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Abstract

Slow displacement rate tensile tests were carried out to study sulfide stress corrosion cracking
(SSCC) of PH 13-8 Mo stainless steel welds in a saturated H2S solution. The welds aged in the
temperature range of 482–593 �C were susceptible to SSCC; the fracture surfaces revealed mainly
quasi-cleavage fractures after notched tensile tests. However, the SSCC susceptibility in terms of
the percentage loss of the notched tensile strength (NTS) of the welds was dependent on the aging
treatment. The SSCC resistance and the austenite content of the welds increased with the aging tem-
peratures. The presence of greater amounts of austenite, mainly reverted austenite, in the W1100
specimen (the weld aged at 1100 �F or 593 �C) than that in other aged specimens could account
for its lower hardness and better SSCC resistance. On the other hand, the AW (as-welded) specimen
containing a small amount of retained austenite films in a soft matrix exhibited a slightly improved
SSCC resistance than that in the W1100 specimen. The lower hardness of the AW specimen was
owing to the absence of fine coherent precipitates, leading to a reduced local stress and an enlarged
plastic zone located in front of the notch in the test. With lower hardness, the local stress would also
be lower and less likely to exceed some critical stress for failure in the saturated H2S solution. For the
aged specimens, the hardness/strength level and the amount of reverted austenite were the important
factors that affect SSCC susceptibility.
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1. Introduction

The deleterious effects of hydrogen on mechanical properties are reported to cause pre-
mature failures of some high strength steels [1–3]. The presence of hydrogen reduces the
grain boundary cohesive strength [4] and particularly, the fracture stress of high-strength
steels [5,6]. It is generally agreed that the resistance to hydrogen embrittlement of steels
depends on the microstructure, strength level, and hydrogen concentration [7–11]. In
the presence of a notch, hydrogen has a tendency to move towards a region of high hydro-
static stress [12] and becomes more aggressive as an embrittling agent due to accentuated
assault with increased stress concentrations [5,13]. A systematic loss in fracture stress in
hydrogen with an increase in notch severity has been documented [5,13]. Sulfide stress cor-
rosion cracking (SSCC) is a typical example of hydrogen embrittlement under severe con-
ditions [14]. It is also acknowledged that the strength level, which is directly related to the
hardness, is an important factor in determining SSCC susceptibility of steel. As a result,
several high strength steels are used in over-aged conditions for reduced susceptibility with
regard to the hydrogen embrittlement [15].

Modified 13% Cr martensitic stainless steels, with low carbon and varying Mo con-
tents, have been used for the construction of oil and gas transmission lines owing to their
high strength, better weldability and excellent resistance to CO2 corrosion [16–18]. PH 13-
8 Mo steel (13Cr–8Ni–2Mo) has a higher Ni content than this category of steels, with the
addition of approximately 1% Al to form intermetallic particles in the aging treatment. It
combines with high strength/hardness along with good resistance to general corrosion
and stress-corrosion cracking. PH 13-8 Mo steel has been used for valve parts, fittings,
aircraft components and petrochemical applications. In comparison with other alloys
with similar strength levels, the SSCC resistance is reported as — PH 13-8 Mo, PH 17-
4, PH 15-5, and 410 stainless steels in the descending order [19]. The presence of more
austenite in the PH 13-8 Mo steel as compared to others is responsible for the improved
resistance [19]. In the solution-treated condition, the steel comprises of irregular blocky
units of lath martensite and a small amount of retained austenite [20]. When aging is car-
ried out in the temperature range of 450 to 620 �C, the uniform precipitation of round
NiAl particles apparently results in the hardening of the steel [20]. In addition, the forma-
tion of reverted austenite tends to lower the hardness of the over-aged specimens [20,21].
A substantial improvement in the SSCC of the PH 13-8 Mo steel can be obtained by
aging at 620 �C or higher, owing to the extensive formation of reverted austenite in the
structure [22].

Slow extension rate tensile tests are suitable to evaluate the SSCC of steels in the H2S-
saturated NACE solution [23,24]. The effect of hydrogen embrittlement on the mechanical
properties and fracture behaviour of PH 13-8 Mo steel has been the subject of several stud-
ies [22,25–27]; however, less attention has been focused on its welds. In this study, the
effect of aging treatments on the SSCC susceptibility of PH 13-8 Mo welds was conducted
on notched tensile specimens in the saturated H2S solution. The fracture surfaces of dis-
tinct specimens were examined by scanning electron microscopy (SEM) and the associated
fracture modes were identified. In addition, the detailed microstructure was studied using
transmission electron microscope (TEM) and related to the SSCC susceptibility of the
welds.
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2. Material and experimental procedures

The chemical composition in weight percent of the PH 13-8 Mo stainless steel used in
this investigation was 12.56Cr, 8.11Ni, 2.12Mo, 0.05C, 0.04Si, 0.05Mn, 0.006P, 0.003S,
0.006N, 1.07Al, and balance Fe. The alloy sheet of 4.1 mm thick was solution-treated in
an inert environment at 930 �C (1700 �F) for 40 min and then air-cooled to room temper-
ature. Bead-on-plate laser welding was performed on solution-treated specimens using a
Rofin-Sinar 5 kW CO2 laser to achieve full-penetration welds. The welding parameters
used in the experiment are listed in Table 1. At the same strength level, a higher SSCC sus-
ceptibility is established for PH 13-8Mo and T-200 maraging steels in the under-aged con-
dition as compared to that of the over-aged specimens [28,29]. Therefore, the PH 13-8 Mo
welds were not heat treated to the under-aged condition in the present investigation. The
aging treatments were performed on laser welds at 482 �C (900 �F), 538 �C (1000 �F), and
593 �C (1100 �F) for 4 h; the corresponding specimens were designated as the W900,
W1000 and W1100 specimens, respectively.

The dimensions of the notched tensile specimens utilized in this study are shown in
Fig. 1. The double-edge notched specimens (Fig. 1), with a notch radius of about 100 lm,
were obtained by using an electrode-discharge wire cutter. Notched tensile strength
(NTS) can be calculated from the maximum tensile load divided by the cross-sectional
area (4 · 6 mm2) between the two notches of the specimen. Ordinary notched tensile tests
were performed at room temperature under a constant crosshead displacement rate of
0.75 mm/min in laboratory air. On the other hand, the effect of hydrogen embrittlement
on NTS was evaluated by installing the specimen in a Teflon chamber with saturated
H2S solution (NACE TM0177-90) under at a displacement rate of 0.0075 mm/min. The
change of acidity (from pH 2.9 to 3.3) during notched tensile tests in the saturated H2S
solution also met the requirement of the standard. The NTS results were the average of
at least three specimens for each testing condition. The SSCC susceptibility of various
specimens can be expressed as the percentage loss of NTS after hydrogen-charging as
given below:

NTS loss ð%Þ ¼ NTS ðin airÞ �NTS ðin H2SÞ
NTS ðin airÞ

The X-ray diffraction (XRD) method was also employed to compare the relative
amount of austenite in the welds. The surface to be examined was along the central plane
of laser welds, i.e. the welded specimen was cut along the centerline; this central plane had
Table 1
Laser welding parameters employed in this work

Laser power 3250 W
Travel speed 750 mm/min
Focal lens Cu mirror
Focal length 200 mm
Focal point 0.5 mm below the surface
Plasma-assisted gas flow rate 20 l/min He
Shielding gas flow rate 15 l/min Ar
Backing gas flow rate 15 l/min Ar
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Fig. 1. Configuration of the notched tensile specimen used in the experiment.
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an area of approximately 10 · 4 mm2. Since the preferred orientation was the same for all
welded specimens, so that the relative amount of austenite could be compared directly
from the XRD patterns of the welds. The tensile-fractured specimens were examined by
a Hitachi S4100 SEM, with emphasis on the crack initiation sites and regions indicating
a change in fracture appearance. For detailed microstructural observations, the TEM
specimens were sectioned into thin slices within the fusion zone of the welds and and sub-
sequently examined using either a JEOL-2000 EX or a Philips Tecnai F30 TEM.
3. Results and discussion

3.1. Microhardness and microstructure

Fig. 2 reveals a typical weld shape and microhardness profiles across the weld metal of
laser welds that were aged at different temperatures. Clearly, the low heat input of the laser
welding would result in the formation of a narrow heat-affected zone in the weld. As
shown in Fig. 2b, both the base metal and the weld metal exhibit a similar trend of the
variation in hardness with aging temperatures. In general, the hardness of the weld metal
was slightly lower than its neighbouring base metal for all the welds. It could be attributed
to the coarse-grained structure of the weld metal. The results also indicated that the weld
aged at 482 �C (peak-aged) had the highest hardness, whereas the as-welded specimen
exhibited the lowest hardness among specimens. Aging at a temperature higher than
482 �C, the hardness of the weld and base metals decreased with increasing the aging tem-
perature. Moreover, a remarkable decrease in the hardness occurred for a weld aged at a
temperature above 593 �C. Thus, the welds could be roughly divided into two groups
(Fig. 2b) according to their hardness values. The W900 and W1000 specimens were in
the higher hardness group, while the AW and W1100 specimens belonged to the lower one.

Fig. 3 is optical micrographs showing the microstructure of solution-treated PH 13-8
Mo base metal and its laser weld in the as-welded condition. It can be seen the coarse
columnar dendrite in the weld metal (Fig. 3a), in contrast to the equiaxed grain in the base
metal (Fig. 3b). The TEM examinations revealed that the AW specimen consisted of lath
martensite and film-like retained austenite at the lath boundaries (Fig. 4a). The film-like
morphology of austenite had been confirmed by tilting the specimen in the TEM exami-
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Fig. 2. PH 13-8 Mo laser welds: (a) the typical weld shape and (b) microhardness distribution of the welds aged at
various temperatures.
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nation. After the aging treatments, the formation of coherent and fine precipitates within
the matrix caused a tremendous increase in hardness of the W900 and W1000 specimens.
In the meantime, a gradual change in the austenite morphology along the lath boundaries
was observed in these specimens; the morphology of austenite tended to be less film-like
with the formation of certain small islands (Fig. 4b).

In case of the W1100 specimen, a significant change in the austenite morphology was
found at the lath boundaries. Granular austenite was clearly observed at some lath bound-
aries (Fig. 5a). Furthermore, small reverted austenite particles were formed within the inte-
rior of the martensite matrix (Fig. 5b) of the W1100 specimen. The existence of a
substantial amount of reverted austenite was responsible for the remarkable decrease in
the hardness of the W1100 specimen. Since the reverted austensite formed at the lath
boundaries was difficult to distinguish from the existing retained austensite; no effort
was made to distinguish them at these boundaries. Conversely, the reverted austenite
formed within a martensite matrix could be clearly identified. For the weld aged at
593 �C, i.e. the W1100 specimen, the coherency of fine precipitates (Fig. 5c) rich in Ni
and Al (Fig. 5d) could still be maintained. This is in agreement with the fact that NiAl



Fig. 3. Optical micrographs showing microstructures of (a) the weld metal in the as-welded condition and (b) the
solution-treated base metal.
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particles are resistant to coarsening and maintain perfect coherency with matrix even over-
aged at 620 �C for 4 h [20]. It was also noted that the coherent NiAl precipitates were gen-
erally not spherical and appeared to form moderately elongated particles.

The relative amount of austenite in the weld also increased with increasing the aging
temperature as confirmed by the XRD measurements (Fig. 6). The AW and W900 speci-
mens did not reveal austenite peaks, presumably because the austenite content was less
than 4 wt% that is the detectable limit of the XRD equipment. Small austenite peaks of
(111) and (20 0) could be seen for the W1000 specimen (�5%), and the intensity of such
peaks increased appreciably for the W1100 specimen (�12%). The relative amount of aus-
tenite in the welds as determined by XRD was consistent with the TEM observations.
Although the AW specimen contained less austenite than the other aged specimens, the
presence of the film-like austenite in a soft and precipitate-free matrix was expected to
reduce the SSCC susceptibility. This topic is further discussed in the following sections.
3.2. Notched tensile strength

The NTS values of PH 13-8 Mo welds tested in the air and the saturated H2S solution
are shown in Fig. 7, in which the NTS values of base metal specimens in air are also



Fig. 4. TEM dark-field images of the (a) AW and (b) W900 specimens using austenite reflections.
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included for comparison. The weld metal had a slightly lower NTS in air than the
unwelded specimen or the base metal, regardless of the aging temperatures. Generally,
the trend of variation of the NTS with the aging temperature was similar to that of the
hardness of specimens. The W900 specimen had the highest, while the AW specimen
had the lowest NTS in air among the welds. The higher NTS could be linked to the higher
hardness of the specimens, and vice versa.

In the saturated H2S solution, a considerable reduction in NTS was noticed for all the
welds, indicating a high susceptibility to SSCC. For high strength materials, the high local
stress at the crack tip was more likely to exceed the critical fracture stress, leading to a pre-
mature fracture. It was also expected that the critical fracture stress would decrease under
the influence of hydrogen embrittlement. It is generally agreed that a high strength mate-
rial is associated with a small plastic zone in front of the notch. As a result, the high SSCC
susceptibility of the W900 and W1000 (the higher hardness group) specimens as reflected
by the high NTS loss could be related to the high local stress and the small plastic zone of
the notched specimens in the test. In contrast, a better SSCC resistance of the AW and
W1100 (the lower hardness group) specimens could be attributed to the low local stress
and the large plastic zone in front of the notch in the test. An enlaged plastic zone also
implied that more hydrogen could be tolerated in the zone before reaching a critical con-
centration for the embrittlement.



Fig. 5. TEM micrographs of the W1100 specimen: (a) dark-field image of granular austenite at lath boundaries;
(b) small reverted austenite islands within martensite matrix; (c) lattice image of a NiAl coherent precipitate and
(d) the associated EDS analysis of the particle in (c).

Fig. 6. XRD results of the welds. Note that the diffraction patterns of the AW and W900 specimens are the same.
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In the previous studies, distinct microstructures with various hydrogen permeation
properties can be correlated to the hydrogen embrittlement susceptibility of the material
[9,11,30]. Decreasing the number of weak traps and increasing the number of strong traps
(such as the interface between austenite and the matrix) can improve the hydrogen embrit-
tlement resistance of the steels [30–32]. Therefore, a significantly increased austenite con-
tent accompanied with decreasing hydrogen permeability would reduce the SSCC
susceptibility of the steel. This could be the case for the W1100 specimen (12% austenite),
and the role of austenite could also be in relation to crack arrest as discussed elsewhere
[33–35].

Microstructurally, the major difference between the AW and the W900 specimens was
the absence of NiAl coherent precipitates in the former. The presence of coherent precip-
itates caused a significant increase in the hardness/ strength of the W900 specimen, which
would lead to a high local stress and a reduced plastic zone in front of the crack tip during
notched tensile tests. Coherent particles were considered as weak traps and did not facil-
itate the reduction of hydrogen embrittlement susceptibility of the material. Consequently,
the peak-aged W900 specimen had the least SSCC resistance among the specimens being
tested. As the aging temperature increased, e.g. in the W1000 specimen, the coherent pre-
cipitates remained almost constant in the matrix. Nevertheless, a decrease in the hardness
and a slight increase in the reverted austenite of the W1000 specimen would also reflect a
minor improvement in the SSCC resistance of the W900 specimen.

The AW specimen contained considerably less amount of austenite than the W1100
specimen (4% vs. 12%); however, it exhibited the lowest NTS loss in all the welded spec-
imens in the experiment. Low local stress at the notch tip associated with a soft AW spec-
imen (that demonstrated the lowest hardness among the specimens) could account for a
better SSCC resistance. On the other hand, the austenite films in the AW specimen pro-
vided enormous interfacial areas to trap hydrogen and decreased the diffusivity of the
hydrogen. It has been reported that the NTS loss in the saturated H2S solution is depen-
dent on the displacement rate for T-200 maraging and PH 13-8 Mo steels [28,29]; a
decreased displacement rate (from 0.0075 to 0.0015 mm/min) results in the increased
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NTS loss. The increased NTS loss at a lower displacement rate implied that the embrittle-
ment is time dependent. Apparently, the retardation of hydrogen diffusion (lowered the
effective diffusion rate) to the strained region would also help to reduce the SSCC suscep-
tibility of the specimen. It should be noted that residual stresses may cause cracking in
welds without any applied loads in a hostile environment. Consequently, the welds are
often not to be used in the as-welded condition for most applications. A postweld (stress
relief) heat treatment at a temperature of approximately 600 �C is necessary for the
PH 13-8 Mo welds in this regard.
3.3. Fracture morphology

Fig. 8 shows the macroscopic fracture appearances of the welds after notched tensile
conducted in air, in which the thickness of each specimen after testing is also provided.
It can be observed that two triangular-shaped regions of flat fracture are surrounded by
the regions of slant fracture for the AW and W1100 specimens as shown in Fig. 8a and
d. In contrast, the flat fracture regions are increased considerably for the W900 and
W1000 specimens as illustrated in Fig. 8b and c. It was obvious that the notched tensile
specimens had different degrees of thickness reduction (the difference between the original
and final thicknesses of the specimen). The thickness reduction decreased in the following
order: AW, W1100, W1000, and W900 specimens. Furthermore, the sequence was in the
increasing order of the hardness or the NTS (in the air) of the specimens. Fig. 8 also
Fig. 8. Macroscopic fracture appearance of the (a) AW, (b) W900, (c) W1000 and (d) W1100 specimens tested in
air.
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reveals that lesser the reduction in thickness greater is the flat fracture region of the
specimen.

Since the diffusion of hydrogen can be stress-driven, the geometry of the notch tip also
plays an important role during straining. The NTS loss in hydrogen was shown to reduce
as the notch severity decreased [13]; this could be attributed to an effective decrease in the
local hydrogen fugacity [36] and a decreased local stress in the vicinity of a notch. A
greater thickness reduction in the AW and W1100 specimens implied that notch blunting
(an enlarged plastic zone) would occur before final fracture, leading to a better resistance
Fig. 9. SEM photographs showing the fracture appearance of the (a) AW, (b) W900 and (c) W1100 specimens
after notched tensile tests in saturated H2S solution.
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to SSCC. On the other hand, the W900 and W1000 specimens with less thickness reduction
after the notched tensile tests were expected to be more susceptible to SSCC. The forego-
ing results suggested that the thickness reduction and SSCC susceptibility were closely
related. The argument is the similar to the hardness/strength level to affect the local stress
and the plasticity at the notch tip of notched specimens as discussed previously.

Aging treatments strongly affected the fractographic appearance of the welds even for
the specimens tested in air. The fractographic examinations in the flat fracture region
revealed a ductile fracture mode for the AW and W1100 specimens in air, in contrast to
the quasi-cleavage fracture for the W900 and reduced quasi-cleavage fracture for the
W1000 specimens. For the specimens tested in the saturated H2S solution, an apparent
change in the macroscopic fracture morphology was observed. The flat fracture region
is known to be most affected by hydrogen and often associated with the changing fracture
modes in hydrogen-containing environments [37]. All welds exhibited extensive flat frac-
ture and small thickness reduction, thereby resembling the W900 specimen tested in air
(Fig. 8b). The marked change in the macroscopic appearance reflected a severe hydrogen
embrittlement of the specimens tested in the saturated H2S. solution. Fig. 9 shows the
SEM fractographs of the fracture surface of various specimens after notched tensile tests
in the saturated H2S solution. All welded specimens displayed mainly quasi-cleavage frac-
ture (Fig. 9a and b), however, the W900 and W1000 specimens appeared to be more brittle
and contained more secondary cracks than others. It was interesting to note that a limited
region of intergranular fracture (Fig. 9c), which was located just in front of the notch, was
observed on the fracture surface of the W1100 specimen. The reason that caused intergran-
ular fracture at the early stage of crack propagation in such a specimen is not clear. How-
ever, it could be due to the segregation of impurities to grain boundaries, since sulfur
segregation to grain boundaries and intergranular fracture are found in Cr–Mo steels tem-
pered at around 600 �C [38,39]. Future works on the segregation of sulfur to grain bound-
aries in aging treatments, particularly at 593 �C for PH 13-8 Mo as well as its laser welds
are required.

4. Conclusions

PH 13-8 Mo welds were susceptible to SSCC at various degrees and exhibited mainly
quasi-cleavage fracture after notched tensile tests in the saturated H2S solution. The
NTS loss was used to rank the relatively susceptibility to SSCC of the welds. The present
investigation on SSCC of the welds aged at distinct temperatures has led to the following
conclusion:

1. Both the NTS loss and the hardness of welded specimens increased in the following
order: AW, W1100, W1000, and W900 specimens. This sequence was in the decreasing
order of the thickness reduction. Notched specimens with lower hardness/strength
implied that a lower local stress and a larger plastic zone in front of the notch would
be formed, leading to a lower susceptibility to SSCC and vice versa.

2. The decrease in hardness with an increase in aging temperatures (427–593 �C) of the
welds was attributed to the formation of reverted austenite and not to the loss of coher-
ency or the coarsening of NiAl precipitates. In case of the W1100 specimen, the more
reverted austenite would lower the hardness and the effective diffusion rate for hydro-
gen, resulting in a reduced SSCC susceptibility.
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3. The AW specimen had the least amount of austenite and the lowest hardness among the
specimens being tested. However, the enormous interfaces of austenite films (strong
traps leading to reduced hydrogen diffusivity) in a soft matrix (resulting in notch blunt-
ing and the low local stress at the notch tip) of the AW specimen would give rise to a
lower NTS loss as compared to that of aged specimens.
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