
materials

Article

Mechanical Behaviors of Microalloyed TRIP-Assisted Annealed
Martensitic Steels under Hydrogen Charging

Xiongfei Yang 1, Hao Yu 1,*, Chenghao Song 1,2 and Lili Li 1

����������
�������

Citation: Yang, X.; Yu, H.; Song, C.;

Li, L. Mechanical Behaviors of

Microalloyed TRIP-Assisted

Annealed Martensitic Steels under

Hydrogen Charging. Materials 2021,

14, 7752. https://doi.org/10.3390/

ma14247752

Academic Editors: Filippo Berto,

Abílio M.P. De Jesus and José

A.F.O. Correia

Received: 2 October 2021

Accepted: 7 December 2021

Published: 15 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Materials Science and Engineering, University of Science and Technology Beijing,
Beijing 100083, China; yxf@pgvrd.com (X.Y.); songch@dgut.edu.cn (C.S.); lilili0115@126.com (L.L.)

2 School of Mechanical Engineering, Dongguan University of Technology, Dongguan 523808, China
* Correspondence: yuhao@ustb.edu.cn; Tel.: +86-010-6233-6588

Abstract: Transformation Induced Plasticity (TRIP)-assisted annealed martensitic (TAM) steel sheets
with various microalloying additions such as niobium, vanadium, or titanium were prepared on
laboratory scale and subjected to a double-quenching and austempering heat treatment cycle. Slow
strain rate tensile (SSRT) was tested on the investigated TAM steels with and without hydrogen
charging to reveal their tensile behaviors and hydrogen induced embrittlement effects. Microstructure
observations by scanning electron microscope (SEM) are composed of a principal annealed martensitic
matrix and 11.0–13.0% volume fraction of retained austenite, depending on the type of microalloying
addition in the different steels. SSRT results show that these TRIP-assisted annealed martensitic
steels under air media conditions combine high tensile strength (>1000 MPa) and good ductility
(~25%), while under hydrogen charging condition, both tensile strength and ductility decrease where
tensile strength ranges between 680 and 760 MPa, down from 1000–1100 MPa, and ductility loss
ratio is between 78.8% and 91.1%, along with a total elongation of less than 5%. Hydrogen charged
into steel matrix leads to the appearance of cleavage fractures, implying the occurrence of hydrogen
induced embrittlement effect in TAM steels. Thermal hydrogen desorption results show that there are
double-peak hydrogen desorption temperature ranges for these microalloyed steels, where the first
peak corresponds to a high-density dislocation trapping effect, and the second peak corresponds to a
hydrogen trapping effect exerted by microalloying precipitates. Thermal desorption analysis (TDS)
in combination with SSRT results demonstrate that microalloying precipitates act as irreversible
traps to fix hydrogen and, thus, retard diffusive hydrogen motion towards defects, such as grain
boundaries and dislocations in microstructure matrix, and eventually reduce the hydrogen induced
embrittlement tendency.

Keywords: mechanical property; microalloying; TAM steel; hydrogen charging; thermal
desorption; SSRT

1. Introduction

Advanced high strength steels (AHSSs), due to their high performance and capability
of satisfying with increasing environmental-friendly requirements, have seen extensive ap-
plication in various fields such as engineering, machinery, and automobiles [1,2]. With the
increasing use of AHHSs, delayed fracture induced by hydrogen invasion becomes a chal-
lenging issue, since AHHSs are prone to hydrogen invasion and diffusion towards the
metal matrix when they have been subjected to cold-worked process or serviced in moist
atmosphere. Extensive efforts have been made to eliminate this phenomenon of hydrogen
induced delayed fracture behavior in AHHSs [3]. Previous works [4–10] showed that
after the introduction of various kinds of hydrogen traps into a steel matrix, the hydrogen
induced delayed fracture behavior in high strength steels could be alleviated. Effective hy-
drogen traps, for example, structure defects like grain boundary and dislocation, retained
austenite, MnS inclusion, and microalloying precipitates such as NbC, TiC, and NbN,
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have been intensively investigated. They are classified into reversible or irreversible traps
depending on their ability to absorb hydrogen, as indexed by activation energy [4–7].

Transformation Induced Plasticity (TRIP)-assisted annealed martensitic (TAM) steels
were initially developed by Sugimoto et al. [11]. Although TAM steels show an excellent
combination of high strength and good ductility, they are highly prone to hydrogen in-
duced delayed fracture due to low hydrogen atom solubility in their martensitic matrix [12].
Until now, reported publications hardly focused on hydrogen embrittlement of TAM steel,
and much less on how to improve its hydrogen induced delayed fracture behavior [4,10,11].
Thus, detailed understanding hydrogen trapping behavior in TAM steels and their hydro-
gen induced embrittlement performance is essential to commercialize the steel for certain
applications, such as automobile structural parts.

In TAM steels, retained austenite plays an effective role in improving ductility due
to the so-called TRIP effect [13]. TAM steels would be microalloyed by elements such as
niobium, titanium, and vanadium to further improve their certain properties. Among these
microalloying elements, only V can precipitate at a tempering temperature of ~400 ◦C.
The low-temperature dispersedly precipitated VC particles, not only further enhance
strength, but improve resistance to hydrogen induced embrittlement [11] of TAM steels.
Recent results [10,14–17] on vanadium-added steels suggested that low temperature vana-
dium precipitates, usually in form of V4C3, could effectively produce a higher resistance to
hydrogen induced delayed fracture for ultra-high strength steels. Meanwhile, TiC particles
have been well established as strong hydrogen trapping sites. Furthermore, hydrogen
atoms have been directly observed in the non-coherent interface between NbC precipitates
and its adjacent matrix [18].

In this work, hydrogen trapping behaviors and their effect on the mechanical prop-
erties of four TAM steels with various microalloying additions, such as Nb, Ti, and V,
had been investigated through electrochemical hydrogen charging process, slow strain rate
tensile (SSRT) tests, microstructure observation, and thermal hydrogen desorption analysis
(TDS). The reasons for selecting TAM steels in this study are as follows: its martensitic ma-
trix is highly prone to hydrogen embrittlement, and presence of a certain volume fraction
of austenite in the martensitic matrix enables it to capture diffusive hydrogen atom.

2. Materials and Methods
2.1. Materials Preparation

The reference material with a composition of 0.2% C–1.50% Si–2.0% Mn (wt.%),
and three other materials microalloyed by Nb, Ti, or V addition into reference steel are com-
paratively studied in this work. Similar content of an individual microalloying element is
added in the three corresponding steels. All four heats were prepared in a laboratory-scale
vacuum induction furnace and casted into 50 kg ingots for individual heat. The ingots
were reheated up to 1200 ◦C, isothermal holding for 1 h, and subsequently hot-rolled into
4 mm thick plates through several passes with finished rolling temperature at 800 ◦C. Then,
the hot rolled plates were subjected to pickling treatment to remove oxide scales on the
plate surface, and finally cold rolled into sheets of 2 mm thickness. The detailed chemical
compositions of the studied steels are given in Table 1.

Table 1. Chemical compositions of used steels in this study (wt.%).

Elements C Si Mn V Ti Nb

TAM-V 0.20 1.53 2.13 0.052 - -
TAM-Ti 0.19 1.47 2.15 - 0.048 -

TAM-Nb 0.20 1.47 2.09 - - 0.049
TAM-R 0.19 1.42 2.02 - - -

To obtain the required microstructure consisting of a principal annealed martensite matrix
in combination with a certain amount of retained austenite, the cold-rolled sheets were sub-
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jected to specially designed heat-treatment cycles, as indicated in Figure 1. All applied heating
rates and cooling (quenching) rates in this work were at 10 ◦C/s and 50 ◦C/s, respectively.
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2.2. Slow Strain Rate Tensile (SSRT) Tests

SSRT had been evaluated at room temperature on a Xi’an LETRY stress-corrosion
cracking tester manufactured by a Chinese provider. Tensile specimens with dimensions
of 140 mm gauge in length and 30 mm gauge in width were machined from the TAM
steel sheets paralleling to rolling direction. Before conducting the SSRT test, a 500 N
pre-tensile load was applied to both ends of the specimen to eliminate any potential gap
occurring between an under-tested specimen and the tester clamp. The applied constant
strain rate was kept at 1 × 10−6/s. For different steels, single SSRT test was carried out
for each condition, that is, under air media or hydrogen charging state. For the hydrogen
charging condition, the testing specimen was placed into 0.5 mol/L H2SO4 electrolyte
mixed with 0.25 g/L NaAsO3 solution [20]. The remaining section, except for the testing
gauge, was covered by a type of 704 Silica gel to protect it from hydrogen invasion. During
the SSRT test, the specimen was continuously subjected to an electro-chemical hydrogen
charging process. Additional experiments conducted by the authors showed that under a
lower applied charging current, the amount of hydrogen charged into the specimen was
at a low value. On the other hand, a much higher charging current would lead to crack
initiation on the specimen surface. In this work, the applied cathodic charging current was
chosen at 5.0 mA/cm2. Therefore, during the whole SSRT test, the charging current was
maintained at 5.0 mA/cm2 until specimen fractured.

2.3. Hydrogen Analysis

Before the thermal hydrogen desorption analysis, the samples were electrical-
chemically charged to perform a hydrogen charging test in standard Devanathan–Stachurski
double electrode cells, shown in Figure 2. The tested specimen was a disc, 0.3 mm in thick-
ness. Again, single test was carried out per specimen, regardless of whether it was subjected
to the hydrogen charging process or not.
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The anode side of the specimen was chemically deposited by a layer of 200 nm nickel
film to protect the anode surface from dissolution. Electro-chemically charging hydrogen
was carried out at room temperature in 0.5 mol/L H2SO4 electrolyte with the addition of
0.22 g/L thiourea (CH4N2S) solution [21]. The charging hydrogen process was lasted for
12 h at an applied cathodic charging current of 10.0 mA/cm2, instead of 5.0 mA/cm2 used
in the SSRT test to maximize the finally charged hydrogen content into the sample. Once
the charging process had finished, the corrosion product was mechanically removed from
the surface of the hydrogen charged disc. Then it was immediately cleaned with de-ionized
water for the purpose of further thermal desorption analysis (TDA).

TDA experiments were conducted on the hydrogen charged disc by a UK manu-
factured Markes TD100 thermal desorption spectrometry. Sampling time interval was
selected at 5-mins and the heating rate was kept at 100 ◦C/h under vacuum conditions
during the thermal desorption test. The investigated temperatures in this work ranged
from 40 to 800 ◦C. A triple quadrupole series mass spectrometry was used to detect the
hydrogen desorption rate. The desorption hydrogen weight (content) was calculated from
the measured desorption curves through a line integral method.

2.4. Analysis of Microstructure and Fracture

The microstructure of TAM steels and fracture appearance of the samples after the
SSRT test were observed by a JEM 2100F Scanning Electron Microscope (SEM). Volume
fractions of the retained austenite for various kinds of TAM steels were measured by a
DMAX-RB X-rays diffraction. The applied working parameters for XRD measurement are
as follows: λ = 0.15406 nm, working voltage at 40 kV and current at 150 mA, step size of
0.02◦, scanning speed of 1◦/min, and scanning range (2θ) of 37–93◦.

3. Results
3.1. Microstructure Observations

Microstructure observations for four kinds of steels after TAM treatments are shown
in Figure 3. From Figure 3, the regular annealed martensite laths are visible. Observed
microstructures are composed of a principal annealed martensitic matrix and 11.0–13.0%
volume fraction of retained austenite measured by XRD technique, depending on the type
of microalloying additions in different kinds of steels. The retained austenite is distributed
between annealed martensite laths, as shown in Figure 3e.

Although the steels TAM-V and TAM-R show a slightly higher volume fraction of
retained austenite compared with those of steels TAM-Ti and TAM-Nb, no significant
difference in microstructure has been observed in the studied steels.
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Figure 3. Microstructures of the studied steels observed by SEM showing annealed martensitic
matrix and retained austenite. (a) TAM-V steel with 14.45% RA; (b) TAM-Ti steel with 12.96% RA;
(c) TAM-Nb steel with 12.49% RA; (d) TAM-R steel with 14.42% RA; and (e) Transmission electron
microscope (TEM) image of TAM-R steel showing retained austenite inserted into martensite laths.

3.2. Stress-Strain Curves during SSRT Test

The obtained engineering stress–strain curves of four studied steels during the SSRT
tests under hydrogen charging and no charging conditions are shown in Figure 4. It is
clearly shown in Figure 4 that when samples are subjected to electro-chemically hydrogen
charging during tensile test, the tensile strength decreases and significant reduction in total
elongation is seen for all steels.
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The SSRT test results for four studied steels under both conditions of air media
(no hydrogen charging) and electrolyte (hydrogen charging) are shown in Table 2. Based
on the measured SSRT tensile data, hydrogen induced tensile strength loss ratio IT can
be calculated, referring to Equation (1), and calculated ductility loss ratio ID, referring to
Equation (2) are generated.

IT = (Rm
o − Rm)/Rm

o × 100% (1)

where Rm
o is the tensile strength for the specimen during an SSRT test under air media,

and Rm is the SSRT tensile strength for the hydrogen charged specimen of the same steel.

ID = (Ao − A)/Ao × 100% (2)

where Ao is the total elongation for the specimen during an SSRT test under air media,
and A is the SSRT total elongation for the hydrogen charged specimen of the same steel.

Table 2. Slow strain rate tensile test results for four studied steels.

Steels Applied Conditions Rm/MPa A/% IT/% ID/%

TAM-V
No charged 1106 25.70

29.8 83.4Charged 776 4.26

TAM-Nb
No charged 1095 24.90

37.4 87.3Charged 686 3.17

TAM-Ti
No charged 1107 25.76

30.5 78.8Charged 769 5.45

TAM-R
No charged 1002 28.93

24.2 91.1Charged 760 2.57
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Although all steels show declining tensile properties when the samples are subjected to
electro-chemically hydrogen charging during the SSRT test, the loss values are different for
different steels. TAM-R steel shows the biggest ductility loss, where its relative reduction
value ID is 91.1%. It gives the lowest tensile strength loss ratio IT. All three kinds of
microalloyed TAM steels show smaller ductility loss ratios than that of microalloying
element free steel TAM-R. For three different TAM steels exposed to the hydrogen charging
process, significant difference in their ductility loss and low elongation value can be noted.
Obviously, TAM-Ti steel shows the highest elongation value and the smallest ductility loss
ratio among the three kinds of TAM steels exposed to the hydrogen charging process.

3.3. Fractural Appearance

The SSRT for all four kinds of steels was evaluated under hydrogen charging condi-
tions or air media. The fracture appearance of each specimen was observed using a JEM
2100F SEM and shown in Figure 5. Figure 5a,c,e,g indicate that a considerable number
of dimples are present in the fracture appearance of no hydrogen charged steels after
SSRT tests, showing a typical ductile fracture pattern, while in Figure 5b,d,f,h, the dimples
disappear and cleavage faces are present in the fracture appearance of hydrogen charged
steels after the SSRT test. Obviously, diffusive hydrogen charged into steel matrix leads
to the fracture pattern changing from the ductile fracture for steels without hydrogen
charging, into the cleavage fracture when the steel are exposed to hydrogen charging
during tensile tests.

3.4. TDA Results

The thermal hydrogen desorption rate vs heating temperature during the process of
heating up to 800 ◦C for the four hydrogen-charged steels is plotted in Figure 6, where
the incorporated chart is the enlarged second-peak section shown in the corresponding
chart. Except for steel TAM-R, the microalloyed steels show a double-peak curve, where
the temperature for the so-called bigger first-peak section ranges between 160 ◦C and
190 ◦C, and the temperature for the smaller second-peak section ranges between 245 ◦C
and 305 ◦C. For steel TAM-V, the first and second peak temperatures are 167 ◦C and 305 ◦C,
respectively. For steels TAM-Ti, the first and second peak temperatures are 179 ◦C and
300 ◦C, respectively. For steel TAM-Nb, the first and the second peak temperatures are
168 ◦C and 245 ◦C, respectively. There is a smaller second peak in the case of TAM-Nb steel
compared with those of TAM-V and TAM-Ti steels. For reference steel TAM-R, only the
single peak temperature at 183 ◦C can be observed.

From the TDA curves, the desorption hydrogen content at individual section can
be separated from each other. The hydrogen contents during thermal desorption for
different hydrogen-charged steels are shown in Table 3. During the first peak section,
total desorption hydrogen contents for TAM-V, TAM-Ti, TAM-Nb and TAM-R steels are
8.66 ppm, 9.43 ppm, 9.34 ppm and 9.02 ppm, respectively. The desorption hydrogen
contents during the second peak section for the above-mentioned steels are 0.42 ppm,
0.22 ppm, 0.10 ppm and 0.02 ppm, respectively.

Table 3. Thermal desorption hydrogen content measured by TDS for hydrogen charging samples of
four studied steels (ppm).

Samples TAM-V TAM-Ti TAM-Nb TAM-R

De-H during first peak section 8.66 9.43 9.34 10.02
De-H during second peak section 0.42 0.22 0.10 0.02
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Figure 5. Fracture appearance of steels after SSRT test along with/without hydrogen charging. Clear
dimples present in the left sides of the pictures showing a ductile fracture pattern, and cleavage faces
seen in the right sides of the pictures implies the occurrence of the hydrogen induced embrittlement
effect in steels. (a) TAM-V steel without charging; (b) TAM-V steel with charging; (c) TAM-Ti steel
without charging; (d) TAM-Ti steel with charging; (e) TAM-Nb steel without charging; (f) TAM-Nb
steel with charging; (g) TAM-R steel without charging; and (h) TAM-R steel with charging.
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4. Discussion

We can see from Table 3 that the reference steel TAM-R has the highest ductility
value but the lowest tensile strength value among the four studied steels without electro-
chemically hydrogen charging. The reason behind this is the TRIP effect of retained
austenite. The TRIP effect contributes to good ductility during the tensile test. On the other
hand, it is well known that precipitates in the matrix lead to a precipitation strengthening
effect, but they deteriorate the ductility and toughness of the steels. Although the TAM-V
steel presents a similar volume fraction of retained austenite compared to the reference
steel, there is no doubt that large amounts of vanadium precipitates exist in the former
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steel, which will be discussed in detail in the following context. Thus, it is reasonably
concluded that the retained austenite in combination with precipitates determines the
tensile behaviors of the studied steels under no hydrogen charging conditions.

For all kinds of steels, both tensile strength and total elongation decline when samples
are exposed to electro-chemical hydrogen charging during SSRT test. Particularly for
the reference steel without a microalloying addition, it gives the highest volume fraction
retained austenite and is theoretically free of microalloying precipitates, but produces a
high hydrogen induced ductility loss ratio, when compared with the other three microal-
loyed steels.

During the SSRT test, diffusive hydrogen will readily segregate towards stress con-
centration tips existing in the structure matrix and result in reducing the resistance to HIC
formation. Furthermore, the segregated hydrogen atoms will accumulate into gaseous
hydrogen, and then exert additional stress on the stress concentration tip, which leads to
appearance of micro-cracks and cleavage fracture [22]. It is expected that hydrogen motion
in the matrix dominates the tensile behaviors of hydrogen charged steels, that is, causing
significant ductility reduction.

Varieties of defects in steel matrix such as grain boundaries, dislocations, and precipi-
tates can play important roles in hydrogen diffusion behavior in steels. The four studied
steels have a similar base chemistry and are subjected to the same heat treatment cycle
histories. As discussed in earlier work [19], hydrogen atoms cannot get into the interface
between the retained austenite and matrix; thus, the amount of hydrogen absorbed by
retained austenite is assumed to be at a low value. This means that the amount of hydrogen
in transformed martensite after TRIP effect during tensile process is limited. Although
retained austenite in high strength steel can act as an effective trap site [23], in this work,
retained austenite distributed in the studied steels matrix is expected to have no negative
effect on hydrogen induced embrittlement.

For all four steels, TDS results show a bigger first-peak temperature ranging from
160 ◦C to 190 ◦C. Since all steels were subjected to a certain heat treatment cycle to obtain the
designed TAM-like microstructure, it is reasonable to assume that high density dislocation
exists in the martensite structure matrix. Thermal desorption hydrogen in this peak
temperature range corresponds to hydrogen absorbed/trapped by high density dislocations
distributed in martensitic structures [18].

For the microalloyed steels, there is smaller second-peak temperature ranging from
245 ◦C to 305 ◦C, where thermal desorption hydrogen amount was 10–100 times smaller
than those of the bigger first -peak section. Nonetheless, these values are far greater than
that of TAM-R steel with regard to their orders. Chen [18] utilized Cryo-transfer atom probe
tomography to directly observe hydrogen existence in the non-coherent interface between
NbC precipitates and their adjacent matrix, which provided the evidence that non-coherent
interfaces between a microalloying precipitate and matrix could act as effective traps to
fix hydrogen.

In this study, Nb, V, and Ti elements could precipitate in steels during heat treat-
ment cycles. These precipitates probably act as irreversible trapping sites to absorb small
amount of diffusive hydrogen, and then retard the diffusive hydrogen motion towards
grain boundaries and especially dislocation, that is, lowering the possibility of generat-
ing stress concentration on the so-called defect sites, eventually reducing the hydrogen
embrittlement tendency.

It seems that when the amount of hydrogen trapped by microalloying precipitates
is higher, the hydrogen induced ductility loss ratio, is lower. However, when comparing
the desorption hydrogen contents during the second-peak section for TAM-V and TAM-Ti
steels, there is a different story. Although desorption hydrogen content from precipitates
in TAM-V steel is higher than that of TAM-Ti steel, the former is slightly more prone to
hydrogen embrittlement than the latter in terms of hydrogen induced ductility loss ratio.
The reason for this is not yet clear and needs to be clarified in further study.
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5. Conclusions

TAM steels with various kinds of microalloying additions were prepared by a specially
designed double-quenching and austempering heat treatment cycle. The SSRT were
evaluated on the obtained TAM steels under hydrogen charging and no hydrogen charging
conditions to reveal their tensile behaviors and hydrogen induced embrittlement effects.
The important conclusions obtained are as follows:

1. TAM steels under no hydrogen charging conditions show an excellent combination
of high tensile strength (>1000 MPa) with good ductility (~25%). Under hydro-
gen charging condition, both tensile strength and ductility decline, where tensile
strength decreases from 1000–1100 MPa under no hydrogen charging condition to
680–760 MPa, and the observed significant ductility loss ratios are between 78.8% and
91.1%, with total elongation even less than 5%.

2. The tensile behaviors of TAM steels under no hydrogen charging conditions are de-
termined by the volume fraction of retained austenite and microalloying precipitates,
showing a typical ductile fracture pattern. Hydrogen charged into the steel matrix
leads to a cleavage fracture pattern, implying the occurrence of a hydrogen induced
embrittlement effect.

3. Thermal hydrogen desorption results show that there are double-peak hydrogen
desorption temperature ranges for the studied microalloyed steels, where the first
peak is assumed to relate to the high-density dislocation trapping effect, and the
second peak corresponds to the hydrogen trapping effect exerted by microalloying
element precipitates. There is no apparent second peak in the case of reference TAM
steel since no microalloying precipitates are expected to form in the microstructure.

4. Sites such as microalloying precipitates in steel are assumed to act as effective traps to
fix hydrogen atoms and, thus, retard hydrogen motion towards grain boundaries and
especially dislocations, lowering the possibility of causing stress concentration among
the so-called defect sites, and eventually reducing hydrogen induced embrittlement
tendency in TAM steels.

Author Contributions: Conceptualization, X.Y. and H.Y.; methodology, X.Y. and H.Y.; validation,
C.S., L.L. and X.Y.; formal analysis, X.Y.; investigation, C.S. and L.L.; resource, C.S. and L.L.; data
curation, C.S. and L.L.; writing original draft preparation, X.Y.; writing- review and editing, X.Y. and
C.S.; visualization, X.Y.; supervision, H.Y.; project administration, H.Y.; funding acquisition, H.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from Pangang Group Research Institute Co., Ltd. and State
Key Laboratory of Vanadium and Titanium Resources Comprehensive Utilization.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are not publicly available due to the
agreement reached between the funding institution and project supervisor.

Acknowledgments: The authors would like to thank State Key Laboratory of Vanadium and Tita-
nium Resources Comprehensive Utilization for its financial supports on this work. Thanks are given
to Angang Group Iron & Steel Research Institute for the help in preparing all steels used for this
study. We also express our appreciation to Chaofang Dong of USTB for her helpful suggestion on the
SSRT test.

Conflicts of Interest: All authors declare no conflicts of interest regarding to this work.

References
1. Ye, P.; Shen, J.P.; Wang, G.Y.; Wu, J. Current status and development of light-weighting high strength steel used in automobiles.

J. Mater. Mech. Eng. 2006, 30, 4–7.
2. Dong, H.; Cao, W.Q.; Shi, J.; Wang, C.Y.; Wang, M.Q.; Weng, Y.Q. Microstructure and performance control technology of the 3rd

generation auto sheet steels. J. Iron Steel Res. 2011, 46, 1–11.



Materials 2021, 14, 7752 13 of 13

3. Zhang, Y.J. Research on Hydrogen Induced Delayed Fracture Behavior in Ultra-High Strength Sheet Steels. Ph.D. Thesis, Central
Iron & Steel Research Institute, Beijing, China, 2013.

4. Lee, H.G.; Lee, J.Y. Hydrogen trapping by TiC particles in iron. Acta Metall. 1984, 32, 131–136. [CrossRef]
5. Wei, F.G.; Tsuzaki, K. Quantitative analysis on hydrogen trapping of TiC particles in steel. Metall. Mater. Trans. A 2006, 37,

331–353. [CrossRef]
6. Zhang, C.L.; Liu, Y.Z.; Jiang, C.; Xiao, J.F. Effects of niobium and vanadium on hydrogen-induced delayed fracture in high

strength spring steel. J. Iron Steel Res. 2011, 18, 49–53. [CrossRef]
7. Szost, B.A.; Vegter, R.H.; Castillo, P.E.J.R. Developing bearing steels combining hydrogen resistance and improved hardness.

Mater. Des. 2013, 43, 499–506. [CrossRef]
8. Szost, B.A.; Vegter, R.H.; Castillo, P.E.J.R. Hydrogen-trapping mechanisms in nano-structured steels. Metall. Mater. Trans. A Phys.

Metall. Mater. Sci. 2013, 44, 4542–4550. [CrossRef]
9. Hui, W.J.; Dong, H.; Wang, M.Q.; Chen, S.L.; Weng, Y.Q. Effect of vanadium on delayed fracture resistance of high strength steel.

Heat Treat. Met. 2002, 27, 10–12.
10. Asahi, H.; Hirakami, D.; Yamasaki, S. Hydrogen trapping behavior in vanadium-added Steel. ISIJ Int. 2003, 43, 527–533.

[CrossRef]
11. Sugimoto, K.; Yu, B.; Mukai, Y.; Ikeda, S. Microstructure and formability of aluminum bearing TRIP-Aided steel with annealed

martensite matrix. ISIJ Int. 2005, 45, 1194–1200. [CrossRef]
12. Li, A.P.; Zhang, C.X. Hydrogen embrittlement of ultra-high strength low alloyed TRIP steel. Heat Treat. Met. Abroad. 2005, 26,

20–25.
13. Seong, B.S.; Shin, E.J.; Han, Y.S.; Lee, C.H.; Kim, Y.J.; Kim, S.J. Effect of retained austenite and solute carbon on the mechanical

properties in TRIP steels. Phys. B Condens. Matter. 2004, 350, e467–e469. [CrossRef]
14. Scott, C.; Cugy, P. Vanadium additions in new ultra high strength and ductility steels. In Proceedings of the International

Symposium on Automobile Steel (ISAS’09), Dalian, China, 6–8 September 2009.
15. Enomoto, M.; Hirakami, D. Thermal desorption analysis of hydrogen in high strength martensitic steels. Metall. Mater. Trans. A

2011, 43, 572–581. [CrossRef]
16. Hagihara, Y.; Takai, K.; Hirai, K. Delayed fracture using CSRT and hydrogen trapping characteristic of V-bearing high-strength

steel. ISIJ Int. 2012, 52, 298–306. [CrossRef]
17. Yamasaki, S.; Bhadeshia, H.K.D.H. M4C3 precipitation in Fe-C-Mo-V steels and relationship to hydrogen trapping. Proc. R. Soc. A

2006, 462, 2315–2330. [CrossRef]
18. Chen, Y.S.; Lu, H.Z.; Liang, J.T.; Rosenthal, A.; Liu, H.W.; Sneddon, G.; McCarroll, I.; Zhao, Z.Z.; Li, W.; Guo, A.M.; et al.

Observation of hydrogen trapping at dislocations, grain boundaries, and precipitates. Science 2020, 367, 171–175. [CrossRef]
[PubMed]

19. Yang, X.F.; Yu, H.; Song, C.H.; Li, L.L. Hydrogen trapping behavior in vanadium microalloyed TRIP-Assisted annealed martensitic
steel. Metals 2019, 9, 741. [CrossRef]

20. Hong, Q.; Chen, Y.X. Effects of static and dynamic hydrogen charging on tensile properties of SM490B clean steel. Shanghai Met.
2012, 34, 25–28.

21. Ma, F.R.; Liu, J.X.; Chu, W.Y.; Zhang, W.L.; Yang, D.K. Study of hydro diffusion in enamelled steel sheet. J. Chin. Soc. Corros. Prot.
2010, 30, 269–272.

22. Lin, H.T. Study on Microstructure, Properties and Hydrogen Embrittlement Sensitivity of Welded Joints of High Strength Steel
QP980. Ph.D. Thesis, University of Science and Technology Beijing, Beijing, China, 2020.

23. Park, Y.D.; Maroef, I.S.; Landau, A.; Olson, D.L. Retained austenite as a hydrogen trap in steel welds. Weld. J. 2002, 81, 27–35.

http://doi.org/10.1016/0001-6160(84)90210-4
http://doi.org/10.1007/s11661-006-0004-3
http://doi.org/10.1016/S1006-706X(11)60077-0
http://doi.org/10.1016/j.matdes.2012.07.030
http://doi.org/10.1007/s11661-013-1795-7
http://doi.org/10.2355/isijinternational.43.527
http://doi.org/10.2355/isijinternational.45.1194
http://doi.org/10.1016/j.physb.2004.03.122
http://doi.org/10.1007/s11661-011-0909-3
http://doi.org/10.2355/isijinternational.52.298
http://doi.org/10.1098/rspa.2006.1688
http://doi.org/10.1126/science.aaz0122
http://www.ncbi.nlm.nih.gov/pubmed/31919217
http://doi.org/10.3390/met9070741

	Introduction 
	Materials and Methods 
	Materials Preparation 
	Slow Strain Rate Tensile (SSRT) Tests 
	Hydrogen Analysis 
	Analysis of Microstructure and Fracture 

	Results 
	Microstructure Observations 
	Stress-Strain Curves during SSRT Test 
	Fractural Appearance 
	TDA Results 

	Discussion 
	Conclusions 
	References

