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Abstract: In this study, the hydrogen embrittlement and corrosion behavior of X100 pipeline steel
(Ref) was investigated after various heat treatments, including one-step austenitizing at 880 ◦C
(HT3), 830 ◦C (HT2), and 780 ◦C (HT1) for 90 min, oil quenching to room temperature, tempering
at 600 ◦C for 30 min, and air cooling to room temperature. Potentiodynamic polarisation was
performed to assess the electrochemical corrosion behavior, while the Charpy impact test and Vickers
microhardness measurement were performed to assess the hydrogen embrittlement susceptibility
before and after hydrogen charging. SEM, EBSD, and EDS were used to further characterize the
fractured surface and crystallographic texture of specimens, while XRD was used to evaluate the
macro-texture and corrosion products. The results of the Charpy impact and hardness tests showed
that the high hardness and low impact energy values in the Reference and HT3 specimens were
linked to a higher susceptibility to hydrogen embrittlement, indicating that the hardness values
and Charpy impact energy, respectively, increased and decreased with a decrease in the hydrogen
embrittlement resistance. The micro-texture results from the EBSD analysis showed that the HT3
and Ref. specimens had higher Kernel average misorientation (KAM) values and higher deformed
grains fractions than those of the HT2 and HT1 specimens, resulting in lower corrosion resistance.
The HT2 specimen had an optimal combination of beneficial ({110}, {111}, {332}) and harmful texture
components ({100}), showing that corrosion resistance can be improved.

Keywords: quench tempering; hydrogen embrittlement; Charpy test; corrosion resistance; EBSD; XRD

1. Introduction

Building infrastructures for hydrogen transport is important for a future hydrogen-
based economy. Large amounts of hydrogen can be transported across long distances
using pipelines [1–4]. Since pipelines are used in sour environments, they are subjected
to hydrogen embrittlement and corrosion damage. Hydrogen embrittlement poses a
significant risk to the safe operation of pipelines with cathodic protection, since it might
result in sudden and unpredictable pipeline failures [5–7]. At the end of the 19th century,
Johnson [8] pointed out that hydrogen embrittlement changes the mechanical characteristics
of steel. The elongation to failure is lowered significantly, while the yield stress and final
strength remain unaffected. This condition is also linked to a decrease in fracture resistance.
Zhang et al. [9] observed that hydrogen embrittlement at crack tips promotes the transition
from a ductile fracture to a brittle fracture. Many researchers have claimed that hydrogen
embrittlement is associated with several mechanisms, including (1) the weakening of
metal atomic bonds; (2) the enhanced deterioration of plasticity; (3) hydrogen-enhanced
decohesion; and (4) adsorption-induced dislocation emissions [5,10,11].
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Hydrogen and corrosion damages in pipeline steels are affected by harsh operational
conditions, such as high pressures, the environment chemistry (pH and relative humidity),
corrosive agents (H2, CO2, H2S, O2), and residual or applied stress, all of which are
responsible for different hydrogen-related damage mechanisms [4,12–14]. Hydrogen-
induced cracking (HIC) is the most prominent type of damage in a sour environment. The
hydrogen created by pipe corrosion on the surface diffuses into the steel and accumulates
at defect sites, such as inclusions, precipitations, phase interfaces, martensite islands, and
grain boundaries. The hydrogen atoms recombine to create hydrogen molecules, causing
the internal pressure to build up inside the cracks and other openings. This causes hydrogen
embrittlement, which lowers the ductility and toughness of pipeline steels [15–17].

Replacing hydrogen-damaged pipelines is not economical, so there is a need to de-
velop a novel approach to engineer steels that are less susceptible to HIC. Several methods
for controlling and minimizing hydrogen embrittlement and corrosion damage in pipeline
steel have been used, including coatings, desulphurization, inclusion control, and mi-
crostructure and crystallographic texture control [16,18,19]. To modify the microstructure
and texture of pipeline steel, thermomechanical control processing (TMCP) parameters,
such as hot rolling as well as the heating and cooling rate, can be considered [20–22].
Pourazizi et al. [1] reported that quenching API 5L pipeline steel with a higher cooling rate
decreased the grain size, which led to less resistance of the steel to HIC cracking. Fuchigami
et al. [23] reported that decreases in temperature and time during the austenitizing process
decrease the prior austenite grain size and enhance the HE resistance of X100 pipeline
steels. Masoumi et al. [24] reported that a high level of HIC resistance was obtained in a
specimen rolled isothermally at 850 ◦C, due to the higher amount of grains oriented with
{110} planes. On the other hand, several researchers have tried to establish a correlation
between crystallographic orientation and anodic dissolution [25–28]. In a study conducted
on API 5L pipeline steel in order to determine the effect of thermochemical processing, it
was discovered that the corrosion rate was lower in the specimen that was charged with
hydrogen as compared to another that was not charged [29]. Moreover, another study
also showed that the specimen that was cooled faster had higher corrosion resistance [29].
Ohaeri et al. [30] investigated the effect of different rolling temperatures at 700 ◦C, 600 ◦C,
and 500 ◦C on corrosion resistance and discovered that anodic dissolution was increased in
the order of 700 ◦C > 600 ◦C > 500 ◦C for hydrogen and non-hydrogen test media. Venegas
et al. [31] developed a novel model for describing the relationship between the crystallo-
graphic texture and corrosion behavior of API 5L steels. They found good agreement when
they compared their predictions of the average corrosion resistance index based on the
crystallographic texture with the data obtained from potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) [31].

Another process that improves hydrogen embrittlement resistance is tempering. Tem-
pering makes it possible to decrease the brittleness of martensite, dislocation density, and
austenite grain stored energy, leading to the enhanced hydrogen embrittlement resistance of
pipeline steels [2]. Hoschke et al. [32] showed that the tempering process enhanced the hy-
drogen embrittlement resistance of X100 pipeline steel by reducing the number of reversible
hydrogen trapping sites, such as dislocations, and the residual stored energy surrounding
austenite grains. Nevertheless, research on the correlation between anodic dissolution
resistance and crystallographic texture is ongoing. Therefore, it is necessary to look for
processing techniques that can eventually result in the development of corrosion-resistant
steels. The electrochemical testing of pipeline steels for various applications has been the
topic of several corrosion investigations. The effect of quench tempering on the hydrogen
embrittlement and corrosion behavior of pipeline steel has received little attention.

This research study aims to evaluate the hydrogen embrittlement and corrosion be-
havior of X100 pipeline steel specimens subjected to several heat treatments (one-step
austenitizing at 880 ◦C, 830 ◦C, and 780 ◦C, followed by quenching and tempering at
600 ◦C). The hydrogen embrittlement was examined using the Charpy and hardness tests.
The corrosion behavior was examined using potentiodynamic polarisation and electro-
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chemical impedance spectroscopy (EIS). The crystallographic texture, texture components,
and corrosion products were evaluated using EBSD and XRD analyses.

2. Materials and Methods

Specimens of X100 pipeline steel used in this research had the chemical composition
shown in Table 1. The thickness of the as-received pipeline steel (called Ref.) was 20 mm.

Table 1. Chemical composition of X100 pipeline steel (Wt.%).

C Si Mn S P Ni Cr Mo V Cu Al

0.06 0.25 1.7 0.001 0.015 0.143 0.016 0.19 0.004 0.24 0.02

The heat treatment process was performed according to three different patterns illus-
trated in Figure 1. According to Figure 1, the specimens were first austenitized at three
different temperatures of 880 ◦C (for the specimen HT3), 830 ◦C (for the specimen HT2),
and 780 ◦C (for the specimen HT1). The specimens stayed at the mentioned temperatures
for 90 min and then they were oil quenched to room temperature. Finally, all quenched
specimens were tempered to 600 ◦C for 30 min and were air-cooled to room temperature.
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Figure 1. Schematic diagrams of the heat treatment process.

To evaluate the hydrogen embrittlement behavior of heat-treated specimens, the elec-
trochemical hydrogen charging process was conducted on specimens with the dimension
of 4 cm × 4 cm × 2 cm at current density of 20 mA/cm2 for 24 h. The specimens were
immersed in a sour environment into the hydrogen charging cell, including 1 wt% H2SO4
and 3 g/L NH4SCN at a pH of 1.1, with an ambient temperature and pressure. The reason
for using H2SO4 and NH4SCN was to charge the specimen in sour environment and to
avoid the depletion of the active component of the electrolyte solution during the cathodic
charging test, respectively, which assists atomic hydrogen penetration into the specimen.
Furthermore, the specimen acted as the cathode, while the platinum electrode acted as the
anode, and both were connected to the current source in this experiment. After that, the
specimens were used to perform the Charpy and Hardness tests. The Charpy impact test
was conducted on an Instron Charpy tester machine (Instron, Norwood, MA, USA), accord-
ing to the ASTM E23-07 standard. Each Charpy impact test was run three times to ensure
the accuracy of the experimental data. A fractographic examination of the Charpy-tested
specimens was performed, using a Hitachi SU6600 scanning electron microscope (SEM)
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(Hitachi High-Tech Corporation, Tokyo, Japan) outfitted with an energy-dispersive X-ray
spectroscopy (EDS) detector (Hitachi High-Tech Corporation, Tokyo, Japan). Further, the
Vickers microhardness measurement was carried out using the MVK-H1 Mitutoyo Vickers
hardness tester (Mitutoyo, Tokyo, Japan) set at 1 kg load. There were five indents on each
specimen and the results show the average of the results obtained for each specimen.

The electrochemical response to a corrosive media for the heat-treated specimens was
investigated, using the potentiodynamic polarization on the Gamry instrument interface
1000 Potentiostat/Galvanostat/ZRA. According to Figure 2, the experimental cell consists
of a three-electrode system: the specimen as a working electrode, the saturated calomel
electrode (SCE) as a reference electrode, and the graphite rod as a counter electrode. The
test was performed at room temperature in the acidic media with 1 wt.% H2SO4 and 3 g/L
NH4SCN at a pH of 1.1. All the potentiodynamic polarization tests and electrochemical
impedance spectroscopy (EIS) were carried out after the stabilized open-circuit potential
(OCP) was reached. The electrochemical specimen masks included in the PTC1 kit aided in
defining the 1 cm2 working area on the specimens placed within the cell. The electrolytes
used in this test were prepared in accordance with the NACE TM 0284-2016. After the cor-
rosion test, the morphology of the corroded surface and corrosion products was examined
using SEM and a Bruker D8 Discover X-ray diffractometer (XRD) (Bruker, Billerica, MA,
USA), respectively.
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Figure 2. Schematic cell of corrosion test.

To evaluate the crystallographic orientation and the texture components and their link
to corrosion behavior, the specimens first were cut from the top surface with a thickness
of 2–4 mm and were pre-polished using 100 to 4000 SiC grit papers followed by final
polishing with 3µm MD-mol and 1µm MD-Nap. Then, the crystallographic orientation of
prepared specimens was measured using a Hitachi SU6600 scanning electron microscope
(SEM) (Hitachi High-Tech Corporation, Tokyo, Japan) outfitted with EBSD. The texture
components of studied specimens also were evaluated, using Bruker D8 Discover XRD
(Bruker, Billerica, MA, USA) with an area detector system and Cr K radiation.

3. Results and Discussion
3.1. Mechanical Properties

Figure 3 presents the Charpy test results for the Ref., HT1, HT2, and HT3 specimens
at room temperature. The applied heat treatments improved the impact energy values
of all the tested steels by 40%; however, the HT2 specimen had the highest impact. This
indicates that tempering at 600 ◦C was responsible for the increase in impact Charpy energy
in both the uncharged and charged specimens. However, it is worth mentioning that the
differences in the impact energy of all the heat-treated specimens were small. Further,
the impact energy values in all steels were reduced by a range of 27 to 40% following
electrochemical hydrogen charging.
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Figure 4a–d show the fracture surfaces of the Ref., HT1, HT2 and HT3 specimens
not charged with hydrogen after he Charpy test. As shown in these figures, the fracture
surface of the uncharged specimens had many dimples, which is a sign of a ductile fracture.
However, in the case of the HT1 specimen, the dimples were shallower than those in
the other uncharged specimens. It should be mentioned that both types of ductile and
brittle fractures were also observed in the pipeline steel with no hydrogen charging [33,34].
However, the dominant mode of fracture of all the tested specimens after electrochemical
hydrogen charging was brittle. Figure 4e–h show the fracture surfaces of the Ref., HT1, HT2,
and HT3 hydrogen-charged specimens after the Charpy test. It is clear from these figures
that there is a considerable difference between the specimens tested with and without
hydrogen charging. Despite the fact that the fracture surfaces of the steels before hydrogen
charging included more dimples, the fracture surfaces of the Charpy-tested specimens after
hydrogen charging had a combination of dimples and quasi-cleavage, indicating evidence
of hydrogen embrittlement in the hydrogen-charged specimens. Lee et al. [35] also found
that the absorbed impact energy considerably decreased with the increase in the hydrogen
charging time. They observed that the reduction in the impact energy was accompanied by
cleavage fracturing with a noticeable decrease in the frequency of ductile dimples [35]. The
findings of these researchers were consistent with our observations.

The red arrows on the fracture surfaces of the specimens after hydrogen charging are
presented in Figure 4. The red rectangles mark the HIC cracks where the inclusions were
observed near the HIC pathway, which indicates that the inclusions may have affected
the HIC formation. Huang et al. [36] and Peng et al. [37] reported that HIC nucleated
from inclusions; thus, the inclusions were recognized as hydrogen trapping sites with high
residual stress, increasing the HIC susceptibility of pipeline steels. It is worth mentioning
that the combined effect of the hydrogen buildup pressure and the externally applied stress
in the Charpy experiment facilitated the propagation of cracks. Without external stresses,
most HIC cracks initiate and propagate through the mid-thickness of the steel where there
is segregation of some elements, such as Mn, S, Ca, Mg, and Ti. Moon et al. [38] implied that
the segregation of the alloying elements often happens in the middle of the cross-section
of the cast slab because of the well-known mechanism of solidification during casting.
Therefore, hard phases are formed there and HICs nucleate in this region.
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Figure 5 shows the EDS point spectrum of the inclusions around the HIC cracks for
the pipeline steels after hydrogen charging for the Ref., HT1, HT2, and HT3 steels. This
image shows that some inclusions are observed in the microvoids of the fracture surface.
As seen in the EDS scans, the Mn-, Al-, and S-based inclusions are seen on the fracture
surface in the Ref., HT1, and HT3 steels after hydrogen charging. The Mn-, Al-, and S-based
inclusions are susceptible to fracture initiation. Bigger inclusions containing Mn, Mg, and S
are observed on the fractured surface of the HT2 specimen.
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Figure 6 shows the microhardness of all the tested steels before hydrogen charging
and after 24 h of hydrogen charging. One can see that the average hardness values in the
Ref., HT1, HT2, and HT3 specimens increased by 11.5%, 7.7%, 6.1%, and 8% respectively,
compared with the uncharged specimens, indicating the effect of hydrogen embrittlement.
Based on the increments in the hardness value after hydrogen charging, the hydrogen
embrittlement susceptibility was maximal in the Ref. and HT3 specimens, while it was
lower in the case of the HT2 and HT1 specimens. Latifi et al. [39] also investigated the
effect of electrochemical hydrogen charging on the hardness of API X65 pipeline steel.
They noted that the micro-hardness of the steel was considerably increased after hydrogen
pre-charging. The increase in the hardness value was related to the locking of dislocations
in the presence of hydrogen. This phenomenon may be observed in other types of steel [39].

Metals 2023, 13, x FOR PEER REVIEW 9 of 17 
 

investigated the effect of electrochemical hydrogen charging on the hardness of API X65 
pipeline steel. They noted that the micro-hardness of the steel was considerably increased 
after hydrogen pre-charging. The increase in the hardness value was related to the locking 
of dislocations in the presence of hydrogen. This phenomenon may be observed in other 
types of steel [39]. 

 
Figure 6. Microhardness of pipeline steels without hydrogen charging and after 24 h of hydrogen 
charging. 

3.2. Corrosion Analysis and Texture Evolution 
Figure 7a–c and Table 2 represent the results of the potentiodynamic polarization test 

and electrochemical impedance spectroscopy, including the OCP curve, Tafel curve, and 
Nyquist plot for all the Ref., HT1, HT2, and HT3 steels exposed to corrosive media. OCP 
is the potential created between the steel surface and the environment, with respect to a 
reference electrode. Figure 7a depicts the evolution of the OCP curves at various steel 
specimens submerged in a solution. In the Ref. specimen, the EOCP started at −500 mV and 
then monotonically decreased, and the steady state was reached after 3600 s. This indicates 
that the Ref. specimen has a high level of corrosion activity in an acidic environment. In 
contrast, the OCP curve for the heat-treated specimen monotonically increases until it 
reaches a steady state, showing a decline in its activity in acidic media with time and 
hence, a better corrosion resistance than that of the Ref. specimen. However, when 
comparing their potential, the OCP curves for HT2 are comparatively shifted towards a 
less negative potential than those for HT1 and HT3, showing that the corrosion activity is 
significantly reduced in acidic environments. Further, compared to other heat-treated 
specimens, the HT3 specimen showed a more negative potential and hence a higher level 
of corrosion activity. The HT1 and HT3 specimens showed a significantly lower level of 
activity in acidic media, compared with that of the Ref. specimen. This behavior may be 
attributed to the higher tendency for passivation in the heat-treated specimen in corrosive 
media in contrast to the Ref. specimen. A similar behavior for the OCP has been reported 
in the past, in which the initial dissolution of bare steel in the air created an oxide film, 
reducing the corrosion trend [40]. 

Furthermore, the Tafel curves of the Ref. and heat-treated specimens were 
determined in the acidic media, as illustrated in Figure 7b. Typically, a Tafel curve is used 
to understand the interfacial reaction between the steel surface and the electrolyte. The 
electrochemical parameters were also extracted from the potentiodynamic polarization 
curves, as shown in Table 2. These parameters were calculated based on the Tafel 

Figure 6. Microhardness of pipeline steels without hydrogen charging and after 24 h of hydrogen charging.

3.2. Corrosion Analysis and Texture Evolution

Figure 7a–c and Table 2 represent the results of the potentiodynamic polarization test
and electrochemical impedance spectroscopy, including the OCP curve, Tafel curve, and
Nyquist plot for all the Ref., HT1, HT2, and HT3 steels exposed to corrosive media. OCP
is the potential created between the steel surface and the environment, with respect to
a reference electrode. Figure 7a depicts the evolution of the OCP curves at various steel
specimens submerged in a solution. In the Ref. specimen, the EOCP started at −500 mV and
then monotonically decreased, and the steady state was reached after 3600 s. This indicates
that the Ref. specimen has a high level of corrosion activity in an acidic environment. In
contrast, the OCP curve for the heat-treated specimen monotonically increases until it
reaches a steady state, showing a decline in its activity in acidic media with time and hence,
a better corrosion resistance than that of the Ref. specimen. However, when comparing
their potential, the OCP curves for HT2 are comparatively shifted towards a less negative
potential than those for HT1 and HT3, showing that the corrosion activity is significantly
reduced in acidic environments. Further, compared to other heat-treated specimens, the
HT3 specimen showed a more negative potential and hence a higher level of corrosion
activity. The HT1 and HT3 specimens showed a significantly lower level of activity in
acidic media, compared with that of the Ref. specimen. This behavior may be attributed
to the higher tendency for passivation in the heat-treated specimen in corrosive media in
contrast to the Ref. specimen. A similar behavior for the OCP has been reported in the past,
in which the initial dissolution of bare steel in the air created an oxide film, reducing the
corrosion trend [40].
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Furthermore, the Tafel curves of the Ref. and heat-treated specimens were determined
in the acidic media, as illustrated in Figure 7b. Typically, a Tafel curve is used to understand
the interfacial reaction between the steel surface and the electrolyte. The electrochemical
parameters were also extracted from the potentiodynamic polarization curves, as shown
in Table 2. These parameters were calculated based on the Tafel extrapolation technique
in which the corrosion rate was determined from the intersection of the linear portion of
the Tafel curves (as shown in Figure 7b). In the Tafel curves, the anodic polarization curve
is related to the anodic dissolution of the steel specimens, while the cathodic polarization
curve shows the evolution of hydrogen caused by the reduction in water. The results
extracted from the Tafel curves and shown in Table 2 indicated that the corrosion rate
was almost twice as low in HT1 and HT2 compared to Ref. and HT3, indicating that the
corrosion resistance was greatly enhanced by following the HT1 and HT2 heat treatment
path. Moreover, when we compared Ref. and HT3, the corrosion resistance of HT3 was
relatively lower in the acidic media.

The cathodic polarization curve reveals a linear Tafel zone, which corresponds to
a constant reduction reaction rate. Additionally, an inflection point with two slopes is
observed at a potential greater than the corrosion potential observed in the cathodic
polarisation curves. This inflection point refers to the change in the mechanism of the
cathodic reaction and may signify the formation of a protective layer or the activation of
different reduction cations [41]. Afterward, the Nyquist curves were obtained from the EIS
curves, as shown in Figure 4c. Typically an EIS test is used to understand the interfacial
reaction between the steel surface and electrolyte. The Nyquist result indicated that the
diameter of the impedance ring was the largest for HT2 and the smallest for HT3, as well
as that the corrosion resistance was the highest for HT2 and the lowest for HT3. When steel
samples are exposed to an electrolyte, the EIS test yields deflected half-circles, which can be
attributed to surface irregularities or the control of charge transfer on the surface layers [42].
However, when comparing Ref. and HT1, HT1 exhibited a higher corrosion resistance
than that of Ref. Overall, the EIS test results were consistent with the potentiodynamic
polarization curve and OCP curve results, which indicated that the corrosion resistance of
X100 steel can be significantly improved by performing the HT1 and HT2 heat treatments.

Table 2. Tafel parameters for steels in H media.

Specimen Beta A
(V/Decade)

Beta C
(V/Decade)

Icorr
(µA)

Ecorr
(mV)

Corossion
Rate (mpy)

Ref. 27.7 × 10−3 170.5 × 10−3 12.3 −464 10.6

HT1 31.7 × 10−3 113.7 × 10−3 6.3 −481 3.9

HT2 24.8 × 10−3 163.2 × 10−3 5.9 −460 2.5

HT3 31.2 × 10−3 109.3 × 10−3 14.8 −493 15.6

An EBSD analysis was performed to link the corrosion behavior of the heat-treated
specimens to the misorientation map, as seen in Figure 8a–d. In the legend of the KAM
maps (Figure 8a–d), the numbers represent the intensity of local misorientation, with 0
being the smallest amount of local misorientation (Blue), 1–2 representing a moderate
amount of local misorientation (greenish), and 3–5 indicating the greatest amount of local
misorientation (yellow and reddish). The local misorientation maps revealed that the HT3
and Ref. steel specimens had higher kernel average misorientation (KAM) values than
those of the HT2 and HT1 specimens, indicating that the corrosion resistance of the steels
with greater amounts of misorientation was significantly reduced. This is due to the fact
that the HT3 specimen was quenched from a high austenization temperature (880 ◦C) in
the same quenching environment, resulting in a higher quenching rate for HT3 than for the
other steels. Conversely, the grains had a lower amount of stored energy in the HT2 and
HT1 specimens with a lower quenching rate from a lower austenization temperature, which
might be responsible for the high corrosion resistance in acidic environments [26,30,43].
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In addition, a bulk texture analysis was performed with the aid of X-ray diffraction
to investigate the effect of the texture components on the corrosion behavior of the Ref.
and heat-treated specimens, as demonstrated in Figure 9a–d. The orientation distribution
functions (ODFs) were calculated from the {110} and {200} pole figures. The volume fraction
of important texture components was also calculated as shown in Table 3. It is evident
that texture intensities are relatively higher in Ref. and HT1 in contrast to HT2 and HT3.
However, when comparing the volume fraction of the desired texture components {111}



Metals 2023, 13, 841 11 of 15

and {332}, we can see that their volume fraction is increasing in the following order of
specimens: Ref. < HT1 < HT2 < HT3. Another important grain orientation {110} exhibited
the following trends: HT1 ≈ HT3 < HT2 ≈ Ref. Contrary to this, the volume fraction
of undesired texture components, such as {100}, was found to have the following trend:
HT2 < HT3 < HT1 ≈ Ref. Thus, the HT2 specimen had the optimal combination of
beneficial ({110}, {111}, {332}) and harmful texture components ({100}), indicating a trend
for the improvement in corrosion resistance.
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Moreover, an XRD analysis of the corrosion products on the corroded surface of the
specimens was performed, as shown in Figure 10. As is clear in this figure, there is a
predominant corrosion product: FeS. The FeS is formed during the reaction of sulfuric acid
with iron and is a corrosion product on the surface of pipeline steel. The pH value, temperature,
and time of exposure have a considerable influence on the formation of FeS [44–46].
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Table 3. The volume fraction of ideal texture components and some important fibers in the Ref. and
the heat-treated specimens.

Texture Components Ref. HT1 HT2 HT3

Cube 2.5 2.5 2.1 2.3
Goss 2 1.8 2.2 1.8
Brass 6.4 5.8 5.4 5.4

S 10.8 9.1 10.1 9.7
Copper 4.4 3.4 4.1 3.7
R-cube 1.5 1.6 1.7 1.6

γ {111}||ND 9.2 9.7 10.8 11.6
Ratio gamma to R-cube 6.1 6.2 6.2 6.9

α {110}||RD 9.6 8.8 9.3 8.5
{332} <113> 26.3 27.1 28.2 29.2
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Figure 11a–d show the SEM images of the corroded surface of the pipeline steels in
the Ref., HT1, HT2, and HT3 specimens, respectively. In these images, uniform corrosion
attacks were observed on the surface of all the corroded specimens and there was no
obvious localized corrosion.
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4. Conclusions

In this study, X100 pipeline steel (Ref.) specimens were subjected to three different
austenitizing temperatures of 880 ◦C (for specimen HT3), 830 ◦C (for specimen HT2), and
780 ◦C (for specimen HT1) for 90 min followed by oil quenching. Afterward, all of the
specimens were tempered at 600 ◦C for 30 min. Based on the results obtained, the following
conclusions are made:

1. The HT2 specimen had the potential to retain a high impact toughness value even
after hydrogen charging, indicating a higher amount of hydrogen embrittlement
resistance. On the other hand, the Ref. and HT3 specimens with high hardness values
showed higher hydrogen embrittlement susceptibility, indicating that the hydrogen
embrittlement resistance decreased with increasing hardness values.

2. The corrosion test results indicate that the corrosion resistance of the Ref. and heat-
treated specimens can be arranged in the following order: HT3 < Ref. < HT1 < HT2.
This result originates from the crystallographic texture analysis, which indicates
that the HT1 and HT2 steel with the optimum combination of advantageous texture
components ({110}, {111},{332}) and harmful texture components ({100}) exhibited a
superior level of corrosion resistance in the acidic environments.

3. The EBSD analysis of the KAM maps indicated that the HT3 and Ref. Please put here
“Not applicable” have the highest amount of internally stored energy, resulting in the
lowest corrosion resistance.
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