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Abstract: We investigated the effect of nanosized NbC precipitates on hydrogen-induced cracking (HIC) of high-strength low-alloy steel by
conducting slow-strain-rate tensile tests (SSRT) and performing continuous hydrogen charging and fracture analysis. The results reveal that the
HIC resistance of Nb-bearing steel is obviously superior to that of Nb-free steel, with the fractured Nb-bearing steel in the SSRT exhibiting a
smaller ratio of elongation reduction (/5). However, as the hydrogen traps induced by NbC precipitates approach hydrogen saturation, the ef-
fect of the precipitates on the HIC resistance attenuate. We speculate that the highly dispersed nanosized NbC precipitates act as irreversible
hydrogen traps that hinder the accumulation of hydrogen at potential crack nucleation sites. In addition, much like Nb-free steel, the Nb-bear-
ing steel exhibits both H-solution strengthening and the resistance to HIC.
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1. Introduction

With the growing development and utilization of marine
resources, more high-strength low-alloy (HSLA) steels are
being utilized in marine platforms and submarine petroleum
transportation. With an increase in the strength of steel, the
risk of hydrogen-induced cracking (HIC) increases signific-
antly in the harsh marine environment, which has restricted
the development of offshore engineering [1-5]. It has been
claimed that precipitation expedites nucleation and
propagation during HIC [6-8], but other researchers have re-
ported that dispersed and nanosized precipitates are benefi-
cial to HIC resistance [9-12]. Thus, it is evident that the ef-
fect of precipitates on HIC susceptibility is not yet fully un-
derstood.

In recent years, research has focused on improving the
HIC resistance of high-strength steel by the use of microal-
loy elements (e.g., Nb, V, and Ti) [11-16]. Nagao ef al. [13]
reported that nanosized precipitates of Ti—-Mo carbide can
improve the HIC resistance of high-strength tempered lath
martensitic steel because a great number of these precipitates
act as hydrogen traps. Zhang et al. [11,17] investigated the
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effect of Nb on HIC susceptibility in HSLA steel and repor-
ted that the HIC resistance of the steel was significantly im-
proved by Nb microalloying, in which NbC precipitates act
as irreversible traps that pin hydrogen atoms, causing them to
be distributed uniformly throughout the matrix. Other re-
searchers have focused on the strengthening and toughening
of microalloy elements and their precipitates. The high
strength and toughness of Nb, V, and/or Ti microalloyed
steels are reported to be primarily due to grain refinement and
precipitation strengthening [18—20]. The mechanism of grain
refinement is related to the microalloy elements that gener-
ally form carbide or nitride characterized by a high level of
hardness and a high melting point. These compounds play a
very important role in restraining the growth of austenite
grains and inhibiting austenite recrystallization [21]. In addi-
tion, studies have revealed that non-metallic inclusions and
precipitation phases are the dominant factors affecting hydro-
gen traps and hydrogen damage [17,22-24], although the ex-
istence of a direct correlation between nano-precipitates and
the HIC of HSLA steels remains uncertain.

In this work, we investigated the microstructure, mechan-
ics, and fracture behavior of HSLA steels. We conducted
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slow-strain-rate tensile tests (SSRT) and a fracture analysis to
determine the effects of NbC precipitates on the HIC behavi-
or of the steels, and we studied the mechanism of HIC resist-
ance. The results of this study will facilitate the development
of HSLA steels that contain the microalloy element Nb.

2. Experimental
2.1. Materials

The steel used in this study, which was produced in our
laboratory, was an HSLA steel grade API X80 used in
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pipeline manufacturing. Table 1 shows the chemical com-
position of this steel, as determined using direct-reading
emission spectrometry. The labels Nb-bearing and Nb-free
correspond to steels with Nb contents of 0.055wt% and
Owt%, respectively. The two types of X80 plate samples
were hot-rolled at about 1200°C, and then air-cooled to
830°C for the second rolling. This cooling time is conducive
to the precipitation of NbC particles. There are two steps in
the cooling process: water quenching to 430—470°C immedi-
ately after the final rolling to obtain bainite, and then cooling
to room temperature in air.

Table 1. Chemical composition of the investigated steels wt%
Steel C Si Mn P S Nb Ti Mo Ni Cu
Nb-bearing 0.060 0.27 1.84 0.004 0.005 0.055 0.015 0.25 0.26 0.26
Nb-free 0.058 0.28 1.85 0.004 0.006 — 0.016 0.26 0.26 0.26

2.2. Procedures

Optical microscopy (Reichert-Jung Polyvar MET) and
transmission electron microscopy (TEM, FEI Tecn G2 F20)
with a voltage of 100 kV were used to observe the micro-
structure and nanosized NbC precipitates of the samples. In
addition, scanning electron microscopy (FEI Quant250) was
used to examine micrographs of the top views of typical frac-
ture surfaces.

The samples were ground using SiC sandpaper with
240-2000 grit, cleaned with distilled water, and then dried
with ethanol. After hydrogen pre-charging of the samples for
3 h in a pressure cell filled with a 0.2 mol-L™" NaOH and
0.25 g-L’l CH,N,S solution, the SSRT were performed at
25°C using a WDML 30 kN SSRT system (Fig. 1) at a
strain rate of 1 x 107 s™" in the same solution. The SSRT
were performed with continuous hydrogen charging at re-
spective current densities of 0, 2, 5, and 10 mA-cm? to
evaluate the HIC resistance. The samples for the SSRT and
hydrogen-charging tests were cut from the X80 plates ac-

cording to the GB/T15790 standard, with the dimensions
shown in Fig. 2.
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Fig. 1. Schematic of the SSRT apparatus.
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Fig. 2. Shape and size of the tensile samples.
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3. Results and discussion
3.1. Microstructure

The typical microstructure of X80 steel is granular bainite,
lath bainite, or lath martensite [10,16,25]. Figs. 3(a) and 3(b)
show optical micrographs of the microstructures of the Nb-
bearing and Nb-free samples, respectively. Compared with
the Nb-free sample, the grain size of the Nb-bearing sample
is smaller. We compared the grain sizes and morphologies of
the Nb-bearing and Nb-free samples using electron backs-
cattered diffraction (EBSD), as shown in Fig. 4. From the in-
verse pole figures, we can see that the Nb-bearing sample
was more regular polygonal granular bainite grains, whereas
the Nb-free sample had larger and uneven sized granular
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bainite grains, and was mixed with some lath bainite. These
differences are attributed to grain refinement, which is be-
cause that NbC precipitates effectively inhibit the growth of
austenite grains, and the dissolved Nb effectively halts re-
crystallization, as demonstrated in previous studies [26-27].
The statistical results show that the average grain size of the
Nb-bearing sample was 8.9 um, whereas that of the Nb-free
sample was 10.5 um.

Next, we examined the nanosized precipitates in the ex-
perimental steel by TEM, as shown in Fig. 5(a). A large num-
ber of precipitates with an average size much less than 10 nm
are uniformly distributed throughout the matrix, and form co-
herent interfaces with the bee-Fe matrix. Using high-resolu-
tion analysis, the precipitates were indexed as NbC, as shown

Average size: 10.5
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Inverse pole figures and grain sizes of the HSLA steel samples obtained by EBSD: (a, ¢c) Nb-bearing; (b, d) Nb-free.
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in the inset of Fig. 5(a). In contrast, no precipitates appeared
in the Nb-free sample, as shown in Fig. 5(b).

3.2. Mechanical properties

The stress—strain curves of samples with different hydro-
gen-charging current densities (0, 2, 5, and 10 mA-cm 2, re-
spectively) are shown in Fig. 6, and the corresponding curves
of tensile strength (03) and elongation (6) versus the char-
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Fig. 5. TEM morphologies of samples: (a) Nb-bearing and the high-resolution TEM image of a precipitate embedded in right-hand
side; (b) Nb-free.

ging current density are shown in Fig. 7.

The strength of the Nb-bearing samples was obviously
higher than that of the Nb-free samples, which is due to the
precipitation strengthening and fine-grain strengthening of
the NbC. The tensile strength first increased and then de-
creased with an increase in the hydrogen-charging current
density (Fig. 7(a)). According to the principle of cathodic hy-
drogen charging, the hydrogen evolution reaction on the
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Fig. 6. Stress—strain curves of the samples at different current densities: (a) Nb-bearing; (b) Nb-free.
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Fig. 7. Curves of tensile strength (0,), elongation (), and reduction ratio of elongation (Z5) for the Nb-bearing and Nb-free samples
vs. charging current density: (a) tensile strength and elongation; (b) reduction ratio of elongation.
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cathode sample surface increases with an increase in the cur-
rent density at constant temperature [28-29]. As such, more
hydrogen atoms are adsorbed and diffused into the sample
matrix as the current density increases, which results in the
higher hydrogen content [30]. Therefore, when the hydrogen-
charging current density was lower than 2 mA-cm 2, few hy-
drogen atoms were brought into the samples, and the tensile
strength increased with an increase in the current density. The
reason for this is that hydrogen atoms mainly function as
solution-strengthening elements when the hydrogen content
is lower than a critical hydrogen damage value [31-32].
When the current density was higher than 2 mA-cm™, the
tensile strength decreased with an increase in the current
density due to the aggregation of significant quantities of hy-
drogen atoms, which can lead to hydrogen damage. In addi-
tion, the tensile strength of the Nb-bearing steel decreased
more slowly than that of the Nb-free steel, which is primarily
because the nanosized NbC precipitates, which functioned as
irreversible hydrogen traps, pinned the hydrogen atoms,
causing them to be distributed around the dispersed precipit-
ates in the matrix before the traps reached hydrogen satura-
tion. In other words, the NbC precipitates reduced the hydro-
gen concentration of the matrix, hindered the accumulation of
hydrogen at potential crack nucleation sites, and delayed hy-
drogen damage.

As expected, the total elongation of the test samples de-
creased significantly with an increase in the hydrogen-char-
ging current density (Fig. 7(a)). The elongation of the Nb-
bearing samples was greater than that of the Nb-free samples
due to their differences in plasticity and HIC susceptibility.
To further investigate the HIC susceptibility, we introduced a
reduction in elongation, i.e., hydrogen-induced ductility loss.
Here, the ratio of elongation reduction (/;) with the current
density of i can be calculated using the following equation:

Is = (1-6;/80) x 100% @)
where ¢, and §; are the elongations of the test sample charged
with a current density of 0 mA-cm ? and of i, respectively. As
shown in Fig. 7(b), elongation is further reduced (i.e., the re-
duction value increases) with an increase in current density.
However, the ratio of elongation reduction in the Nb-bearing
sample is obviously lower than that of the Nb-free sample.
These results reveal that hydrogen increases the brittleness of
steel, whereas the presence of Nb or NbC decreases the HIC
susceptibility of steel. Moreover, as the hydrogen-charging
current density was increased from 2 to 10 mA-cm % the
slope of /; of the Nb-bearing samples became larger than that
of the Nb-free samples, which indicates that the effect of the
precipitates on HIC resistance had a downward trend with an
increase in the hydrogen-charging current density. We can
predict that surplus hydrogen would play its expected role in
HIC after hydrogen has saturated the traps induced by the
precipitates.

3.3. Fracture surfaces

Fig. 8 shows the variations in the fractured surfaces of the
samples at various hydrogen-charging current densities. As
shown in the top views of typical fracture surfaces in the mi-
crographs, the fracture mechanism in the test steels changed
from ductile to brittle cracking with an increase in the hydro-
gen-charging current density.

Fig. 8(a,) shows a micrograph of the fractured surface of a
hydrogen-uncharged Nb-bearing sample after the SSRT,
which exhibits the dimpled surface typical of microvoid co-
alescence. The fractured surface of the sample still shows
ductile features (Fig. 8(b,)) when the charging current dens-
ity was 2 mA-cm >, but the dimples are shallower than those
in the uncharged Nb-bearing sample, and the density is lower
than that of the uncharged Nb-bearing sample. When the
charging current density was 5 mA-cm 2, the fractured mor-
phology of the Nb-bearing sample differed from that charged
at low current density, with a brittle intergranular fracture ap-
pearing at the outer edge while the ductility in the central re-
gion was retained, and the dimples becoming smaller and
shallower with an increase in the charging current density.
When the charging current density reached 10 mA-cm™, all
the fractured surface of the Nb-bearing sample became
brittle. These differences in morphology are due to the great-
er hydrogen absorption in these regions caused by the in-
creased charging current density in the samples. As a result,
diffusible hydrogen becomes available and the proportion of
the brittle region is larger in the fractured surface of the
charged samples.

A comparison of the magnified views of Nb-bearing and
Nb-free samples shows that the ductility of the Nb-free
samples is obviously poor. Fig. 8(e,) shows that the ductile
surface of the Nb-free sample has dimples that are shallow-
er than those of the corresponding Nb-bearing sample. Fig.
8(f,) shows a micrograph of a fractured Nb-free sample
cathodically hydrogen charged with a current density of 2
mA-cm, the surface of which is similar only to the frac-
tured surface of the Nb-bearing sample that was cathodic-
ally charged at a current density of 5 mA-cm . Figs. 8(g,)
and 8(h,) show that brittle fracture occurred when the char-
ging current was higher than 2 mA-cm 2, whereby Fig.
8(h,) with the higher hydrogen-charging current density
exhibits a more brittle surface.

The main reason for the different degrees of HIC resist-
ance between the Nb-bearing and Nb-free samples are the
presence of the nanosized NbC precipitates, which function
as irreversible hydrogen traps. As a result, hydrogen atoms
are pinned around the precipitates and are distributed more
uniformly in the matrix, which alleviates hydrogen accumu-
lation and reduces the tendency toward hydrogen embrittle-
ment. In addition, grain boundaries with hydrogen trap activ-
ation energies of approximately 26 kJ/mol (low-angle grain
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Fig. 8. Micrographs showing the top view of typical fracture surfaces at various current densities: (a;) Nb-bearing, 0 mA-cm; (b,)
Nb-bearing, 2 mA-cm?; (¢;) Nb-bearing, 5 mA-cm?; (d;) Nb-bearing, 10 mA-cm%; (¢;) Nb-free, 0 mA-cm%; (f;) Nb-free, 2 mA-cm %
(g1) Nb-free, 5 mA-cm%; (h;) Nb-free, 10 mA-cm> Magnified views of fracture at various current densities: (a,) Nb-bearing,
0 mA-cm% (b,) Nb-bearing, 2 mA-cm?; (c;) Nb-bearing, 5 mA-cm™%; (d,) Nb-bearing, 10 mA-cm; (e;) Nb-free, 0 mA-cm™;
(f,) Nb-free, 2 mA-cm%; (g,) Nb-free, 5 mA-cm%; (h,) Nb-free, 10 mA-cm2.

boundary as a reversible trap) and 59 kJ/mol (high-angle
grain boundary as irreversible trap) are increased via the re-
fining grains of the nanosized NbC precipitates, which fur-
ther decreases the diffusible hydrogen concentration in the
matrix [4,11,33].

3.4. Effects of NbC on HIC

Hydrogen traps can be divided into two categories based
on the trap activation energy in previous studies [33-34], in
which the reversible traps include low-angle grain boundar-
ies, dislocations, substitution atoms, and vacancies, while the
irreversible traps include high-angle grain boundaries, pre-
cipitated second phases, inclusions, and microvoids. In fact,
the types of the hydrogen traps induced by precipitates are re-
lated to the particle size and the interface coherency. The
NbC precipitates with several nanometers in size form coher-
ent interfaces with the bcc-Fe matrix, which possess the
highest strain energy and acted as the effective irreversible
trap for hydrogen. On the other hand, the semi-coherent in-
terface demonstrated a weaker capacity for hydrogen trap-

ping, and incoherent interface was further weaker to trap hy-
drogen [35-37]. The added Nb influences the effect of hy-
drogen traps in steel in two respects. First, the highly dis-
persed precipitates function as irreversible hydrogen traps
with high activation energies. Second, nanosized NbC pre-
cipitates prevent grain growth by pinning the grain boundar-
ies, thus, the number of grain boundaries acting as reversible
hydrogen traps increase. According to previous research, for
0.055wt% Nb X80 steel, the ratio of the quantity of the hy-
drogen captured by reversible traps to that captured by irre-
versible traps was 4:9 [4,36].

The schematic in Fig. 9 shows that hydrogen atoms accu-
mulate at the grain boundaries in steel. Hydrogen damage oc-
curs as the local hydrogen concentration reaches a critical
value. Generally, defects such as inclusions, microvoids, and
dislocations absorb hydrogen atoms and determine the initial
locations of HIC. In Nb-bearing steel, large quantities of NbC
precipitates disperse uniformly throughout the matrix. These
nanosized NbC precipitates act as irreversible traps, and uni-
formly pin hydrogen atoms to prevent local hydrogen accu-
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mulation, which decreases the concentration of hydrogen at
potential crack nucleation sites (such as the defects and inter-
faces) and delays HIC. Moreover, the nanosized NbC precip-

itates refine the grain, adding boundary interface as hydro-
gen traps, which further decreases the local hydrogen con-
centration and further inhibits HIC.

[/ \

Add Nb

ot

Fig.9. Schematic illustration of the effect of NbC on HIC.

According to the above mechanism, after hydrogen has
saturated the traps induced by the precipitates, the surplus hy-
drogen would go on to play its regular role in HIC. Neverthe-
less, the critical hydrogen content to induce HIC is increased
by the addition of Nb to steel. That is, nanosized NbC precip-
itates are beneficial to the HIC resistance of HSLA steel.

4. Conclusions

(1) The HIC resistance of HSLA steel can be significantly
improved by the nanosized NbC precipitates, with the main
mechanism being that highly dispersed nanosized NbC pre-
cipitates act as irreversible hydrogen traps, hinder the accu-
mulation of hydrogen at potential crack nucleation sites, and
inhibit HIC.

(2) The beneficial effect of nanosized NbC precipitates on
the HIC resistance of Nb-bearing HSLA steel may weaken as
the irreversible traps induced by the precipitates approach hy-
drogen saturation.

(3) As in Nb-free steel, Nb-bearing HSLA steel presents
both H-solution strengthening and the resistance to HIC, al-
though the strength and the resistance to HIC of Nb-bearing
steel are improved.
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