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A B S T R A C T

The effect of dispersed nanosized spherical NbC precipitates (∼10 nm) on the hydrogen embrittlement (HE) of
martensitic steel was investigated by slow strain rate tests, hydrogen permeation tests, atom probe tomography
and microstructural examination. HE susceptibility decreases as the amount of NbC increases. NbC plays dual
roles in HE. Primarily, NbC alleviates hydrogen accumulation in other areas via hydrogen traps which are
induced by NbC directly and increased by the additional grain boundaries resulting from NbC, inhibiting the
hydrogen-enhanced decohesion. Moreover, NbC impedes the hydrogen-enhanced localized plasticity by pinning
hydrogen-dislocation atmospheres and reducing Σ3 boundary fraction. Secondarily, NbC weakens the beneficial
{111}//ND texture, reduces the crack-propagation resistance, and plays a harmful role.

1. Introduction

High-strength martensitic steels are widely used for structural
components in various industries, such as aircraft, automobiles, and
tools. However, one of the significant challenges limiting the applica-
tion of ultrahigh-strength martensitic steel is hydrogen embrittlement
(HE), as the martensite microstructure is highly susceptible to HE and
the susceptibility of steels to HE increases with the strength [1–6].
During the manufacturing and service process, e.g. smelting, acid
pickling, welding, and exposure to corrosive environments, hydrogen
atoms easily diffuse into martensitic steel, degrading the mechanical
properties [7–9]. Owing to the detrimental impact of hydrogen on high-
strength steels, numerous studies have been performed on the HE be-
havior [10–19]. The prevalent mechanisms include internal pressure
theory [12], hydrogen-enhanced decohesion (HEDE) [13,14], hy-
drogen-enhanced vacancy stabilization [15], hydrogen-enhanced loca-
lized plasticity (HELP) [16,17], and adsorption-induced dislocation
emission [18]. In particular, in the case of lath martensitic steel, HE
fracture generally results from a combination of HELP and HEDE, and
the local hydrogen concentration determines the dominant HE me-
chanism [19–21].

Strategies for enhancing the HE resistance of steels have been ex-
tensively investigated. Various methods have been employed, e.g.

controlling the inclusion size and amount [22], decreasing the chemical
composition segregation [23], grain-boundary engineering [24], in-
troducing effective hydrogen traps [25,26], adding microalloying ele-
ments [27–35] and texture engineering [36–38]. One of the most pro-
mising methods is generating precipitates by adding carbide formers,
such as V, Ti, and Nb, to steel. It has been well established that these
carbides (VC, TiC, NbC) reduce the HE susceptibility by introducing
effective hydrogen traps; moreover, they induce precipitation
strengthening, improving the strength of steels [30,33,34]. For ex-
ample, Kim et al. [30] and Depover et al. [31] found that the HE re-
sistance of martensitic steel and Fe-C-Ti alloys, respectively, were en-
hanced by TiC precipitates. Lee et al. [32] and Cho et al. [33] reported
that the precipitation of V carbide in V-bearing martensitic steels re-
duced the HE susceptibilities. Lin et al. [35] found that the presence of
Nb (C, N) precipitates was beneficial to the HE resistance of press-
hardened steel owing to its hydrogen-trapping role.

To prove the hydrogen-trapping role of carbides, numerous ex-
perimental studies have been performed. Wei et al. [39] investigated
the hydrogen-trapping capacity of TiC, VC, and NbC via thermal des-
orption spectroscopy (TDS) and reported that NbC had the largest
trapping capacity. In other studies, Wei et al. [40,41] found that co-
herent or semi-coherent carbides could trap H at room temperature,
whereas the incoherent TiC could only trap hydrogen at elevated

https://doi.org/10.1016/j.corsci.2019.108345
Received 18 July 2019; Received in revised form 26 October 2019; Accepted 12 November 2019

⁎ Corresponding authors.
E-mail addresses: huangyh@mater.ustb.edu.cn (Y. Huang), lixiaogang99@263.net (X. Li).

Corrosion Science 164 (2020) 108345

Available online 14 November 2019
0010-938X/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2019.108345
https://doi.org/10.1016/j.corsci.2019.108345
mailto:huangyh@mater.ustb.edu.cn
mailto:lixiaogang99@263.net
https://doi.org/10.1016/j.corsci.2019.108345
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2019.108345&domain=pdf


temperatures. Turk et al. [42] examined the hydrogen-trapping capa-
city of VC with different sizes and concluded that nano sized carbides
are found to trap more hydrogen, with optimal size typically around
10 nm. Moreover, direct observations of hydrogen-trapping sites in
precipitates of micro-alloyed steels have been achieved recently via
atom probe tomography (APT) on hydrogen/deuterium charged sam-
ples [3,43–49]. Takahashi et al. [43] found that C vacancies on the
(001) broad surface of fine TiC and V4C3 were the main hydrogen-
trapping sites. Chen et al. [45] found that deuterium atoms were
trapped in the core of V-Mo-Nb carbides through composition profile
analysis via APT on the deuterium charged samples. The reason for
selection of deuterium charging rather than hydrogen charging in their
work is that the residual hydrogen gas in the chamber can be absorbed
on the sample and also be mapped by APT. Thus, the hydrogen con-
centration obtained by APT on hydrogen charged sample contain
background hydrogen and could only be used for qualitative analysis
[46–49]. In contrast, the APT test on deuterium charged sample can
remove the influence of hydrogen gas in chamber and only measure the
deuterium in the material, and thus can be used for quantitative ana-
lysis [46].

Although the hydrogen-trapping capacity of carbides and the ben-
eficial effects of V and Ti carbides on the HE behavior have been widely
reported [29–33,39–41], the effects of NbC precipitates on the hy-
drogen-trapping sites and HE in steels lack adequate research and are
not fully understood. In particular, although the hydrogen-trapping role
of NbC precipitates has been proven via TDS [39,50], the trapping of
hydrogen atoms in NbC precipitates has not been directly observed via
APT. Moreover, although the quantitative estimation of the density of
hydrogen traps induced directly by NbC precipitate has been achieved
using thermokinetic simulation approach [51], the density of other
types of traps, such as traps related to dislocation, martensite packets,
block and lath boundaries which were influenced by NbC precipitates,
has not been achieved. The effects of these carbides on HE are generally
attributed to their strong hydrogen-trapping capacity [29–35]. How-
ever, these carbides may also significantly change the microstructure,
and the influence of the microstructure change on the HE are often
ignored and are not fully understood.

Therefore, the objective of this study was to elucidate the effect of
NbC precipitates on the HE behavior of lath martensitic steel. Three
steels with different NbC amounts were prepared. The precipitates in
the steels were examined via transmission electron microscopy (TEM).
The HE susceptibilities of the steels were evaluated via slow strain rate
tests (SSRTs) of hydrogen pre-charged specimens. The features of the
fracture surfaces, crack-propagation paths, and failure mechanisms
were investigated via a combination of field-emission scanning electron
microscopy (FESEM), high-angular resolution electron backscatter dif-
fraction (HAR-EBSD), and electron channelling contrast imaging
(ECCI). The hydrogen-diffusion behavior was examined and the hy-
drogen-trapping sites in the steels were directly observed via hydrogen
permeation tests and APT. According to the microstructure features, a
quantitative model was established and used to evaluate the density of
each type of trap. Additionally, the crystallographic characteristics of
the cross section underneath the fracture surface in different hydrogen-
charged specimens were observed via EBSD. Finally, the effect of the
NbC precipitates on the HE resistance of the lath martensitic steel was
discussed according to the changes in the microstructure and hydrogen
traps.

2. Materials and methods

2.1. Materials

Low-carbon lath martensitic steels with different Nb contents were
used in this study, and their detailed chemical compositions are pre-
sented in Table 1. The N1 steel was a Nb-free steel. To obtain different
amounts of NbC precipitates, 0.021 and 0.055wt.% Nb were added for

the N2 and N3 steels, respectively. The other chemical elements had
similar contents in these steels. The casting laboratory-scale ingots were
prepared and homogenized at 1230 ℃ for 60min, followed by a hot-
rolling process. The finish rolling temperature was about 850 °C, and
the final thickness was about 3.5 mm, then the steel sheet was cooled
down to room temperature in the furnace. Subsequently, these plates
were subjected to the same heat-treatment process. All the plates were
reheated to 930 ℃ for 3min and quenched in water.

2.2. HE susceptibility tests

The HE susceptibilities of the tested steels were evaluated via SSRT
tests with a strain rate of 6.6× 10-5 s-1 at room temperature. According
to ASTM E8 M, smooth specimens with a gauge dimensions of 25
(length) × 6 (width) × 1.5 (thickness) mm3 were cut from the steel
sheets and ground with SiC paper (up to 2000 grit). The length and
width direction are the rolling direction (RD) and transverse direction
(TD) of the hot-rolled steel, respectively. Then, the specimens were
divided into two groups. The specimens in the first group were elec-
trochemically hydrogen-charged in a solution of 0.5 mol/L H2SO4 and
0.25 g/L thiourea at 0.5 mA/cm2 for 1 h, followed by tensile-strain
tests. The specimens in the other group were tensile-deformed without
H pre-charging. After the tests, the HE-susceptibility index (IHE) of each
steel was calculated as follows:

=
−

×I δ δ
δ

100%HE
H0

0 (1)

Where, δ0 and δH represent the tensile elongations of specimens with
and without H pre-charging, respectively.

2.3. Microstructure and fractography feature observations

To examine the microstructure and prior austenite grain (PAG) of
the experimental steels, samples were cut from each steel plate and then
ground using SiC paper, followed by polishing with 1-μm diamond
paste. Finally, the samples were etched with a 4% Nital solution and a
saturated aqueous picric acid solution and then observed via TESCAN
MIRA3 FESEM and optical microscopy (OM, Olympus BC51M).
Precipitate observation was performed for all the samples via TEM
(Tecnai F30) at 200 kV. The foils for TEM were ground to approxi-
mately 80 μm and then electropolished with 10% perchloric acid and
90% ethanol using a twin-jet electropolishing device at a low tem-
perature. The phase compositions and dislocation densities of the ma-
terials were examined via X-ray diffraction (XRD) analysis with Cu Kα
radiation, and the step size was 0.02°. Prior to the XRD measurements,
the surfaces of samples (RD-TD planes) were prepared via electro-
polishing to remove the stress layer, and after the tests, the modified
Williamson–Hall method was used to calculate the dislocation density
[52].

The fracture surfaces of hydrogen-charged and hydrogen-free spe-
cimens after the SSRT were examined via FESEM. To elucidate the HE
mechanism of the tested martensitic steel, the hydrogen-assisted cracks
in the region near the fracture surface (the detailed location is shown in
the blue box of Fig. 1 and the examination plane is RD-TD plane) of the
N1 steel were carefully examined via SEM, ECCI, and HAR-EBSD. The
HAR-EBSD measurements were performed using a TESCAN MIRA3
FESEM with an Oxford Symmetry EBSD detector, which is a

Table 1
Chemical compositions of the experimental martensitic steels (wt.%).

Steel C Mn Si Al Cr B Nb P S Fe

N1 0.235 1.19 0.31 0.041 0.166 0.0022 0 0.008 0.005 Val.
N2 0.236 1.20 0.32 0.042 0.165 0.0023 0.021 0.009 0.004 Val.
N3 0.234 1.21 0.32 0.040 0.168 0.0022 0.055 0.008 0.005 Val.
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complementary metal–oxide semiconductor-based detector that pro-
vides an angle resolution of approximately 0.05°–0.1°. To reveal the
dislocation structures, a step size of 100 nm and the resolution (no
binning) mode were selected. Moreover, EBSD measurements were
performed to examine the crystallographic characteristics of the cross
sections below the fracture surfaces (Fig. 1) of the hydrogen-charged
specimens. All the samples for the EBSD measurements were me-
chanically polished using 1-μm diamond paste and then vibration-po-
lished in a 0.05-μm colloidal silica slurry for 8 h.

2.4. Hydrogen permeation test

To evaluate the status of the hydrogen traps in the steels, hydrogen
permeation tests were performed on all the steels using a
Devanathan–Stachurski dual cell [53] at room temperature. The re-
ference electrode and counter electrode were a saturated calomel
electrode and Pt, respectively. Samples with dimensions of
20×20×1.2 mm3 were machined and ground to a thickness of ap-
proximately 1mm, followed by mechanical polishing to remove the
flux-limiting surface impedances. Because an oxide layer may have

been formed on the hydrogen-discharging sides of the samples during
hydrogen permeation, in the final step of sample preparation, the hy-
drogen-discharging sides were electroplated with Ni. After the samples
were mounted between the charging cell and oxidation cell, a 0.2M
NaOH solution was poured into the oxidation cell, and a constant po-
tential of 250 mVSCE was applied on the oxidation side using an elec-
trochemical workstation. When the oxidation current density decreased
to< 0.5 μA/cm2, 0.5 mol/L H2SO4 + 0.25 g/L thiourea was poured
into the hydrogen-charging cell, and the hydrogen-charging side of the
sample was electrochemically charged. Once the oxidation current was
stabilized, the hydrogen charging was interrupted, and the hydrogen
permeation was completed. Then, the permeation parameters, i.e. the
effective hydrogen diffusivity (Dap) and diffusion hydrogen concentra-
tion (C0), were calculated using the following equations [54,55]:

=∞

∞J L I L
FS (2)

=
∞C J L
Dap

0
(3)

=D L
t6ap

2

0.63 (4)

Where, L represents the specimen thickness, I∞ represents the steady-
state current density, J∞ represents the hydrogen flux, F represents the
Faraday constant, t0.63 represents the time lag for the current density to
reach 0.63I∞, and S represents the exposure area during permeation
(1.76 cm2).

2.5. Observation of hydrogen-trapping sites via APT

Direct observation of hydrogen-trapping sites in the Nb-bearing
steel was achieved via APT using a CAMECA LEAP 4000X HR. A square

Fig. 1. Schematic of the crack position and the cross-section position.

Fig. 2. Low- and high-magnification SEM micrographs of the microstructures of (a, d) N1, (b, e) N2, and (c, f) N3; PAG morphologies for (g) N1, (h) N2, and (i) N3.
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rod with dimensions of approximately 0.5×0.5× 20 mm3 was cut
from the N3 steel and ground using SiC paper. Then, it was electro-
polished to obtain a needle-like specimen. As hydrogen could be in-
troduced by the electropolishing, similar to previous studies [46–48],
additional electrochemical charging was not applied to the specimen
during the sample preparation. After the electropolishing, the specimen
was immediately placed into the chamber, and APT analyses were
conducted at a tip temperature of 60–100 K under ultrahigh vacuum
with a pulse fraction of 0.2 and a pulse repetition rate of 2 kHz. The raw
data were analysed using the IVAS™ software.

3. Results and discussion

3.1. Microstructural characterizations

Fig. 2a–f show SEM images of the microstructures of the in-
vestigated steels. All the steels exhibited a fully lath martensite mi-
crostructure, with the PAG composed of a martensite hierarchical
structure, i.e. laths, blocks, and packets. With the increasing Nb con-
tent, the martensite microstructure (Fig. 2a–f) became finer and more
homogeneous, and the PAG size (Fig. 2g–i) decreased. This is because
the presence of NbC precipitates in Nb-bearing steel can inhibit the
austenite grain growth at high temperatures [56]. Additionally, as in-
dicated by the XRD results in Fig. 3, all the steels consisted of a fully
body-centred cubic (bcc) iron phase without a retained austenite phase.

Fig. 4 shows TEM images of the precipitates in the tested steels. In
the N1 steel (Fig. 4a), several parallel martensite laths (but no pre-
cipitates) were observed. In the N2 and N3 steels, numerous dispersed
nanosized precipitates were observed, and the volume fraction of NbC
precipitate increases with increasing Nb content. Both the precipitates
in N2 and N3 are approximately spherical and distributed uniformly in
the matrix. Moreover, the average precipitate size was similar (average
diameter of ∼10 nm, ranging from 4–30 nm) between these two Nb-
bearing steels, but the amount of precipitates in the higher-Nb content
steel (N3) was significantly larger than that in the lower-Nb content
steel (N2). To confirm the precipitate type, energy-dispersive X-ray
spectroscopy (EDS) and selective-area diffraction (SAD) were con-
ducted on the precipitates, and the results indicated that these pre-
cipitates were face-centred cubic (fcc) NbC. Examples of the EDS and
SAD results for the precipitate in Fig. 4c are shown in Fig. 4d and e,
respectively. Moreover, in high-magnification TEM micrographs of the
Nb-bearing steels, as shown in f, dislocations were observed to be
pinned by part of the NbC precipitates.

3.2. Mechanical properties

The microstructural observation clearly shown that these steels
contain different amount of NbC precipitates. To study the influence of
NbC precipitates on the HE susceptibilities of the tested lath martensitic
steels, the hydrogen-uncharged and hydrogen-charged tensile speci-
mens from these three steels were subjected to SSRT tests. To ensure the
reliability of the experimental data, the SSRT tests were repeated three
times on each steel, and only the curves with mechanical properties
closest to the average values were presented. The engineering stress–-
strain curves of hydrogen-uncharged and hydrogen-charged samples
with different NbC precipitate amounts are shown in Fig. 5, and the
corresponding mechanical data are presented in Table 2. The me-
chanical properties of the three hydrogen-uncharged specimens ex-
hibited slight differences, whereas those of the three hydrogen-charged
specimens differed significantly. The tensile strength and elongation of
the hydrogen-uncharged steels increased slowly with an increase in the
NbC amount, owing to the precipitate strengthening and refinement
strengthening of the NbC precipitates [57]. In contrast, the elongation
of the hydrogen-charged samples increased significantly with the in-
creasing NbC amount, from 2.3%–5.7%. And the tensile strength of
hydrogen-charged samples was also increased after adding different
amount of NbC. Additionally, with an increase in the NbC amount, the
HE index decreased significantly (from 72.6%–35.9%), indicating that
the NbC precipitates improved the HE resistance of the experimental
martensitic steel.

3.3. Fractography characterization

As shown in Fig. 6, the fracture surfaces of all the specimens without
hydrogen exhibited the ductile fracture mode, with typical dimple
morphologies. In contrast, as shown in Fig. 7, the fracture surfaces of
the different hydrogen-charged specimens exhibited significant differ-
ences. In the N1 steel (Fig. 7a), most regions exhibited a mixed mode of
intergranular (IG) and quasi-cleavage (QC) fracture, while a small re-
gion of the surface exhibited QC fracture. In the IG+QC mixed fracture
region (Fig. 7b), several smooth facets and secondary cracks that pro-
pagated along the PAG boundaries were observed, indicating that IG
fracture occurred in this region. Additionally, characteristics of QC
fracture, such as serrated markings and lath-like features, were also
observed in this region. These lath-like features had similar dimensions
to the martensite lath, indicating that the fracture path for this region
was along the lath boundaries. In the QC region (Fig. 7c), many fine
tear ridges were observed. The existence of fine tear ridges and serrated
markings indicated that the plastic process was an integral part of the
hydrogen-assisted cracking in the experimental steels [21,58,59].

Moreover, as shown in Figs. 7a, d, and g, with the increasing NbC
precipitate amount, the fraction of ductile regions increased. Specifi-
cally, the fracture of N2 steel was a mixed fracture of IG+QC, ductile
microvoid coalescence (MVC)+QC, and MVC. In the MVC+QC region
(Fig. 7e) of the N2 steel, in addition to serrated markings and lath-like
features, several large tearing ridges appeared, indicating that this re-
gion was subjected to a more significant plastic deformation [60]. The
morphologies of the IG+QC zone (Fig. 7f) in N2 were similar to those
for N1 (Fig. 7b). Furthermore, N3 exhibited a mixture feature of
MVC+QC (Fig. 7h), IG+QC, and MVC (Fig. 7i), and MVC was the
primary mode.

3.4. Hydrogen-assisted cracking characteristics and mechanism

Previous studies [20,58,61,62] suggested that IG fracture is evi-
dence of the HEDE mechanism, and local ductile features (such as fine
tear ridges and serrated markings) are evidence of the HELP me-
chanism. The coexistence of IG+QC fracture in the N1 steel indicated
the HE mechanism possibly the combination of HEDE and HELP. To
directly elucidate the HE mechanism and cracking characteristics of theFig. 3. XRD patterns of experimental steels with different Nb contents.
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experimental martensitic steel, the secondary cracks in the regions near
the fracture surface of the N1 steel were carefully examined via both
SEM-ECCI and HAR-EBSD.

Fig. 8a–c show the HAR-EBSD results for the crack, and the corre-
sponding ECCI images of local regions (indicated by white frames and
blue frames in Fig. 8c) are presented in Fig. 8d and e. As shown in
Fig. 8d, a mixed feature of IG and TG cracking was observed. The crack
propagated along the PAG boundaries in most regions. However, in the
regions near the triple-points of the PAG, it propagated inside the PAG.
Notably, the fragmentation and distortion of the martensite laths were
observed near the triple-point regions (marked by white boxes in Fig. 8a
and red boxes in Fig. 8d), indicating that these localized regions un-
derwent a significant plastic-deformation process. To confirm this, the
KAM map based on the calculation of the average misorientation be-
tween one pixel and its nearest neighbor pixels, which is commonly
used to evaluate the localized dislocation density [63], was obtained, as
shown in Fig. 8b. Higher KAM values were observed in the regions
marked by the white box, indicating that the propagation of hydrogen-
assisted cracks in the experimental steels was accompanied by

Fig. 4. TEM images showing the morphologies of the precipitates in (a) N1, (b) N2, and (c) N3. (d) EDS and (e) SAD results for the precipitate indicated by the red
circle in N3. Part of the nanosized precipitates is marked by red arrows in (b) and (c). (f) High-magnification TEM micrograph of the precipitates in N3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 5. Engineering stress–strain curves of the (a) hydrogen-uncharged and (b) hydrogen-charged specimens.

Table 2
Mechanical properties of the hydrogen-uncharged and hydrogen-charged ex-
perimental steels.

N1 N2 N3

H-free H-charged H-free H-charged H-free H-charged

Tensile strength
(MPa)

1637 1550 1663 1664 1693 1697

Yield strength
(MPa)

1019 1008 1077 1069 1123 1125

Elongation (%) 8.4 2.3 8.6 3.8 8.9 5.7
IHE (%) 72.6 55.8 35.9
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dislocation multiplication and movement in the local regions. Thus, the
HELP mechanism was one of the HE mechanisms in the experimental
steels. Moreover, according to the orientation data, a slip trace analysis
was performed (shown in Fig. 8b), indicating that the crack propagated
along the {110} planes. Okada et al. [64] proposed that {110} planes
are slip planes of bcc steels and that the cracks propagating along {110}
planes can arise from hydrogen-enhanced local slips on {110} planes. In
the present study, the crack propagation along the {110} planes in-
dicated that the HELP process occurred during the HE of the experi-
mental steels.

Additionally, a branch crack that propagated along the martensite
lath boundaries (Fig. 8d) was observed adjacent to the secondary crack,
indicating that during the crack propagation, hydrogen accumulated at
not only the PAG boundaries but also the martensite lath boundaries. It

is generally believed that the local hydrogen concentration at such
boundaries reduces the cohesive energy through the HEDE mechanism,
resulting in boundary cracking [13,59]. Because the HEDE process did
not introduce large plastic deformation, a high dislocation density was
not observed near the crack. As shown in Fig. 8b, the dislocation den-
sity of the IG regions of the crack (indicated by red boxes) was not
higher than that of the crack-free regions, confirming that HEDE was
another mechanism of HE fracture in the experimental steel. According
to the foregoing analysis, the HE process of the experimental steels was
the joint effect of HELP and HEDE.

3.5. APT results

To directly investigate the influence of the NbC precipitates on the

Fig. 6. SEM images of the fracture surfaces of hydrogen-uncharged specimens: (a) N1 steel, (b) N2 steel, and (c) N3 steel.

Fig. 7. SEM images of the fracture surfaces of hydrogen-charged specimens: (a) overview micrograph of N1, (b, c) enlargement of the fracture zone marked by the
dashed line in (a); (d) overview micrograph of N2, (e, f) enlargement of the fracture zone marked by the dashed line in (d); (g) overview micrograph of N3, (h, i)
enlargement of the fracture zone marked by the dashed line in (g).
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hydrogen-trapping sites in the test steels, the atom distributions in the
Nb-bearing N3 steel were mapped via APT. Fig. 9 shows the three-di-
mensional (3D) atom maps of H and the major alloy elements in the N3
steel. C, Nb, and H atoms were ununiformly distributed in the steel
matrix, and the other elements exhibited no atom segregation. The
enrichment of C, Nb, and H atoms in the same region (marked by a
green box) was observed, indicating that the NbC precipitate existed in
this local region. To highlight the NbC precipitate and the H distribu-
tion, the 7.4 at.% (C+Nb) isoconcentration surfaces of the green-box
region were plotted in Fig. 10a, and the C, Nb, and H atoms inside the
isoconcentration surfaces are shown in Fig. 10b. The precipitate size
was approximately 25 nm, and a large number of hydrogen atoms were
trapped by the precipitate, confirming that the NbC precipitate had a
strong hydrogen-trapping ability. Note here, as mentioned in the in-
troduction, the hydrogen concentration obtained by APT on hydrogen

charged sample could not be used for quantitative analysis and only
qualitative analysis is accepted. Similar qualitative analyses have al-
ready been successfully used in the previous literatures to prove that
the reversed austenite, ε-carbide, and V enriched carbide are hydrogen
trapping sites [3,46–49].

Moreover, as shown in Fig. 9, a pronounced heterogeneous dis-
tribution of C was observed in other regions, where the Nb and hy-
drogen were uniformly distributed. Previous APT studies on martensite
revealed significant C segregation in the auto-tempered matrix after
water quenching [65,66]. As illustrated in Fig. 9, the hydrogen segre-
gation in the C-segregation regions was not obvious, indicating that the
hydrogen-trapping ability of C segregation was insignificant.

Fig. 8. HAR-EBSD results for the crack in the N1 steel: (a) inverse pole figure (IPF) map, (b) kernel average misorientation (KAM) map with {110} slip traces, and (c)
{111}//ND texture map. (d, e) Corresponding ECCI images of local regions in (c).

Fig. 9. 3D atom maps of H and the major alloy elements in the N3 steel.

S. Zhang, et al. Corrosion Science 164 (2020) 108345

7



3.6. Hydrogen permeation results and quantitative analysis

To evaluate the density of each type of hydrogen trap and the cri-
tical hydrogen concentration, hydrogen permeation tests were per-
formed, and a quantitative model was established to analyse the results.
Fig. 11 shows the hydrogen permeation curves for the three martensitic
steels with different NbC amounts. According to the permeation curves
and Eqs. (2)–(4), the permeation parameters were calculated, as shown
in Table 3. A larger amount of NbC precipitate in the steel yielded a
smaller Dap and larger C0. A smaller Dap indicates that the hydrogen
atoms had more difficulty diffusing through the steel and thus more
difficulty aggregating in the defect sites, and a larger C0 indicates a
higher critical hydrogen concentration against cracking.

It is well established that Dap and C0 are determined by the external
hydrogen-charging condition, as well as the hydrogen-trap states in the
material. As the hydrogen-permeation conditions of the steels were the
same in the permeation tests, the difference in the permeation coeffi-
cients is attributed to the difference in the hydrogen-trap states of the
steels. Generally, according to the hydrogen-trapping energy, the hy-
drogen traps in steels can be classified into irreversible and reversible
trap sites. The traps with a low trapping energy, such as lattice im-
perfections, grain boundaries, and dislocations, are regarded as re-
versible, and those with a high trapping energy, such as inclusions and
precipitates, are considered as irreversible [39,60,67–69]. In the N1
steel, the hydrogen traps included grain boundaries (PAG boundaries,
martensite packets, block and lath boundaries), dislocations, and in-
clusions. In the Nb-bearing steel, NbC precipitates also acted as irre-
versible hydrogen traps, and more grain-boundary traps were present

owing to the microstructure refinement due to the NbC. Thus, the total
hydrogen-trap density (NT) in the experimental steels can be de-
termined by the following formula:

= + + + +N N N N N NT GB dis pre inc other (5)

where NGB, Ndis, Npre, Ninc, and Nother represent the hydrogen-trap
densities provided by grain boundaries, dislocations, NbC precipitates,
inclusions, and other traps (such as solute atoms and vacancies), re-
spectively.

In lath martensitic steel, a four-level hierarchy in the grain-
boundary morphology, i.e. PAG boundaries, martensite packets, and
block and lath boundaries, is observed. The hydrogen-trap density
supplied by these grain boundaries can be evaluated as follows [70,71]:

= =−N S x
V x d x2

30
GB k

G GB

G a k a
3 2 (6)

NGB = NGB-PAG + NGB-MP + NGB-MB + NGB-ML (7)

Where, NGB-k (k=PAG/MP/MB/ML) represents the hydrogen-trap
density provided by the PAG boundaries, martensite packet boundaries,
martensite block boundaries, and martensite lath boundaries, respec-
tively; SG and VG represent the surface area and volume, respectively, of
the PAG or martensite packet/block/lath units (as the boundaries are
shared by two units, the factor of 1/2 is selected here); xa represents the
atomic distance; xGB represents the width of the boundary (approxi-
mately 10xa); and dk (k=PAG/MP/MB/ML) represents the average
size of PAG/martensite packet/block/lath units.

Additionally, the hydrogen-trap density provided by dislocations
can be estimated as follows [71]:

=N
ρ
x

5
dis

dis

a (8)

Where, 5 is the ratio of the dislocation width to the atomic distance, and
ρ represents the dislocation density.

Furthermore, according to the hydrogen permeation results, NT can
be determined using the following equation [54,69]:

= × − ×
−N N D

D
e( 1)T L

L

ap

E
RT( )b

(9)

Where, DL = 1.28×10-4 cm2 s-1, NL= 7.52×1022 cm-3, Eb =0.3 eV,

Fig. 10. (a) 7.4 at.% (C+Nb) isoconcentration surfaces of the green-box region in Fig. 9; (b) 3D view of the distributions of C, Nb, and H atoms inside the
isoconcentration surfaces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 11. Hydrogen permeation curves of the test steels with different NbC
amounts.

Table 3
Permeation coefficients of the experimental steels.

Steel N1 N2 N3

Dap, 10-7 cm2/s 8.938 8.033 6.352
C0, 10-6 mol/cm3 7.892 8.375 9.313
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R=8.3145 J K−1 mol−1, and T =300 K [54,69].
The average PAG sizes of the steels were identified using OM

images, the martensite packet/block/lath sizes were determined using
SEM images and EBSD results, and the dislocation densities were cal-
culated using XRD data. The statistical results for these microstructural
parameters are presented in Table 4. According to Eqs. (5)–(9) and
these microstructural parameters, the NT, NGB, and Ndis were de-
termined, whereas the Npre, Ninc, and Nother remained unknown. As the
test steels had similar compositions and were subjected to the same
smelting, processing, and heat treatments, it is reasonable to assume
that the Ninc and Nother were identical among the steels; thus, both Npre

and Ninc + Nother could be determined for all the steels.
The calculated density values for each type of hydrogen trap are

presented in Table 5. The trap density (Npre) of the NbC precipitates was
several (3–5) orders of magnitude higher than that of the other trap
types in the Nb-bearing steels. Moreover, it is known that for the per-
meation test, when the oxidation current reaches a stable value, each
hydrogen-trapping site traps one hydrogen atom in steels; therefore, the
trapped hydrogen concentration for NbC precipitates is several orders
of magnitude higher than those for the grain boundaries and disloca-
tions. As the hydrogen-trapping energy of NbC (39–68 kJ/mol) [34,50]
is higher than those for dislocations (20.6–37.6 kJ/mol) [27,51,60,72]
and grain boundaries (17.2–47.4 kJ/mol) [27,60,72], the contribution
of the NbC precipitates to the improvement of the HE resistance greatly
exceeded the contributions of the other traps. Furthermore, the NbC
precipitates in the steels significantly increased the trap density of the
grain boundaries (PAG boundaries, martensite packets, and block and
lath boundaries) by refining the martensite microstructure.

3.7. Crystallographic results near fracture surfaces

It is widely recognized that the HE properties of steels are closely
related to their crystallographic characteristics [64,73,74]. To examine
the influence of the NbC precipitates on the crystallographic char-
acteristics and the corresponding HE fracture behavior, EBSD ob-
servations were performed on the cross sections below the fracture
surfaces (the location is illustrated in Fig. 1) of the three experimental
steels.

The IPF and orientation distribution function (ODF at φ2= 45°)
maps of the experimental steels are shown in Fig. 12. After the addition
of NbC, the PAG, martensite packets, and blocks were remarkably re-
fined, and the martensite microstructure was more homogeneous. As
shown in ODF maps (Fig. 12d–f), the texture intensity of the tested
martensitic steel was reduced after Nb microalloying. The N1 steel
exhibited a strong (111)< 11> texture, the N2 steel exhibited a weak

(111)< 10> texture, and almost no texture was observed for the N3
steel. Similar phenomenon of fine NbC precipitates decreased the in-
tensity of {111} texture has also been observed in other study [75], and
they proposed that during the grain growth stage, {111} grains in Nb-
free steel grow rapidly with eating other grains compared with those in
Nb-bearing steel due to growth of austenitized grain in Nb-bearing steel
is strongly suppressed by the fine NbC precipitates. Numerous previous
studies [73,74,76,77] have indicated that the {111}//ND texture is
beneficial to the improvement of the hydrogen-induced cracking (HIC)
resistance, because the {111}//ND oriented grains can rotate according
to the orientation of the maximum shear stress and accumulate large
plastic deformation, reducing the driving force of crack propagation. In
the present study, as shown in the {111}//ND texture map (Fig. 8c),
{111}//ND grains were observed in the crack-arrested region (yellow
boxes in Fig. 8c), indicating that such grains hindered the crack pro-
pagation in the tested steels. Moreover, {110} planes are believed to be
one group of the slip planes in bcc metal [64]. In the experimental steel,
as shown in Fig. 8b, the fracture facets were nearly parallel to one of the
{110} traces (the dotted yellow line), confirming that the hydrogen-
assisted crack in the tested steel propagated along the {110} planes.
Under tensile stress, the {110} planes of the {111}//ND oriented grains
were far from the shear-stress direction; thus, the crack had more dif-
ficulty propagating in the N1 steel compared with the other steels.
According to the foregoing analysis, the NbC weakened the beneficial
{111}//ND texture of the martensitic steel and reduced the crack-
propagation resistance.

Fig. 13 shows the grain-boundary distribution maps and the volume
fractions of each boundary in the tested steels. The proportion of each
grain boundary did not change significantly after NbC addition; the
fraction of low-angle grain boundaries (LAGBs) (2°< θ<5°) increased
slightly, while the fraction of high-angle grain boundaries (HAGBs)
(15°< θ<62.8°) decreased slightly. This may be because during the
martensitic transformation, the addition of NbC, which did not sig-
nificantly change the K-S orientation relationship between the mar-
tensite variant and austenite, had little influence on the grain-boundary
fraction. However, although the fractions of the boundaries changed
slightly, the number and the total surface area of grain boundaries in
the Nb-bearing steels increased significantly owing to the grain-re-
finement effect of NbC. Previous studies indicated that both LAGBs and
grain refinement are beneficial to the HE resistance of steels
[69,76,78,79]. Thus, for the tested steels, the significantly increased
total surface area of the grain boundaries, compared with the slightly
increased LAGB fraction, contributed more to the higher HE resistance
in the steels with NbC.

Fig. 14 shows the reconstruction coincidence site lattice (CSL)
boundary maps and the corresponding frequencies for the different
steels. In all the steels, Σ3 boundaries accounted for the largest fraction
of CSL boundaries. Compared with the Nb-free N1 steel, the steels with
NbC exhibited lower Σ3 proportions. In previous studies [69,78,80], the
Σ3 boundary was found to reduce the HIC resistance of bcc steels, as it
did not result from real twinning and exhibited similar characteristics
to HAGBs. Therefore, the NbC enhanced the HIC resistance of the
martensitic steel by reducing the proportion of the Σ3 boundary. In
addition to the Σ3 boundary, the Nb-bearing steels exhibited slight
differences in the proportions of other boundaries, such as Σ11, Σ17b,
and Σ25b. The Σ11 boundary was reported to be beneficial for im-
proving the HIC resistance [81]. The effects of the Σ17b and Σ25b

Table 4
Measured average sizes for the substructures and the calculated dislocation
densities for the experimental steels.

Steel dPAG, μm dMP, μm dMB, μm dML, μm ρ, 1014 m-2

N1 17.45 4.73 1.25 0.324 9.36
N2 9.28 3.44 0.83 0.165 9.37
N3 6.97 2.78 0.76 0.136 9.42

Notes: dPAG, dMP, dMB, and dML represent the average sizes of the PAG, mar-
tensite packet unit, martensite block unit, and martensite lath unit, respec-
tively.

Table 5
Calculated values for various hydrogen traps.

Steel NT, 1024 cm-3 NGB-PAG, 1019 cm-3 N GB-MP, 1020 cm-3 N GB-MB, 1020 cm-3 N GB-ML, 1021 cm-3 Nρ, 1019 cm-3 Npre, 1024 cm-3

N1 10.693 2.543 9.382 3.550 1.370 1.800 0
N2 11.906 4.782 1.290 5.347 2.690 1.801 1.211
N3 15.078 6.367 1.596 5.839 3.263 1.811 4.383
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boundaries on HIC are poorly understood. However, because the dif-
ferences in the proportions of these boundaries were extremely small
and their frequencies were significantly lower than that of Σ3, their
influence can be ignored.

Fig. 15 shows the KAM distribution maps of regions around the

fracture surfaces in the experimental steels and the corresponding re-
lative-frequency curves. As shown in Fig. 15a–c, the martensite packet/
block/lath boundaries in all the specimens exhibited higher KAM values
than the matrix. The highest frequency of the KAM curve was around
0.95° for the N1 steel, while the value was approximately 0.7°–0.75° for

Fig. 12. IPF and ODF (φ2=45°) maps of the cross sections below the fracture surface in the (a) (d) N1 steel, (b) (e) N2 steel, and (c) (f) N3 steel. Note here to ensure
the statistic of ODF maps, the ODF maps in (d–f) were obtained from large regions (not the small regions in a–c) which contain at least 800 grains.

Fig. 13. Grain-boundary distribution maps of the cross sections below the fracture surface in the (a) N1 steel, (b) N2 steel, and (c) N3 steel, as well as (d) the volume
fractions of each boundary.
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Fig. 14. CSL boundary maps of the cross sections below the fracture surface in the (a) N1 steel, (b) N2 steel, and (c) N3 steel, as well as (d) the frequency of each CSL
boundary.

Fig. 15. KAM maps of the cross sections below the fracture surface in the (a) N1 steel, (b) N2 steel, and (c) N3 steel, as well as (d) the frequencies of the KAM values.
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the Nb-bearing steels. Moreover, the Nb-bearing steels had lower
average KAM values, indicating that the dislocation density in the re-
gion around the fracture surfaces of the hydrogen-charged specimens
with NbC was lower than that for the N1 steel. In contrast, the XRD
results for the undeformed experimental steels indicated that the Nb-
bearing steels had a slightly higher dislocation density than the N1
steel. As shown in Fig. 8b, during HE fracture, the dislocation density of
the steels was increased by the HELP mechanism. Thus, the dislocation-
density increments resulting from HELP in the Nb-bearing steels were
smaller than those in the Nb-free steel; i.e. the NbC precipitates hin-
dered the HELP process. In HELP, the hydrogen atoms can interact with
dislocations, leading to the formation of hydrogen-dislocation Cottrell
atmospheres and the promotion of dislocation mobility and emission.
Moreover, previous studies indicated that nanosized carbides (such as
VC and NbC) can directly pin dislocations [82] and the corresponding
hydrogen-dislocation atmospheres [83], which was confirmed by the
TEM images obtained in the present study (Fig. 4f). When the movable
hydrogen-dislocation Cottrell atmospheres are pinned by NbC pre-
cipitates during HE failure, hydrogen atoms are removed from dis-
locations and trapped by the carbides [83,84]; therefore, the movement
and multiplication of dislocations are hindered, i.e. the HELP is in-
hibited.

3.8. Mechanisms of NbC precipitates on HE

The HE resistance of steel is mainly determined by its hydrogen trap
status and microstructure characteristics. Here, the effects of the NbC
precipitates on these two aspects and their consequent impact on the
HE behavior are discussed. A schematic of the effects of the NbC pre-
cipitates on the HE in martensitic steel is shown in Fig. 16.

The effect of the NbC precipitates on the hydrogen trap status in the
experimental steel involved the following two aspects. (i) As directly
proven by the APT results (Figs. 9 and 10) and the quantitative analysis
results of hydrogen traps in Section 3.6, the NbC precipitates were
strong hydrogen-trapping sites and trapped large amounts of hydrogen.
Previous studies [20,21] revealed that the precondition for the activa-
tion of the HEDE mechanism is that the local hydrogen concentration
on defects (such as PAG boundaries in martensitic steel) is high enough
and exceeds the critical hydrogen concentration. Thus, the presence of
NbC precipitates homogenizes the hydrogen distribution, inhibits the
enrichment of hydrogen at the PAG boundaries, and finally hinders the
HEDE processes. (ii) The microstructure and quantitative analyses in-
dicated that the NbC precipitates significantly refined and homogenized

the martensite matrix, increasing the effective area of the PAG
boundaries and packet/block/lath martensite boundaries. Thus, they
provided additional reversible hydrogen traps, homogenizing the hy-
drogen distribution and suppressing the HEDE. Moreover, quantitative
analysis indicated that the trapped hydrogen concentration of the NbC
precipitates was several orders of magnitude higher than those of the
other types of traps in the Nb-bearing steels, suggesting that the con-
tribution of the NbC precipitates to suppressing the HEDE greatly ex-
ceeded the contributions of the other traps.

The effect of the NbC precipitates on the microstructure character-
istics (crystallographic characteristics and dislocations) and the corre-
sponding influence on the HE were as follows. (i) The NbC precipitates
weakened the beneficial {111}//ND texture (Fig. 12); consequently, the
hydrogen-assisted cracks propagated more easily, and the HELP was
promoted in the experimental steels, increasing the HE susceptibility.
Thus, the precipitates played a harmful role. (ii) The NbC precipitates
reduced the Σ3 boundary fraction (Fig. 14) and increased the fraction of
LAGBs in the steel (Fig. 13), increasing the hydrogen-induced crack-
propagation resistance of the test martensitic steel and inhibiting the
HELP. (iii) The NbC precipitates directly pinned hydrogen-dislocation
Cottrell atmospheres and captured hydrogen from the atmospheres;
thus, the dislocation movement and multiplication were hindered, and
the HELP was weakened (KAM maps in Fig. 15). According to the
foregoing analysis, the NbC precipitates played dual roles in influencing
the HE behaviour of the martensitic steel. Their benefits far outweighed
their disadvantages, and they ultimately improved the HE resistance.

4. Conclusion

1 The HE process of the experimental lath martensitic steels involved
synergistic effects of the HELP and HEDE mechanisms.

2 Nanosized NbC precipitates reduced the HE susceptibility of the
martensitic steels, and the susceptibility decreased with the in-
creasing amount of NbC precipitates.

3 The nanosized NbC precipitates played dual roles in affecting the HE
process of the lath martensitic steels, and the beneficial effects far
outweighed the harmful effects.

4 Among the beneficial effects, the nanosized NbC precipitates in-
creased the amount of irreversible and reversible hydrogen traps by
providing NbC-induced traps and additional PAG/martensite
boundary-induced traps. Consequently, the hydrogen accumulation
in the local region was inhibited, and the HEDE was suppressed.
Additionally, the NbC precipitates reduced the fraction of the Σ3

Fig. 16. Schematic illustrating the effects of the NbC precipitates on the HE in the martensitic steel.
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boundary, which—combined with the pinning effect of NbC on the
movable hydrogen-dislocation Cottrell atmospheres—inhibited the
HELP.

5 The harmful role was that the nanosized NbC precipitates weakened
the beneficial {111}//ND texture and thus promoted hydrogen-as-
sisted fracture by reducing the crack-propagation resistance.
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