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Abstract: The hydrogen embrittlement (HE) behavior of a commercial QP980 steel is studied in this
work. The HE susceptibility results indicate that QP980 suffers from a severe HE, and the fracture
mode transforms from ductile dimpling to brittle quasi-cleavage under the attack of hydrogen. The
EBSD results show that strain-induced martensite transformation can rarely occur at a strain close to
the HE fracture strain, which is mainly attributed to the high mechanical stability of austenite. The
TKD-KAM analysis results indicate that hydrogen-induced strain localization in martensite can be
mitigated by the hydrogen-trapping effect of surrounding austenite, while it is most pronounced in
martensite adjacent to ferrite. Correspondingly, HE cracking is considered to initiate in martensite
adjacent to ferrite under the synergistic action of HELP and HEDE mechanisms, and then cracks can
propagate through ferrite or along phase interfaces. Our findings suggest that to further improve
the HE resistance of QP steel with stable austenite, it is necessary to consider introducing effective
hydrogen-trapping sites (such as carbides, film austenite) into martensite, which is deemed to be
beneficial for increasing the resistance against hydrogen-induced cracking initiation in martensite.
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1. Introduction

Quenching and partitioning (QP) steels, as third-generation advanced high-strength
steels (AHSSs), have been extensively utilized in various critical applications, including
automotive and aerospace industries, due to their outstanding mechanical properties, such
as high strength, excellent toughness, and good ductility [1,2]. The microstructure of QP
steels is mainly composed of carbon-enriched retained austenite (RA), carbon-depleted
martensite and ferrite in the case of intercritical annealing [3], and the transformation-
induced plasticity (TRIP) effect induced by austenite upon deformation is deemed to
contribute to the favorable ductility of QP steels [4].

However, in practical applications, hydrogen can be introduced into QP steel from
various sources, including environmental exposure, hydrogen-containing fluids, or even
during the steel production process itself, which leads to a premature failure of QP steels,
i.e.,, hydrogen embrittlement (HE). In the literature, QP steels have been proven to suffer
from sever HE, accompanying a transition of the fracture mode from ductile dimpling to
brittle intergranular or quasi-cleavage fracturing [5-7]. Up to now, many mechanisms with
respect to HE were proposed in previous studies, such as hydrogen-enhanced localized
plasticity (HELP, proposing that hydrogen facilitates dislocation activity and promotes
planar slip) [8], hydrogen-enhanced decohesion (HEDE, where hydrogen causes a reduc-
tion in the cohesive bond strength) [9], adsorption-induced dislocation emission (AIDE,
where hydrogen adsorption accelerates dislocation emissions at the crack tip) [10] and
hydrogen-enhanced strain-induced vacancies (HESIV, where the strain-induced genera-
tion of vacancies is enhanced in the presence of hydrogen) [11]. The critical mechanism
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accounting for a specific HE fracture is generally determined via scanning electron mi-
croscopy (SEM) analysis of the fracture surface or transmission electron microscope (TEM)
observations of the microstructure immediately beneath the fracture surface [12,13], and a
synergistic action of the above mechanisms may exist rather than a single one [14].

Generally, the HE fracture is closely related to the hydrogen’s fugacity and the mi-
crostructure. It has been reported that hydrogen-induced cracking normally occurs when
the hydrogen concentration exceeds a critical value. However, it should be noted that
hydrogen is rarely homogeneously distributed in steels due to the different hydrogen
solubility and trapping capacity of various phases, and thus how hydrogen is distributed in
steel can have a huge influence on the HE susceptibility of steels. For instance, by introduc-
ing carbides in high-strength martensitic steel, the HE is effectively relieved since hydrogen
in the matrix decreases due to the hydrogen-trapping effect of carbides [13]. As for QP
steel with a multi-phase structure, the hydrogen distribution is heterogeneous in different
phases, which should be considered when studying the HE mechanism of QP steels.

In addition, it has been found that various microstructures show quite different
susceptibilities to HE. For QP steels, martensite, as a hard phase, is considered to be
most sensitive to HE, while ferrite, as a soft phase, is considered to be less susceptible
to HE [15]. However, as for RA, how it influences the HE is still controversial. On the
one hand, RA has a lower hydrogen diffusion rate and a higher hydrogen solubility than
martensite/ferrite, and is considered to provide hydrogen-trapping sites, leading to an
increase in HE resistance [16,17]. On the other hand, RA may serve as a “source” of
hydrogen after deformation-induced martensite transformation and can accelerate the HE
failure [18,19]. The reasons for the above conflicting arguments are usually ascribed to the
mechanical stability of RA, which is considered to be related to the chemical composition
and morphology of RA. For example, RA films with a higher mechanical stability are
reported to be much more immune to HE than blocky ones with a lower mechanical
stability, and HE cracking is more likely to occur in blocky RA [5].

It should be also noted that a heterogenous distribution of strain (i.e., strain local-
ization) can exist during the deformation of QP steel owing to the inherent mechanical
property differences among various constituent phases [20], and cracking is apt to occur at
the region with high localized strain. Under the attack of hydrogen, the strain distribution
may be affected and strain localization can be intensified through the HELP mechanism
owing to the different hydrogen-trapping capacities of various phases, making an early
failure across martensite, ferrite or along martensite/austenite phase boundaries. How-
ever, the determination of fracture paths is mainly based on macroscopic observations of
post-fracture samples [6,21], which lacks a comprehensive understanding of how hydrogen
induces cracking initiates in QP steel. Hence, to reveal the critical microstructure that leads
to the HE fracture and obtain a better understanding of the HE mechanism of QP steel,
there is a need for a characterization of strain distribution during the deformation under
hydrogen attack.

In this study, the HE susceptibility of a commercial QP980 steel was evaluated through
a slow strain rate test (SSRT) in the air and hydrogen environment, and the fracture surfaces
were observed via SEM. Interrupted tensile tests and transmission Kikuchi diffraction aver-
age misorientation (TKD-KAM) analysis were used to characterize the strain distribution
during the HE fracture. Finally, the HE fracture mechanism of QP980 steel was explored.

2. Experimental Procedure

A commercial QP980 steel subjected to intercritical annealing treatment was used
in the present study, and the chemical compositions are given in Table 1. XRD analysis
was carried out using CuKa radiation at 50 keV to investigate the phase constitution.
Samples for EBSD were ground and finally polished in a silica suspension (0.02 um) to
remove the mechanically damaged layers. The EBSD results were processed using HKL
Channel 5 (Version 5.0.9.0, Oxford, UK) software, and the volume fractions of ferrite,
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martensite and austenite were measured based on the EBSD results using Image]J (Version
1.52, NIH) software.

Table 1. Chemical compositions (mass%) of the QP980 steel.

Si Mo Al P S Fe

0.216

2.06

1.64 0.57 0.049 0.012 0.0026 Bal.

HE susceptibility was evaluated using SSRT with a strain rate of 1 x 107> s~1. The
SSRT tests were performed in air and under electrochemical hydrogen charging conditions
according to ASTM G129-00. Electrochemical hydrogen charging was carried out in a
1 M NaOH solution containing 1 g L~! thiourea with a constant cathodic current density
of 1 mA cm~2. Flat dog-bone-shaped specimens with a gauge length of 30 mm, a cross-
sectional width of 6 mm and a thickness of 0.6 mm were used for SSRT, and the strain rate
was set as 1 x 1072 s~1. All the specimens were abraded along the tensile direction by
using 2000 grit abrasive papers before the tensile test. Each test was repeated at least three
times in order to ensure the reproducibility of the measurements. Fracture surfaces of the
SSRT specimens were observed using SEM. The relative plastic loss, I, is defined as the HE
susceptibility, where dy and J,;, are the elongation with H and without H, respectively.

Iy = <1 - 5H> x 100% 1)
Oair

Electrochemical permeation (EP) tests were carried out using the Devanathan-Stachurski
two-component permeation cell to evaluate the hydrogen diffusion coefficient. The mem-
brane used for EP tests was abraded by using 2000 grit abrasive papers, and the detection
side was electrochemically coated with a thin nickel layer to avoid the influence of the
passive oxide layer. Then, a 0.2 M NaOH solution was introduced to the detection compo-
nent. A static potential of 200 mV verse saturated calomel electrode (SCE) was applied at
the detection side to remove the original hydrogen that existed in the specimen, and the
current density was recorded simultaneously. When the residual current density decreased
to a few nA/cm?, the 0.2 M NaOH solution was introduced to the charging component
and a cathodic current density of 10 mA /cm? was applied for hydrogen charging. Hydro-
gen passing through the membrane was recorded at the detection side during the whole
charging procedure. The effective diffusion coefficient of hydrogen D,g can be determined
using the following equation [22]:

L2
60,63

D.sr = 2)
where L is the sample thickness and ty¢3 is the “breakthrough time”, which is usually
defined as the time when the transient current density is equal to 63% of the steady-state
current density.

To reveal the critical microstructure that leads to the HE fracture of QP980 steel, TKD
was conducted to provide nanoscale imaging of the local misorientation for deformed
specimens with hydrogen charging. SSRT was conducted and intermediately terminated at
approximately 4% engineering strain for the hydrogen-charged specimens. Rectangular
sections were subsequently excised from the central region of the tensile specimens, and a
portion was reserved for EBSD analysis. The remaining segments were subjected to me-
chanical and jet polishing using a solution of 10% perchloric acid (HCIO4) and 90% ethanol
before undergoing TKD analysis. The TKD scanning was performed with a step size of
10 nm. TKD-KAM mappings were determined using nearest-neighbor points in a hexagonal
grid with a threshold misorientation of 5° by using HKL Channel 5 software.
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3. Results

The XRD results show that QP980 consists of martensite/ferrite and austenite phases,
as indicated in Figure 1. However, due to the same body-centered cubic (bcc) structure
of martensite and ferrite, it is hard to distinguish these two phases using XRD, and this
issue can be resolved using EBSD discrimination based on the different dislocation density
of these two phases. The EBSD band contrast (BC) image and the corresponding KAM
maps of QP980 are shown in Figure 2. The austenite can be directly identified from
the EBSD phase image, as indicated by the red regions in Figure 2c. In addition to the
austenite phase, the bright grains observed in the IQ map and the low-KAM-value regions
depicted in the KAM maps are indicative of ferrite, whereas martensite is characterized
by the opposite. The quantitative analysis of phase fractions was accomplished through
the following procedures: (i) the automatic identification of ferrite in BC images using
Image], and (ii) the manual adjustment of ferritic regions using Image] based on KAM
images. For clarity, the ferrite is indicated by green regions in Figure 2c. The results
show that the volume fractions of martensite, ferrite and austenite are 56%, 42% and 2%,
respectively. Meanwhile, it can be seen that the austenite phases are mainly distributed at
the grain or phase boundaries of ferrite and martensite. The EP test results are depicted in
Figure 3. According to Equation (2), the apparent hydrogen diffusion coefficient of QP980
steel is calculated to be 1.3 x 10711 m2/s, which is similar to the values reported in the
literature [7,22].
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Figure 1. XRD spectra of QP980 steel.

Figure 2. EBSD (a) BC image, (b) KAM maps of QP980 steel and (c) BC image with ferrite (green
color) and austenite phases (red color) superimposed.
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Figure 3. Typical hydrogen permeation curve of QP980 steel.

Figure 4 shows the typical SSRT engineering stress and strain curves of hydrogen-
charged and -uncharged QP980 steel. It is evident that hydrogen charging leads to a
significant reduction in elongation and premature fractures for QP980 steel. Meanwhile,
the tensile strength of QP980 steel is also drastically reduced by hydrogen charging.
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Figure 4. Typical engineering stress—strain curves of QP980 tested in an air and hydrogen environment
with a strain rate of 1 x 1072 s~ 1.

According to Equation (1), the HE susceptibility is determined to be 78%, which
indicates that QP980 suffers from severe HE susceptibility under such hydrogen charging
conditions. When studying the HE of materials using SSRT, it is necessary to consider
whether the whole tensile sample can be affected by hydrogen during the SSRT. The
maximum diffusion distance of hydrogen (s) during the tensile test can be estimated
using the following equation [23]: s = v/2Dt, where D is the apparent hydrogen diffusion
coefficient (1.3 x 10~ m?/s) and t is the total duration before the final HE fracture
(4560 s). Accordingly, the value of s can be calculated as 0.34 mm, which exceeds half
the thickness of the SSRT specimen, indicating that the whole tensile specimen is affected
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by hydrogen during SSRT. The fracture surfaces after SSRT are indicated in Figure 5. As
seen from Figure 5a, the fracture surface of the uncharged QP980 displays a dimpled
morphology, with microvoid coalescence being the dominant mode of fracture. As for
the hydrogen-charged sample, quasi-cleavage fracturing, which is a typical HE fracture
feature of ferritic [24], martensitic [25] and austenitic steels [26], becomes the dominant
fracture mode across the entire fracture surface (Figure 5b). The high-magnification fracture
image of hydrogen-charged QP980 (Figure 5c) reveals that flat cleavage facets, whose sizes
are smaller than the grain size, are linked by tear ridges (with a bright contrast), which
is a typical characteristic of quasi-cleavage fractures. Hence, it can be concluded that a
transition of the fracture mode from ductile to brittle is triggered by hydrogen attack.

Figure 5. SEM images of fracture surfaces of (a) hydrogen-uncharged and (b,c) hydrogen-charged
QP980 steels.

Previous studies have emphasized the crucial role of austenite in QP or martensitic
steels in relation to HE fracture, as it can significantly influence the localized hydrogen
distribution in steels. Hence, it is necessary to characterize the transformation of austenite
during SSRT under hydrogen charging. Figure 6a displays the EBSD-BC map of the
hydrogen-charged 4% strained sample with the austenite phase superimposed (red color).
The EBSD phase analysis results indicate that the volume fraction of austenite is 1.9%,
which closely approximates the value of the undeformed sample. Given that the 4% strain
is in close proximity to the HE fracture strain of QP980 (4.7%, as shown in Figure 4), it can
be inferred that there may exist minimal austenite-to-martensite transformation prior to the
final hydrogen-induced cracking in QP980 steel. To enhance the HE resistance of QP980
steel, it is imperative to identify the critical microstructure that triggers the initiation of
HE cracking. Therefore, the meticulous characterization of the localized strain distribution
during hydrogen-charged SSRT testing, in addition to the identification of the fracture
path in a post-fracture sample, is also indispensable, as it can furnish information on
preferred sites for crack initiation. With the aid of TKD, which can offer a higher spatial
resolution than conventional EBSD, the localized strain distribution in QP experienced with
4% hydrogen-charged tensile strain can be effectively characterized. Figure 7a presents the
TKD-BC image with the austenite phase superimposed (red color), and the KAM mapping
of the region marked by yellow dotted lines is also included. By combining the IQ and
KAM images, this method is capable of accurately distinguishing between the ferrite and
martensite phases. Correspondingly, KAM profiles from austenite to martensite (solid
black line in Figure 7a) and from martensite to ferrite (red dashed line in Figure 7a) can
be obtained, while the phase interfaces are also indicated, as shown in Figure 7b. It can
be seen that the KAM values of martensite are much higher than those of austenite and
ferrite. Meanwhile, the KAM values in the regions adjacent to the interfaces do not exhibit
a significant increase compared to the surrounding matrix. Generally, the KAM maps
can be used to reflect the degree of strain localization, and sites with high KAM values
are usually indicative of high strain localization where cracking tends to occur, and vice
versa [27,28]. Hence, it can be preliminarily inferred that the phase interfaces are not the
preferred hydrogen-induced cracking sites. It is also noted that the maximum KAM value
in the martensite adjacent to austenite is relatively lower than that in the martensite adjacent
to ferrite, which means that hydrogen induced cracking may be more likely to initiate in
the martensite adjacent to ferrite.
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Figure 6. EBSD (a) BC and (b) KAM maps of QP980 steel after being subjected to 4% engineering
strain under hydrogen charging.
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Figure 7. TKD images of QP980 steel after being subjected to 4% engineering strain under hydrogen
charging. (a) TKD-BC image and KAM mapping of the region marked by yellow dotted lines.
(b) KAM profiles. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

4. Discussion

The HE susceptibility results indicate that QP980 steel suffers from a severe HE, and the
fracture mode transforms from ductile dimpling to brittle quasi-cleavage fracturing under
the attack of hydrogen (Figure 5). The EBSD analysis results show that transformation
from austenite to martensite can rarely occur at a strain very close to the HE fracture
strain, which may be attributed to the following aspects: on the one hand, the small
size of austenite (Figure 1) [29] and the C enrichment in austenite during partitioning
ensure the high mechanical stability of austenite; on the other hand, the HE fracture strain
is relatively low (about 4.7%), potentially falling below the critical strain required for
martensite transformation [30]. Correspondingly, as for the hydrogen-induced cracking
initiation of QP980, the viewpoint that “austenite serves as a source of hydrogen and
accelerates HE fracture” may not be applicable in this study. Combined with the TKD-
KAM results indicating that the strain localization at the martensite-austenite interface
is not prominent, it can be concluded that the martensite-austenite interface is not the
preferred initiation site of hydrogen-induced cracking.

In addition to the martensite—ferrite interface, the ferrite—-martensite phase can also
serve as a potential site for cracking initiation. It has been reported that ferrite-martensite
interface decohesion is prone to occur during deformation without the attack of hydrogen
due to the strength mismatch between ferrite and martensite through the void nucleation
mechanism [31]. As for the QP980 steel used in this study, the volume fraction of martensite
is much higher and most of the ferrite grains are well covered by martensite (Figure 2),
which is considered to decrease the tendency of ferrite—martensite interfacial cracking
owing to the restricting effect of hard martensite [32]. Meanwhile, it is widely recognized
that martensite exhibits significant sensitivity to HE, and HE cracking of high-strength
martensitic steels may even occur within the elastic regime [33]. Combined with the
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TKD-KAM results indicating that the degree of strain localization at the ferrite-martensite
interface is much lower than that in martensite (Figure 7b), it can be deduced that hydrogen-
induced cracking is apt to initiate in martensite rather than at the ferrite-martensite interface.
A similar result was reported by Motomichi Koyama et al., who demonstrated that HE
cracking initiates in the martensite region in martensite—ferrite dual-phase steel [27]. It is
also noted that the strain localization in martensite adjacent to austenite is relatively lower
than that in martensite adjacent to ferrite, which can be understood as follows: generally, the
presence of hydrogen is known to induce strain localization during deformation through
the mechanism of HELP, and the extent of strain localization is directly proportional to
the concentration of hydrogen. Austenite, which has been proven to be a hydrogen-
trapping site via scanning Kelvin probe force microscopy [34] and three-dimensional atom
probes [14], is considered to reduce the hydrogen content of the surrounding martensite.
Meanwhile, the EBSD analysis demonstrates that austenite within QP980 remains stable
even in close proximity to the HE fracture. Consequently, austenite is regarded as a stable
hydrogen trapping site, which can effectively mitigate the hydrogen accumulation in its
surrounding martensite. Finally, the hydrogen-induced strain localization in martensite
adjacent to austenite can be alleviated, resulting in a relatively lower KAM value compared
to that of martensite adjacent to ferrite (Figure 7b).

According to the above analysis of the TKD-KAM results, it can be concluded that
the martensite adjacent to ferrite is the most optimal site for hydrogen-induced cracking
initiation of QP980, and the HE cracking initiation in martensite can be understood as
follows: generally, lath boundaries are considered as barriers to dislocation motion [35],
leading to dislocation pile-ups at lath boundaries and the resulting severe strain localization
in martensite (Figure 7b), and the strain localization can be enhanced by the presence of
hydrogen owing to the HELP mechanism. Meanwhile, accompanied by strain localiza-
tion, hydrogen tends to redistribute and segregate at lath boundaries, and this hydrogen
accumulation can be accentuated by dislocation-assisted convection as proposed by the
HELP mechanism. Finally, when the hydrogen concentration at lath boundaries exceeds
the threshold value for HE fracture, an initiation of hydrogen-induced cracking at lath
boundaries can occur through the HEDE mechanism [33].

Once the crack initiates and propagates further, the stress concentration at the crack
tip increases accordingly, accompanied by hydrogen accumulation in the vicinity of the
crack tip. Subsequently, the transformation from austenite to martensite near the crack tip
can be triggered by high levels of stress and hydrogen concentration (hydrogen is deemed
to decrease the stacking fault energy of austenite and promote its transformation into
martensite), which results in hydrogen liberation from austenite and subsequent accumu-
lation at martensite—austenite interfaces. Ultimately, HE cracks can propagate along the
interfaces between martensite and austenite through the HEDE mechanism. Although the
previous literature has reported on the propagation of cracks along martensite—austenite
interfaces [14], such cracks were not directly characterized in the current experiments.
Meanwhile, cracking propagation along the martensite—ferrite interface can also occur
under the attack of hydrogen when considering the following factors: (i) hydrogen, which
has been proven to decrease the elastic interactions between dislocations through TEM
observations [36], can decrease the back stress within ferrite imposed by martensite [37],
which promotes dislocation pile-ups and the resulting strain localization at the interfaces;
(ii) then, void nucleation can be intensified under the synergistic action of stress concen-
tration around crack tips, strain localization at the interface and the HESIV mechanism,
resulting in crack propagation along the martensite—ferrite interface. Furthermore, when
HE cracking encounters ferrite, the high hydrostatic stresses near the crack tip can cause
an accumulation of hydrogen in the ferrite, which can also result in quasi-cleavage crack-
ing through ferrite under the synergistic action of HELP and HESIV [38]. Finally, the
aforementioned hydrogen-induced brittle cracks are linked during the final separation,
forming quasi-cleavage fracture features consisting of small cleavage facets and tear ridges,
as indicated in Figure 5b.
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In contrast to the previous perspective that the austenite-martensite interface [39] or
blocky austenite [5] represents the preferred site for the initiation of HE cracking of QP
steel, our results indicate that HE cracking is more likely to initiate in martensite adjacent to
ferrite, primarily due to the high mechanical stability of austenite and the resultant stable
hydrogen-trapping capacity of austenite in the QP980 steel used in this study. Our findings
suggest that to further improve the HE resistance of QP steel with stable austenite, it is
necessary to consider introducing effective hydrogen-trapping sites (such as carbides, film
austenite) into martensite, which is deemed to be beneficial for increasing the resistance
against hydrogen-induced cracking initiation in martensite.

5. Conclusions

The HE behavior of QP980 steel has been studied. The conclusions can be made
as follows:

1. The EBSD analysis results indicate that QP980 steel consists of martensite, ferrite, and
austenite with volume fractions of 56%, 42%, and 2%, respectively.

2. QP980 exhibits a severe HE susceptibility of 78%, and the fracture mode under
hydrogen charging is quasi-cleavage fracturing.

3. Strain-induced transformation from austenite to martensite can rarely occur at a
strain close to the HE fracture strain of QP980 due to the high mechanical stability
of austenite.

4. The TKD-KAM results show that strain localization is most pronounced in martensite
adjacent to ferrite, and hydrogen-induced cracking is considered to initiate from this
area under the synergistic action of HELP and HEDE mechanisms.
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