardness mapping grid and also aided
sample alignment on the hardness testing
stage. Hardness mapping was performed
using both a Rockwell C indenter and a
Vickers 10-kg indenter — Fig. 5. One half
of each prepared weld was mapped using
a grid of approximately 140 Vickers in-
dents. The opposite half of each prepared
weld was mapped using the Rockwell C
test method. The hardness map did not
span the entire plate thickness, because
the tensile sample gauge could only be iso-
lated from the center region of the plate.
In fact, the map extended into the wall
0.09 in. (2.3 mm) from both the inner and
outer machined plate surfaces, as this dis-
tance is the average difference between
the gauge and shank radii, or half the dif-
ference in diameters: (DS – DG)/2 — Fig.
5. It is clear in Fig. 5 that the tensile bar
specified by NACE TM0177 and the cho-
sen weld geometry did not allow for isola-
tion of actual weld cap regions in the
gauge sections.

Table 1 — API 5L Steel Pipeline Base Alloy
Compositions (wt-%) and Pipe Dimensions

Alloy
X70 X80

C 0.16 0.029
Mn 1.6 1.86
P 0.013 0.008
S <0.003 0.003
Si 0.32 0.35
Ni <0.01 0.11
Cr 0.02 0.06
Mo <0.01 0.25
Cu 0.01 0.22
V 0.08 <0.005
Al 0.03 0.03
Ti 0.01 0.02
Nb 0.04 0.10
CE 0.47 0.45
Pcm 0.26 0.170
OD 34.75 in. 42 in.
t 0.75 in. 0.55 in.

Fig. 1 — X70 long transverse section, 2% Nital etch. A — Fine-grained ferrite; B — centerline segrega-
tion region. F=ferrite; P=pearlite.

Fig. 2 — X80 LT section, 2% Nital etch.
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A test matrix was employed to examine
the effects of weld hardness, applied
stress, and H2S concentration on the SSC
performance of the X70 and X80 welded
samples. The three weld conditions pro-
duced a range in specimen peak weld
hardness. Two applied stresses, 80% and
100% of the specified minimum base
yield, were used in the test matrix. These
high stresses were applied in order to du-
plicate the high residual tensile stresses
encountered in non-postweld-heat-
treated in-service weldments (Ref. 11).
The NACE TM0177-A solution (Ref. 5)
was used as a base solution: 5.0 wt-% NaCl
+ 0.5 wt-% glacial acetic acid in deionized
H2O. A range in H2S concentration was
achieved by bubbling the solution with
100%, 30%, or 10% H2S (balance N2) gas
mixtures. The use of 100% H2S exactly re-
produced the standard test method, but
the H2S-N2 mixtures created a major mod-
ification. The H2S testing was performed
in a special lab at CC Technologies. Prov-
ing rings were used for static load applica-
tion and nitrogen was used for solution
deaeration. All testing procedures out-
lined in NACE TM0177 were followed,
except for the fact that diluted H2S gas

mixtures were used for several testing
schedules.

After specimen removal, each speci-
men was examined optically at 10X in
order to reveal any apparent surface
cracking, as per the NACE TM0177-A
standard. Cracking observed at 10X was
sectioned and metallographically pre-
pared to determine if SSC was the cause.
In addition to the NACE failure criterion,
a more detailed cracking investigation was
performed. Even samples that passed the
NACE criteria were examined for internal
flaws. Details of the failure investigation
procedure and results are given elsewhere
(Ref. 7).

Results

Figure 6 displays the Rockwell C hard-
ness results for the L and LT sections of
each base material. The HV 10-kg mea-
surements were converted to equivalent
HRC values, and are included in Fig. 6 for
comparison (X70 L CONV and X80 L
CONV). The X80 converted HV mea-
surements indicate that HRC 22 was ex-
ceeded in both the inner and outer peak-
hardness bands. Actual HRC test results

show that neither material exceeded the
HRC 22 threshold. In fact, the X70 mea-
surements were well below HRC 20, which
is the lower limit for reporting HRC val-
ues. The highest Rockwell reading in the
X80 material was HRC 22. Comparison
between the actual HRC readings and the
converted Vickers hardness reveals that
the HV technique slightly overestimates
hardness, even where there is not a steep
hardness gradient, such as in the middle of
the plate. However, there is no way to de-
termine which hardness scale provides the
more accurate readings. The HRC mea-
surements may very well underestimate
hardness in this case. In general, due to the
indentation size produced in each hard-
ness scale, Vickers hardness is able to de-
tect localized hard spots and HRC hard-
ness provides an average reading of the
tested area.

The multipass welding employed for
the welds created complex HAZ subre-
gions that have been discussed in the lit-
erature (Ref. 12). These HAZ regions in-
clude the coarse-grained HAZ
(CGHAZ), the grain-refined HAZ
(GRHAZ), the intercritical HAZ
(ICHAZ), the subcritical HAZ (SCHAZ),

Table 2 — Welding Parameters and Hardness Mapping Results

Weld Condition Relative Voltage Current Travel Energy Preheat Hardness Peak Peak Peak HV
Peak Speed Input Range Hardness Hardness Converted

Hardness (Volts) (Amps) (in./min) (kJ/in.) (°F) (HV 10-kg) (HV 10-kg) (HRC) to HRC

X70 Condition I High 23 172 15.7 15.1 Room Temp. 189–295 295 <20 29.1
X70 Condition II Medium 23 172 15.7 15.1 250 185–269 269 <20 25.3
X70 Condition III Low 33 300 14.6 40.7 250 154–236 236 <20 19.8
X80 Condition I High 23 172 15.7 15.1 Room Temp. 190–293 293 20.2 28.8
X80 Condition II Medium 23 172 15.7 15.1 250 199–286 286 <20 27.8
X80 Condition III Low 33 300 14.6 40.7 250 179–247 247 <20 21.8

Fig. 3 — Schematic of through-wall hardness measurements.

Fig. 4 — Schematic of setup for welding of plates to simulate girth welds.

Fig. 5 — Macrograph of indents from hardness mapping overlaid by schematic
of tensile sample shown at proper magnification relative to the weld.
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the intercritically reheated coarse-grained
HAZ (IRCG) and the subcritically re-
heated coarse-grained HAZ (SRCG). The
latter regions were investigated at higher
magnification to characterize the trans-
formations that occurred. Figure 7 dis-
plays micrographs from the CGHAZ re-
gions of both the X70 and X80 Condition
I final welds. The Condition I weld pro-
duced the hardest overall weld mi-
crostructures, which were located in the
CGHAZ. The X70 CGHAZ contained
upper bainite (ferrite sideplates + inter-
plate carbides) and lower bainite (car-
bides within ferrite plates), whereas the
X80 CGHAZ contained only upper bai-
nite. The ferrite portion of the upper bai-
nite adopted a Widmanstätten “basket
weave” that nucleated at a preferred ori-
entation relative to the prior austenite
grain boundaries (Kurdjumov-Sachs rela-
tionship) (Ref. 13). The CGHAZ grain
size was very large relative to the base ma-
terial grain size and exhibited large vari-
ability with position in each weld. Figure 8
displays the CGHAZ regions in the X70
and X80 Condition III welds, which had
considerably higher heat inputs (40 kJ/in.
vs. 15.1 kJ/in.) and a high weld preheat
(250°F) that produced substantially lower
CGHAZ cooling rates. The lower cooling
rates produced a coarser ferrite side plate
structure. The GRHAZ (not shown) in
both alloys was characterized by grain re-
finement compared to the original base
grain size. However, the X70 ICHAZ was
evidenced by the “fuzzy pearlite” mi-
crostructure — Fig. 9. The intercritical
HAZ (ICHAZ) in the X80 was virtually
indistinguishable from the adjacent
GRHAZ. Figure 10 displays the intercrit-
ically reheated coarse-grained HAZ
(IRCG) microstructure encountered in
both X70 and X80 multipass welds.
Austenite islands nucleated in the
CGHAZ grain boundaries, and also in the
grain interiors during reheating from an
overlay weld pass (Ref. 14). Upon cooling,
the austenite islands can transform into
twinned martensite (Ref. 14).

A hardness map of the X70 Condition
I sample appears in Fig. 11. The peak
hardness measured in the X70 Condition
I weld was 295 HV. Relatively high hard-
ness regions were encountered deep
within the weldment. The hardness data
generated from the six hardness maps is
summarized in Table 2. There is a general
reduction in peak sample hardness from
Condition I to Condition III in both ma-
terials, indicating that the change in weld-
ing parameters had the desired effect.
Peak HV 10-kg hardness measurements
were located in the CGHAZ, close to the
fusion boundary, in all welds. It was diffi-
cult to accurately center HRC measure-
ments on the CGHAZ due to the indent
size and sample manipulation. The Vick-

Table 3 — Welding Conditions

Process: Automated GMAW
Welding Wire: ER70S-3 

(S: Solid Wire,
3: Med Silicon,
0.045 in.)

Shielding Gas: 75Ar-25CO2

Contact-Tip-to-
Work Distance: 3⁄4 in.

Table 4 — Condition I Final Weld Hardness
(HV 10-kg) in Cap and Tensile Sample

X70 X80

Cap Range 299–336 284–295
Weld Peak 336 295
Sample Peak 295 293

Table 5 — Results of SSC Test Matrix 

Condition I
X70 High Hardness X80 High Hardness

(Peak 310 HV 10-kg) (Peak 293 HV 10-kg)
80% Yield 100% Yield 80% Yield 100% Yield

10% H2S FN HAZ DEF HAZ FI (Base Metal) P
30% H2S FN HAZ FN HAZ DEF (Base Metal) P

100% H2S FN HAZ FI HAZ FN HAZ DEF HAZ

Condition II
X70 Medium Hardness X80 Medium Hardness
(Peak 269 HV 10-kg) (Peak 286 HV 10-kg)

80% Yield 100% Yield 80% Yield 100% Yield

10% H2S FI (Base Metal) FI (Base Metal) P FI (Base Metal)
30% H2S P P FI (Base Metal) DEF HAZ

100% H2S FI WM DEF WM DEF HAZ DEF HAZ

Condition III
X70 Low Hardness X80 Low Hardness
(Peak 236 HV 10-kg) (Peak 247 HV 10-kg)

80% Yield 100% Yield 80% Yield 100% Yield

10% H2S P FI HAZ P DEF HAZ
30% H2S P FI HAZ FI (Base Metal) DEF HAZ

100% H2S P FN WM P DEF HAZ

Key: FN – NACE Failure; FI – Internal Failure (passed NACE criteria); P – Pass; DEF – Double-Ended Fracture. 

Fig. 6 — Base material through-wall hardness traverses. L and LT indicate traverses in the longitudi-
nal and long transverse sections, respectively. L CONV indicates HV 10-kg data from the longitudinal
section converted to the HRC scale.
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ers testing equipment was equipped for
accurate placement of indents within
thousandths of an inch. The HRC test
equipment did not have these capabilities,
and difficulty sampling specific regions
was further increased due to optical paral-
lax and poor sample lighting. 

The HRC hardness values are substan-
tially lower than the converted Vickers
data, especially when comparing the hard-
ness values obtained in or around the
CGHAZ from either method. In fact, no
HRC weld measurement exceeded HRC
22, while measurements exceeding HV
248 (equivalent to HRC 22) were numer-
ous in the Condition I and II weldments in
both materials. Table 2 demonstrates that
the conversions of the peak Vickers mea-
surements to equivalent HRC values
could not be reproduced with the Rock-
well C test method. For example, the X70

Condition I results indicate a peak weld
hardness of 29.1 HRC when converted
from the Vickers measurement (295 HV),
but the actual peak HRC measurement
was below the reportable limits of the
HRC test method (<20 HRC). 

As described above, the hardest re-
gions in the final cap weld regions could
not be isolated in the reduced-diameter
tensile gauge section due to geometric
constraints. Peak weld hardness measure-
ments were performed on the X70 and
X80 Condition I full-weld cross sections in
order to determine the peak weld (as op-
posed to sample) hardness. The testing fo-
cused on the CGHAZ in the untempered
cap passes. The Condition II and III welds
were not tested, because the Condition II
weld cap passes employed a different pre-
heat (RT) than the underlying passes
(250°F) in order to minimize tempering,
and the Condition III welds did not con-
tain cap passes. The peak weld measure-
ments were then compared to peak sam-
ple hardness values (determined by the
weld hardness maps), as shown in Table 4.
The underlying X80 Condition I welds
were not tempered significantly, as the
hardness difference between the peak cap
hardness and the peak sample hardness is
only 2 HV. However, the X70 underlying
weld passes were tempered significantly
when compared to the peak cap hardness.
This tempering effect may have a signifi-
cant influence on extrapolation of the SSC
testing results to allowable in-service cap
weld hardness.

Vickers hardness measurements in
each respective weld region were tabu-
lated from inspection of the hardness
maps. The mean hardness values for each
weld region in both the X70 and X80 welds
are given in Figs. 12 and 13, respectively.
The X80 Condition III (Fig. 13) weld ex-
hibits considerable softening in the
ICHAZ and IRCG regions such that mea-
sured hardness values were lower than the
minimum base metal hardness. A signifi-
cantly lower strength can be expected in
these regions. This softening has been re-
ported in the HAZ of TMCP steels (Ref.
15). While the Condition III welding pa-
rameters produced a relatively soft
ICHAZ and SCHAZ microstructures in
the X70 material, these regions remained
within the base metal hardness range. 

The results of the sulfide stress crack-
ing tests are given in Table 5. The failures
are distinguished in Table 5 according to
the nature of the failure. NACE failures
were observed at 10X, and complete dou-
ble-ended fractures (DEF) or samples
that experienced complete separation are
denoted. The crack initiation region is de-
noted for each DEF. Internal failures were
found solely by either scanning electron
microscope (SEM) investigation or metal-
lographic cross-sectioning. Base metal
failures are distinguished from the typical
weld metal (WM) or heat-affected zone
(HAZ) failures. Repeat tests were per-
formed on each weld condition at 100%
YS and 100% H2S, and are discussed else-
where (Ref. 7).

The SSC testing revealed that the X70
Condition I welds were not suitable for
sour service, failing even when exposed to
lower H2S concentrations, despite being
below HRC 22. The peak HRC hardness
values for all welds were below HRC 22,
and the peak HV 10-kg values are in-
cluded for each weld condition in Table 5.
Post-exposure hardness testing around an
internal crack indicated that the X70 I
welds contained higher hardness than de-
termined with the hardness mapping (310
HV vs. 295 HV). Ignoring the base metal
failures (since the high applied stresses
were meant to duplicate weld residual
stress), the X70 II, X80 I, and X80 II welds
exhibited SSC resistance at lower H2S
concentrations despite their high hardness
(> 248 HV). Surprisingly, the soft X80 III
welds were highly susceptible to complete,
double-ended SSC fracture. The X70 and
X80 Condition III welds failed at 100%
YS, at all concentrations of H2S. The ap-
plied stress seemed to dictate SSC resis-
tance in the Condition III welds, as these
welds were resistant at 80% YS. Metallo-
graphic examination and SEM fractogra-
phy indicated that brittle SSC crack prop-
agation was typically associated with the
CGHAZ and IRCG in the double-ended

Fig. 7 — Microstructure of CGHAZ for Condition I welds of X70 (left) and X80 (right).

Fig. 8 — Microstructure of CGHAZ for Condition III welds of X70 (left) and X80 (right).

Fig 9 — Interface between SCHAZ and ICHAZ
in X70.
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fractures. The base metal failures in the
X70 were associated with the centerline
segregation region (CSR). In some sam-
ples, SSC was observed in the CSR if and
when it intersected the sample surface. An
example of cracks formed at the intersec-
tion of the CSR with the surface is given in
Fig. 14A. Internal SSC cracking was also
observed if the CSR intersected the
ICHAZ, rather than emerging on the sam-
ple surface — Fig. 14B. The X70 III welds
failed in this manner.

Discussion

NACE MR0175 requires that carbon
steels and their weldments utilized in sour
service conditions not exceed HRC 22
(Ref. 1), thereby placing importance on
the predictive capabilities of the Rockwell
C test method. However, HSLA weld
hardness testing is typically performed
using the Vickers hardness measurement
technique (Refs. 16, 17) because of the dif-
ficulty of measuring narrow HAZ regions
in low heat input welds. The relatively
large HRC indenter senses an average of
the hardness of a narrow heat-affected
zone (Ref. 18). This difference in size be-
tween the Vickers and HRC indents is
portrayed accurately in the X70 Condition
I hardness map in Fig. 11. The inability of
the HRC test method to test narrow HAZ
regions is evidenced by the disparity be-
tween the HRC and Vickers testing results
produced by this study. The HRC weld
measurements were consistently lower
than converted Vickers measurements.
This difference was also exhibited in the
base metal hardness traverses. However,
there was a systematic difference between
the measured base metal HRC values and
the converted HV values. The converted
HV values overestimated the measured
HRC values by about 2–3 HRC points in
the base metal. On the other hand, the dif-
ference between the converted HV weld
measurements and the HRC weld mea-
surements varied by as much as 9 HRC
points (X80 I, Table 2). This deviation can-
not be attributed to the error in the hard-
ness conversion equation alone. Rather, it
implicates the averaging effect of the
HRC indenter. Figure 15 shows individual
Vickers hardness traverses from each X70
weld hardness map (Conditions I, II, and
III). Very steep gradients in hardness are
seen in the HAZ, especially in the Condi-
tion I weld. The X70 Condition I weld ex-
hibited a change in hardness of about 60
HV over a distance of 0.03 in. This dis-
tance is comparable to the diameter of the
HRC indent, which ranged from 0.034 to
0.038 in. in these materials. The same av-
eraging effect was also found in the X80
welds. In short, the HRC technique does
not have the appropriate hardness resolu-

tion required for characterizing low heat
input weld HAZs. 

The comparison between the HRC and
HV test methods has strong implications
on the conservatism of both the NACE
MR0175 and BS4515 materials require-
ments when considering sour service
welding applications. Because the HRC
test method cannot accurately test narrow
HAZ regions, the HRC requirement is not
conservative when applied to low heat
input welds. This view is based on the fact
that hardness depends on the microstruc-
ture, which, in turn, reflects susceptibility
to sulfide stress cracking (Ref. 19). If very
hard regions (more susceptible) exist in a
weldment that cannot be characterized
with the HRC method, then any standard
based on this measurement would not be
conservative. 

The results of the hardness testing in
this work also have implications on the
comparison between the NACE MR0175
requirements (<HRC 22) and the relax-
ation in weld hardness afforded by the
BS4515 standard. As of July 1989, BS4515
has permitted weld cap hardness values up
to 275 HV (HRC 26) (Ref. 20). This re-
laxation was based on work performed by

Robinson on as-welded X60 pipe, in which
he suggested that average hardness as
high as 370 HV (HRC 38) was permissible
under similar hydrogen absorption condi-
tions without externally applied stress
(Ref. 20). Later work by Walker led to fur-
ther relaxation in the BS4515 require-
ment, allowing peak cap hardness of 300
HV (HRC 30) in outer cap regions in
stressed pipes (Refs. 20, 21). However,
caution should be exercised when apply-
ing Walker’s HRC results, as these values
were determined by conversion of mea-
sured HV values, not by direct measure-
ment (Ref. 20). The HRC 22 limit was rec-
ommended for weld regions exposed
directly to sour environments by both
Robinson and Walker, and adopted by
BS4515 (Refs. 20–22). However, this value
was based on test results involving welds
characterized only with the HV test
method (Ref. 20). Hardness mapping in
this work showed that welds containing
hard regions on the order of 295 HV only
registered peak HRC readings of 20–21.
Presumably, welds with HV readings in ex-
cess of 300 HV would still only register
HRC 22 or less, depending on the width of
the HAZ. Therefore, there may not be a

Fig. 10 — Intercritically reheated coarse-grained HAZ for X70 (left) and X80 (right).

Fig. 11 — X70 Condition I hardness map. The symbols represent the locations of the indents, and the
size of the symbols represents the approximate size of the indents. The hardness scale is given on the
right.
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large difference between the NACE
MR0175 and BS4515 standards when
qualifying low heat input welds in HSLA
materials. 

The results of the SSC testing portion
of this work and extrapolation to service
are discussed in more detail elsewhere
(Ref. 8). In general, the X70 welds (ex-
cluding base material failures) exhibited
an increase in SSC susceptibility with in-
creased weld peak hardness, as would be
expected based on the long-standing cor-
relation between hardness and SSC sus-
ceptibility (Ref. 1). The X70 I weld was
produced without preheat and generated
the highest hardness measurement (310
HV). The high hardness coarse-grained
heat-affected zone (CGHAZ) was pre-
dominantly implicated in both complete
fractures and terminal cracking. Gener-
ally, post-test hardness testing showed
good agreement with the hardness map-
ping results other than the X70 I welds as
discussed above and the X80 III welds as
discussed below. The X70 II welds (15.1

kJ/in., 250°F), which contained hard re-
gions exceeding 248 HV (HRC 22), failed
in the standard TM0177 tests (100% H2S)
at both applied stresses, yet exhibited re-
sistance with lower H2S concentrations
(10%, 30% H2S). The failures that did
occur in the X70 II welds were in the base
metal and fusion zone. The X70 III welds
(<248 HV) exhibited no susceptibility
with the lower applied stress (80% YS),
yet failed under the more aggressive test-
ing conditions with the high applied stress
(100% YS). The failures in the X70 III
welds were either associated with weld in-
clusions or SSC at the IRCG/CSR inter-
face. The X70 II and III welds were, to
some degree, resistant to SSC, whereas
the X70 I weld was determined not to be
suitable for sour service, with a peak sam-
ple hardness of 310 HV (10kg).

The X80 welds exhibited very interest-
ing trends when considering only those
failures that occurred in welded regions
(not base metal failures). Increasing hard-
ness tended to increase resistance to SSC,

especially at the applied stress equivalent
to 100% of the specified minimum yield of
the base material (80 ksi). The Condition
I X80 weld exhibited good resistance to
the modified NACE TM0177 testing con-
ditions (10%, 30% H2S). The Condition II
weld was more susceptible under more se-
vere testing conditions, and failed at 100%
YS, 30% H2S, where the Condition I weld
did not.  The X80 Condition III (Peak HV
= 247 HV) weld exhibited poor perfor-
mance at 100% YS. The applied stress
level dominated the SSC susceptibility.
The fact that susceptibility increased with
lower hardness for the same applied stress
and H2S conditions suggests that the lo-
calized ICHAZ and IRCGHAZ softening
may play a role in SSC susceptibility for
the X80 welds.  

Fracture analyses implicated not only
the influence of the high-hardness
CGHAZ on cracking and complete fail-
ure, but also the importance of the inter-
critically reheated heat-affected zone
(IRCG) and, in the X70 samples, the
ICHAZ/CSR intersection. The deleteri-
ous effect of the CGHAZ, ICHAZ, and
IRCGHAZ regions on SSC performance
has been reported by several investigators.
One property shared by each of these re-
gions is that they all have shown the po-
tential to contain martensite-austenite
(MA) constituent (Refs. 14, 23, 24). The
volume-fraction of MA constituent has
been linked to a lack of toughness (Ref.
10). Not only is the MA constituent brittle
itself, it creates stress concentrations in
the surrounding matrix (Ref. 14). Double
thermal cycling of the CGHAZ during
multipass welding creates the IRCG. The
CGHAZ and IRCGHAZ weld regions
were implicated either in crack initiation
or propagation in most of the welds tested.
The upper bainite CGHAZ is recognized
as a low toughness microstructure (Refs.
12, 24). Heat treatment has not been
shown to improve the low toughness of
this region (Ref. 24). The CGHAZ and
IRCG zones may be susceptible to SSC
cracking due to MA constituent, which
can comprise the carbide phase in upper
bainite (CGHAZ) or decorate the prior
austenite grain boundaries in the IRCG
(Refs. 12, 23). MA constituent has been
shown to reduce toughness of the ICHAZ
substantially (Ref. 24), and promote inter-
and transgranular cracking (depending on
location) (Ref. 24). 

In the X80 Condition III welds, the
IRCG zone was particularly susceptible to
crack initiation and propagation, espe-
cially at applied stresses of 80 ksi. The X70
Condition III weld did not exhibit this
same high susceptibility to either com-
plete fracture or terminal cracking, de-
spite the use of the same welding parame-
ters (40 kJ/in., 250°F preheat). The X80 III

Fig. 12 — Mean hardness for different regions in X70 welds.

Fig. 13 — Mean hardness for different regions in X80 welds.
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IRCG and ICHAZ were softened consid-
erably when compared to the base metal
— Fig. 13. It is reasonable to assume that,
due to the localized softening, strain lo-
calization occurred predominantly in
these softened zones during loading.
Therefore, plasticity was introduced into
the X80 III samples and possibly the X80
II samples. This preferential straining in
softened weld regions is mentioned by
Pargeter and Gooch, who attributed SSC
cracking in the ICHAZ of a welded TMCP
steel to this phenomenon (Ref. 19). Lo-
calized deformation in this region may
also account for the higher post-test HV
hardness values in the X80 III IRCG rela-
tive to the as-welded values reported in
the hardness maps. In the X70 welds, SSC
susceptibly decreased with lower hardness
and the same degree of softening exhib-
ited in the X80 III welds was not observed
in the IRCG and ICHAZ regions. The
mean hardness values of these regions in
all weld conditions were within the base
metal hardness range. High heat input
welds are not recommended for these
types of steels, but were used in this study
in order to examine the effect of low weld
hardness. 

Presumably, the X70 Condition I weld
is more susceptible to SSC than the X80 I
weld because of its higher carbon content
(0.16 vs. 0.029 wt-%). Higher carbon
equivalents and higher carbon content are
directly related to higher hardness and the
amount of MA constituent (Ref. 10). It has
been established that extra-low-carbon
steels are more resistant to SSC in as-
welded conditions, due to the absence of
highly susceptible martensite (Ref. 25).
The higher manganese and low sulfur
would promote higher hardenability of
CGHAZ and IRCG in the X80, so the low
phosphorus and carbon content in each
alloy probably dominates the toughness re-
sponse (Refs. 10, 19, 26, 27). Mn and S seg-
regate in the grain boundaries, the former
promoting the formation of martensite
and the latter promoting ferrite formation.
The effect of austenite island (MA precur-
sor) hardenability on ICHAZ toughness
was shown by Fairchild et al. (Ref. 12). 

The X80 Condition I weld HAZ was
much more resistant to SSC than the X70
Condition I HAZ, especially considering
the values of the absolute stresses im-
pressed on this region in the respective al-
loys. Failures were focused in the CGHAZ
and IRCG in these conditions. The ther-
momechanical history of the alloy is essen-
tially erased in the CGHAZ due to the high
austenizing temperatures and the CGHAZ
is typically the hardest (strongest) weld re-
gion, so the base metal yield strength
means little in this weld region. The IRCG
results from reheating of the CGHAZ, so
its microstructure is independent of ther-

momechanical history of the alloy. The X80
Condition I CGHAZ/IRCG was resistant
to SSC (at lower H2S concentrations) at ap-
plied stresses equivalent to 80 ksi (100%
base YS), while the X70 failed under simi-
lar conditions at applied stresses of 57 ksi
(80% base YS). This may be a result of the
deleterious effects that increasing carbon
content has on weld performance. Nor-
mally, comparison of steel susceptibility to
SSC based on absolute stresses is not mean-
ingful. On the other hand, as the strength
of the steel (UTS) increases, the suscepti-
bility to SSC is expected to increase.

Alternatively, low carbon martensite
formation (on a larger scale than in the
MA constituent) in the X70 CGHAZ may
have produced the high susceptibility to
cracking observed in the X70 I Condition.
The presence of martensite was not con-
firmed with optical or SEM methods.
However, the tempering response ob-
served in this weld region upon compari-
son of the peak cap CGHAZ hardness to
underlying CGHAZ hardness values may

suggest the formation of low carbon
martensite. Further characterization
would be required to affirm its presence. 

Conclusions

• The Rockwell C hardness test
method does not accurately characterize
hardness in narrow heat-affected zones
(HAZ) due to an averaging effect pro-
duced by the large indenter size.

• The HRC 22 threshold hardness is a
nonconservative criterion for weldments
in sour service carbon steels because of av-
eraging effects in narrow HAZ regions.

• The HV 10-kg technique is recom-
mended for characterizing peak weld
hardness with the low heat input welds in-
vestigated in this study (~15 kJ/in.), and is
warranted as an alternative to the Rock-
well C method on carbon steel welds in
conjunction with the NACE MR0175 re-
quirements.

• A maximum hardness of 248 HV
should be maintained for carbon steel

Fig. 14 — Sulfide stress cracks associated with the center segregated region (CSR). The arrows show the
stress orientation. A — Surface cracks; B — internal cracks associated with the ICHAZ.

Fig. 15 — HV 10-kg hardness traverses for welds in X70 with different weld conditions.
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base materials and regions of carbon steel
weldments that are in direct contact with
sour service environments.

• The Rockwell C method did not re-
produce the high HAZ hardness values
measured using the HV 10-kg technique
in narrow heat-affected zones. Therefore,
the relaxation in allowable hardness af-
forded by BS 4515 should only be used in
context with the appropriate Vickers mea-
surements, as the relaxation recommen-
dation was based on testing of welds char-
acterized using actual HV measurements,
not actual HRC measurements.

• The martensite-austenite (MA) mi-
croconstituent that has been attributed to
low HAZ toughness contributed to low
SSC resistance in the HAZ.

• The low-carbon (~0.03 wt-% C) X80
steel was subject to HAZ softening rela-
tive to the base metal, which increased
SSC susceptibility due to strain localiza-
tion. A minimum HAZ hardness may be
justified for these types of steels.

• The low-carbon (~0.03 wt-% C) X80
steel was more resistant to SSC in the as-
welded condition and tolerated much
higher absolute tensile stresses than the
as-welded X70. In general, based on ex-
perimental observations (Table 5), X80
pipe steel was more resistant in Condition
I than X70. However, X70 steel was more
resistant in Condition III than X80. 

• SSC experiments showed that the
centerline segregated region (CSR) in
control rolled steels is susceptible to SSC,
and may dictate both alloy and weld sus-
ceptibility.

• The NACE failure criteria were not
adequate for detecting internal SSC
cracking associated with the CSR/weld in-
tersection. A more detailed metallo-
graphic evaluation is recommended for
carbon steel weldments in which the base
metal contains a CSR. Otherwise, the
NACE criteria were adequate for detect-
ing weldment failures.
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