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1. Introduction

  While the petroleum industry holds manifold corrosive 
environments, corrosion costs in the oil industry are bil-
lions of dollars a year. Specifically, petroleum and natu-
ral gas system contaminated with aqueous H2S are very 
aggressive to the steels used in the transport and proc-
essing of these products. In the presence of applied 
stress and residual stress, the failure process can occur 
either by sulfide stress cracking (SSC) or stress oriented 
hydrogen induced cracking (SOHIC) through hydrogen 
embrittlement. The SSC occur mainly for API linepipe 
grades steels1).
  The resistance of linepipe steels to SSC is related to 
the microstructures. Elongated MnS inclusions are the 
susceptible sites for SSC initiation as hydrogen atoms 
can easily accumulate at the interface between the steel 
matrix and non-metallic inclusions. Under the same 
strength level, microstructural changes from ferrite/ 
pearlite mixtures to tempered martensite in the steel are 

effective in improving its SSC resistance2). It has been 
also noted that low carbon bainite of low carbon bain-
ite/ferrite mixtures can improve the SSC resistance of 
the linepipe steels.  
  In general, the heat-affected zone (HAZ) of a weld is 
apt to be hardened during welding. The hardened mi-
crostructures are usually sensitive to hydrogen-induced 
cracking (HIC). To avoid the formation of such suscep-
tible microstructures, the carbon equivalent or the alloy-
ing element additions are limited3,4). Significant advances 
in the steel-making process have been achieved by the 
combination of the controlled rolling with on-line accel-
erated cooling process, which is generally known as 
thermo - mechanical control process (TMCP). The mi-
crostructures of TMCP steels could be significantly re-
fined by rapid cooling, resulting in a remarkable im-
provement on strength and toughness of the steels. A re-
sidual stress effect was discussed for on SSC.
  The SSC limit of smooth specimens was 46 % of the 
ultimate tensile strength of an A106 Gr B steel pipe 
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weld because of residual stress5). Other researchers an-
nounced that the SSC limit was increased up to SMYS 
90 % at the uniform residual stress6). 
  On the other hand, the oil and gas industries have 
growing demand for the use of high strength low alloy 
(HSLA) steels due to the cost savings they afford, espe-
cially in long piping systems that transport crude oil or 
natural gas. Welding processes are utilized to produce 
pipeline segments (seam and spiral welds) and join 
pipeline segments (girth welds) in the field. The per-
formance of HSLA pipeline steels in sour environments 
depends on the steel grade and may be strongly affected 
by the presence of a weld which may enhance suscepti-
bility to SSC. An important aspect of HSLA weld hy-
drogen degradation is that cracking has both character-
istics of SSC and stress oriented hydrogen induced 
cracking (SOHIC). Typically, SSC occurs in the hard 
HAZ area and is oriented perpendicular to the applied 
stress. SOHIC, however, occurs in the softer base mate-
rial or the softened HAZ regions, which, under load, ex-
periences strain localization owing to local softening7).
  This study focuses on the mechanical performance and 
SSC resistance of seam welds for pipeline segments 
with various heat input. In an attempt to study a low 
carbon equivalent TMCP type API-X65 grade steel was 
welded by the conventional tandem submerged arc 
welding, and metallurgical, mechanical and SSC char-
acteristics were evaluated. So, the relationship between 
microstructure and SSC behavior of API X65 steel 
weldment was investigated.

2. Experimental Procedure

2.1 Base metal

  A low carbon equivalent TMCP type API-X65 grade 
steel with a 21 mm thickness was used in this study. 
Chemical composition and mechanical strength are 
shown in Tables 1 and 2, respectively. The carbon con-
tent of the base metal was 0.05% and Cr was added to 
produce the ferrite of needle type. The base metal has 
yielded strength of 494 MPa and tensile strength of 595 
MPa.

2.2 Welding preparation

  To investigate the effect of welding process on micro-
structure and hardness distribution, the submerged arc 

welding (SAW) were performed. Fig. 1 shows the ex-
perimental configuration of SAW system with tandem 
electrodes. Welding conditions are shown in Table 3. 
Fig. 2 shows the groove morphology for the SAW process. 
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Fig. 1 Experimental configuration of submerged arc 
welding process used in this study
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Fig. 2 Groove shape of the SAW. (a) Low heat input (b) 
High heat Input

(mass%) C Si Mn P S Ti Nb V Cr Ni Cu

API X65 0.05 0.3 1.2 0.005 0.01 0.02 0.04 0.05 0.1 0.2 0.2

Table 1 Chemical composition of used steel 

Thickness
(mm)

YS
(MPa)

TS
(MPa)

vE-15℃
(J)

21 494 595 460

Table 2 Mechanical properties of used steel
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Single pass SAW on both sides of plates was carried out 
with a heat input of about 15kJ/cm and 25kJ/cm per pole 
and a welding speed was 0.9 and 0.6 m/min, respectively.

2.3 SSCC test 

  The carbon equivalent CE (IIW) and the cracking pa-
rameter Pcm was 0.32 % and 0.14 %, respectively. The 
CE parameter strongly influences the hardness of the 
completed weld and HAZ, which, in turn, will determine 
the weld suitability for sour service, according to 
NACE MR 0175 and TM 0177. The Pcm, on the other 
hand, provides a measure of resistance to weld hydro-
gen cracking. From these parameters, the present mate-
rial was estimated to have an excellent weldability and 
resistance to sour service. 
  The sulfide stress cracking test was carried out as 
specified in NACE TM--0177-96 Method A (Fig. 3). 
Fig. 4 shows the tensile specimen used for the SSC test. 
The corrosion solution was solution A: 5 wt% NaCl + 
0.5 wt% glacial acetic acid. The test temperature was main-
tained at 24 ± 3 ℃ and the pH was 2.7 - 3.5. The H2S gas 
was continuously supplied at a rate of 0.5-1 mL/min in a 
continuous flow throughout the experiment. The load 
was measured in four steps of yield strength: 72-108 %.

2.4 Microstructure evaluation

  The microstructures in welds were observed with opti-
cal microscopy using an etchant of 3% nital solution. 
Hardness data were obtained from a conventional hard-
ness tester using 5 kg load on weldment. After the SSC 
test, specimen was cut off in parallel to the tensile to 
observe the microstructure.

3. Results and Discussion

3.1 Weld microstructures for various heat inputs

  The as-received microstructure of the X65 grade pipe 
steel consisted of fine-grained ferrite and a small vol-
ume fraction of pearlite as shown in the longitudinal 
section of Fig. 5. A heavily banded center line segrega-
tion region was not observed. This microstructure was 
mainly resulted from the chemical composition having 
a low carbon equivalent content. The fine-grained fer-
rite matrix containing a large fraction of newly re-
crystallized grains indicated that the steel experienced a 
thermo-mechanical processing. 
  Among the various microstructural regions in HSLA 
steel welds, coarse grain heat affected zone (CGHAZ) 
and inter-critical HAZ (ICHAZ) are the most concerned 
regions from the SSC point of view. The CGHAZ is 

Heat Input(kJ/cm)
Total

DC AC

Low heat input
Inside 15 13 28

Outside 16 13 29

High heat input
Inside 25 25 50

Outside 25 25 50

Table 3 Welding conditions for submerged arc welding 
used in this study
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Fig. 3 Schematic arrangement of test equipment for Me- 
thod A - NACE Standard Tensile Test(TMS-0177)

Dimension (mm) Standard specimen 

D 6.35 

G 25.4 

R 15 

Fig. 4 Schematic diagram of specimen for SSC test

20㎛

Fig. 5 A typical microstructure of base metal showing a 
fine grain ferrite matrix and a small fraction of 
pearlite
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typically the hardest region in steel welds and closely 
related with the occurrence of SSC. The ICHAZ is heat-
ed into the two phase field, allowing the nucleation of 
small clusters of austenite in the ferrite grain boundaries. 
As like mentioned by Takahiro et al.8) SSC mainly oc-
curs in this softened ICHAZ region. Therefore, the mi-
crostructures in these two regions were compared for 
the different welding conditions. 
  Fig. 6 shows microstructures of CGHAZ for each 
welding conditions. The CGHAZ microstructure in high 
heat input consisted of coarsened bainite and ferrite, 
while the corresponding region in low heat input was 
mainly composed of granular bainite. In high heat in-
put, larger weld input energies promote longer times at 
elevated temperature in the CGHAZ, increasing austen-
ite grain growth, whereas more rapid cooling rate in 
low heat input in conjunction with the small austenite 
grain size, promotes the formation of bainitic trans-
formation products. 
  The microstructures in ICHAZ regions were revealed 
in Fig. 7. The ferrite grain size in this region appeared 
to be much finer than that of base metal, and at the low 
heat input weld appeared to be much finer than that of 
high heat input weld. Also, as shown in Fig. 10, the 
hardness of low heat input weld was little higher than 
that of high heat input weld at the ICHAZ region. In 
spite of having a finer microstructure, SSC has been 

shown to occur in this softened sub and intercritical 
HAZ regions when the material is a low strength steel 
or a low carbon TMCP steel. 
  The microstructures of weld metal on each heat input 
were compared in Fig. 8. The weld metal microstructure 
in high heat input was typically composed of a coars-
ened grain boundary ferrite surrounding acicular ferrite, 
and a small fraction of bainite, while, in low heat input, 
the microstructure revealed a finer acicular ferrite sur-
rounded by grain boundary ferrite formed along the prior 
austenite grain boundaries. From these microstructural 
evaluation for the two welding conditions, the weld 
metal in low heat input showed a finer microstructures 
than those of high heat input, which may be mainly at-
tributed to the difference in heat input applied. 
  The ICHAZ can be characterized by a high tendency 
towards formation of Martensite - Austenite (M-A) 
constituent. In this study, a small fraction of the M-A 
constituent was observed in the ICHAZ region, 0.9 
area% at low heat input and 0.2 area% at high heat in-
put (Fig. 9). 

3.2 Hardness distribution and softening behavior 
for various heat inputs

  The hardness of carbon steels currently determines 
their fitness for sour environments according to NACE 

Microstructure for CGHAZ
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heat
input

50㎛

Low
heat
input

50㎛

Fig. 6 Comparison of coarse grained HAZ microstructure
in weldment

Microstructure for ICHAZ
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heat
input

50㎛

Low
heat
input

50㎛

Fig. 7 Comparison of ICHAZ microstructure for each 
heat input
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MR0175, which requires carbon steel and its weldments 
of a Rockwell C hardness (HRC) lower than 22 (equi- 
valent to 248 Hv) for these applications. Steels exceeding 

the HRC 22 threshold are more susceptible to SSCC. On 
the other hand, various HAZ regions in TMCP steels 
are actually susceptible to softening as welding alters 
the thermo-mechanical history of the base metal. If the 
locally softened regions exist in HAZ, SOHIC could be 
easily happened. Therefore, hardness distribution across 
weldment was evaluated for the two different welds to 
investigate the above mentioned hardening and/or soft-
ening behavior. 
  Fig. 10 shows Vickers hardness distributions for each 
welding condition. Neither weld exceeded the Hv 248 
threshold. The base metal had about Hv 200, while the 
hardness in weld metal was in the range of Hv 220-230. 
Instead of hardening in CGHAZ, softening on the HAZ 
near base metal occurred regardless of welding condi- 
tions. The softened region was well coincident with 
ICHAZ regions in each weld. 
  To clarify the softening behavior in ICHAZ regions, a 
hardness ratio of HAZ to base metal was defined for 
comparison. The ratio of softening on ICHAZ was 
about 0.86 for low heat input and 0.81 for high heat in-
put, indicating that more severe hardness drop occurred 
in the high heat input weld. With regard to the different 
softening ratio obtained from the two welding conditions, 
the ferrite grain coarsening behavior in ICHAZ was 
considered to be one of potential reason. Smaller heat 
input energy in promoted shorter times at elevated tem-
perature in the ICHAZ, prohibiting ferrite grain growth 
more effectively and increasing the hardness in the 
ICHAZ.

3.3 SSC behavior in SAW weldment

  The presence of weldments in linepipe exposed to sour 
environments significantly affects their susceptibility to 
SSC, primarily due to localized regions of low tough-

Microstructure on weld metal
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Fig. 8 Comparison of microstructure on weld metal for 
each heat input
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Fig. 9 Distribution of M-A constituent of ICHAZ area. 
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ness or localized strain, in combination with high re-
sidual stresses. Two types of sulfide stress cracking are 
observed in weldments. The first is HIC (Hydrogen 
Induced Cracking) inducing SSC, which is called 
SOHIC (Stress Oriented HIC), second is hydrogen 
cracking at hard portions such as HAZ near fusion line. 
But the SOHIC occurs in softest region such as softened 
HAZ.
  The SSC testing revealed that the API X65 SAW low 
heat input weld was suitable for sour service, satisfying 
the NACE requirements as shown in Fig. 11. However, 
in case of high heat input, specimens were failed at the 
ratio of 72 % yield stress condition, not satisfying the 
NACE requirements. Fig. 12 shows the specimens after 
SSC test. All the specimens failed during or after SSC 
tests showed that the crack was initiated and propagated 
along the ICHAZ region as a typical SOHIC type. The 
fractured specimen indicated a crack path along the 
ICHAZ region.
  Figs. 13 and 14 show the variation of pearlite and M-A 
constituent fractions, respectively. Pearlite is in fact a 
mixture of two phases, ferrite and cementite (Fe3C). It 
forms by the cooperative growth of both of these phases 
at a single front with the parent austenite. As can be 
seen in Fig 13, the fraction of pearlite was mostly same 

for the CGHAZ and the base metal for the various heat 
inputs, but it differs in the ICHAZ region. .It can be 
seen that the larger the heat input in the ICHAZ region, 
the higher the fraction of pearlite. It is considered that 
the cooling rate is slowed due to the influence of high 
heat input and the generation and growth of pearlite are 
promoted. Also, the ICHAZ forms during peak temper-
ature heating between approximately 730℃ and 850℃. 
It corresponds to the temperature at which a mixed 
structure of ferrite and cementite is formed at the Fe-C 
system. It is considered to be related to the SSC behav-
ior of API X 65 steel weldment. This is because the 
pearlite can be a hydrogen trapping site that causes 
SSC. Fig. 14 shows the distributions of M-A constituents 
with weldment positions. There is no significant differ-
ence in the welds according to the heat input. However, 
the SSC lifetime of low heat input weld specimen is sat-
isfied the NACE requirement. Therefore, the M-A con-
stituent fraction was not related to the SSC behavior in 
this study.
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Fig. 11 SSC test results of API X65 grade steel weldment
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Fig. 12 The macrographs showing SSC tested specimens 
from low heat input weldment

CGHAZ ICHAZ BM

Location in weldment

57kJ/cm
100kJ/cm

10

8

6

4

2

0

Fr
ac

tio
n 

of
 p

ea
rli

te
(a

re
a 

%
)

Fig. 13 Comparison of pearlite fraction for each heat in-
put

Location in weldment
BM ICHAZ

0.0

0.5

1.0

1.5

2.0

2.5

3.0
57kJ/cm 

100kJ/cm 

Fr
ac

tio
n 

of
 M

-A
 c

on
st

itu
en

t (
ar

ea
 %

)

Fig. 14 Comparison of M-A constituent fraction for each
heat input



Byoung-Hyun Yoon 

280  Journal of Welding and Joining, Vol. 36, No. 3, 2018

44

4. Conclusions

  To investigate the SSC resistance of API X65 grade 
steel weldment, the effect of heat input was studied. 
  The main results are as follows:
  1) In the low carbon TMCP steel, a localized softening 
occurred in ICHAZ region regardless of weld heat 
input. This may be attributed to ferrite grain coarsening 
and diminishing thermo-mechanical history of base 
metal during weld thermal cycle. 
  2) The softening ratio (ICHAZ Hv/Base metal Hv) in 
high heat input was 0.81 which indicated more severe 
hardness drop occurred in low heat input compared to 
the ratio of 0.86. This may be attributed to the different 
weld input energies. 
  3) As a result of SSC test of API X65 steel weld, 
NACE requirement was satisfied at low heat input, but 
it was not satisfied at high heat input condition.
  4) For the present low carbon TMCP type API X65 
grade steel, SSC in the softened ICHAZ was the main 
form. So, a minimum HAZ hardness may be justified 
for these types of steels for sour services. 
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