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Abstract

To investigate the effect of microalloying on hydrogen embrittlement resistance of hot-
stamped steels with strength levels of 1.8 GPa and above, six composition schemes were
designed based on conventional 34MnB5 steel, including three routes, namely Nb, V,
and Nb-V. U-bend constant-strain bending tests and slow strain rate tensile (SSRT) tests
were conducted on quenched specimens for each scheme. Results indicated that the
Nb-containing compositions exhibited superior hydrogen embrittlement resistance. The
mechanism by which microalloying refines the martensitic microstructure of 34MnB5 in
the quenched state and enhances its resistance to hydrogen embrittlement was studied
in detail. It was found that Nb exhibits stronger effects than V in refining and homoge-
nizing the martensite structure. The fundamental reasons for Nb’s enhanced ability to
pin austenite grain boundaries at high temperatures—leading to better microstructural
refinement and homogenization—are its higher temperature range for second-phase precip-
itation, greater driving force for grain boundary diffusion, lower austenite grain boundary
diffusion coefficient, and weaker tendency for high-temperature coarsening of precipi-
tates. The microstructural refinement and homogenization induced by Nb addition are
more pronounced than those achieved by combined additions of Nb and V. Furthermore,
within the concentration range of 0-0.1%, the amount of Nb is positively correlated with
the degree of microstructural refinement and homogenization. By reducing martensite
lath size through microalloying, multiple microstructural modifications occur: decreased
density of geometrically necessary dislocations (GNDs) in the matrix, significant increase in
interface density—especially a higher proportion of high-angle grain boundaries—reduced
number of X3 special harmful grain boundaries, weakened matrix texture intensity, fewer
twin martensites, and smaller twin martensite sizes. These factors collectively contribute
significantly to the improved hydrogen embrittlement resistance of Nb-containing steels.

Keywords: 34MnB5; hot forming; hydrogen embrittlement; microalloying; microstructure
refinement
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1. Introduction

Hot stamping is one of the most advanced manufacturing technologies in automotive
lightweighting, offering comprehensive advantages in safety, weight reduction, cost, and
processability [1-3]. Driven by the global demand for extreme lightweighting and enhanced
safety in vehicles, the development of higher-strength hot-stamped steels (>1.8 GPa) be-
yond the conventional 1.5 GPa grade has become a key industry focus [4,5]. The microstruc-
ture of hot-stamped components is primarily martensitic, and as martensite strength
increases, so does its susceptibility to hydrogen embrittlement [6,7]. Currently, ultra-high
sensitivity to hydrogen embrittlement has become a critical barrier limiting the application
of hot-stamped steels with strengths at or above 1.8 GPa. For hot-stamped steels, improving
hydrogen embrittlement resistance primarily involves three aspects: original austenite
grain size, precipitate phases, and retained austenite [8-10]. First, fine precipitates such as
VC and NbC can act as strong “traps” for hydrogen atoms, capturing and immobilizing
them to prevent diffusion toward potential crack initiation sites (e.g., grain boundaries
or inclusions), thereby enhancing hydrogen embrittlement resistance [11,12]. However,
the size, quantity, and distribution of precipitates are highly sensitive to the hot-forming
process and difficult to precisely control. Coarse or unevenly distributed precipitates may
instead become hydrogen enrichment sites or crack nucleation points. Retained austenite
(RA) is also considered a hydrogen trap, and its transformation-induced plasticity (TRIP
effect) can alleviate local stresses and suppress crack propagation. Nevertheless, in marten-
sitic matrices obtained through conventional hot-forming processes, the content of retained
austenite is extremely low (<5%), limiting its contribution to hydrogen embrittlement
resistance. Moreover, its stability—whether it transforms into martensite under stress or
hydrogen exposure—remains uncertain [13-15]. Grain refinement of the austenite phase
represents the most prominent and effective approach to improving hydrogen embrittle-
ment resistance in hot-stamped steels. By refining austenite grains, the diffusion coefficient
of hydrogen in steel can be significantly reduced, while the density of hydrogen traps in-
creases, leading to enhanced resistance. The geometrically exponential increase in interface
density provides numerous uniformly distributed shallow traps for hydrogen, prevent-
ing localized hydrogen over-enrichment. A fine-grained microstructure implies shorter
average hydrogen diffusion paths, enabling hydrogen atoms to be more evenly captured
at numerous interfaces rather than diffusing long distances to a few weak spots (such as
coarse original austenite grain boundaries). Furthermore, according to the Hall-Petch rela-
tionship, grain refinement not only increases strength but also improves material toughness,
fundamentally enhancing the material’s ability to resist hydrogen-induced crack initiation
and propagation [16-20]. Therefore, compared to precipitate phases and retained austenite,
austenite grain refinement offers a more reliable and stable solution for strengthening
hydrogen embrittlement resistance by physically and geometrically increasing hydrogen
trap density and improving the material’s intrinsic toughness.

However, current research mostly remains at the superficial level of correlating “mi-
crostructure refinement” with “improved hydrogen embrittlement resistance.” There is still
a lack of systematic studies on how refinement precisely modulates multi-scale substruc-
tural parameters of martensite and thereby systematically influences the state of hydrogen
within martensite. Existing studies have shown that refining martensite triggers a cascade
of changes in its substructural characteristics, all of which are closely related to martensitic
hydrogen embrittlement behavior. First, fine-grained microstructures may generate higher
or more uniform dislocation densities during phase transformation. Dislocations act as
hydrogen traps, but their networks can also serve as fast diffusion pathways for hydrogen
(the risk increases with higher strength). Therefore, altering the dislocation density in
martensite through microstructure refinement can significantly change hydrogen diffusion

https://doi.org/10.3390 /met16080932


https://doi.org/10.3390/met16080932

Metals 2026, 16, 932

3 0f27

behavior, thus affecting the susceptibility of the matrix to hydrogen embrittlement [21].
Second, how microstructure refinement quantitatively affects the proportions of various
interfaces in martensite is another critical issue. Refinement increases the total interface
area and may also alter the fraction of coincident site lattice (CSL) grain boundaries, par-
ticularly those with low X values (e.g., £3), which are known to influence the hydrogen
embrittlement sensitivity of the matrix [22,23]. Third, texture is often an overlooked yet key
factor. The refinement of original austenite grains alters the selection rules of martensite
variants during quenching transformation, thereby influencing the texture characteristics
of martensite, whose intensity and type in turn affect the material’s resistance to hydrogen
embrittlement [24,25]. Finally, different types of martensite (lath-type vs. twin-type) exhibit
varying effects on hydrogen embrittlement resistance, with twinned martensite being rela-
tively more sensitive [26]. Thus, it is essential to investigate how microstructure refinement
impacts these distinct martensite types.

Microalloying is currently the most widely used method to reduce the high hydrogen
embrittlement sensitivity of hot-stamped steels, achieving microstructure modification
and improved resistance to hydrogen embrittlement by adding elements such as Ti, Mo,
Nb, and V. Considering performance, processability, and cost, Nb/V-based microalloying
schemes are now commonly applied in the global steel industry, involving three technical
routes: Nb-only, V-only, and Nb-V combined. Although previous studies have investigated
the grain refinement effects of these three approaches on the microstructure of hot-stamped
steels, there remains no definitive conclusion on which route is superior, and quantitative
comparative validation under identical alloy systems is still lacking [27-30]. Particularly for
hot-stamped steels with strength levels of 1.8 GPa or higher, their higher alloy content and
more complex phase transformation behavior make the interactions among microalloying
elements more subtle, resulting in a significant lack of fundamental experimental data.
Moreover, studies have shown that adding only trace amounts (0.03-0.05%) of elements
such as Nb and V can significantly reduce the hydrogen embrittlement sensitivity of
1.5 GPa hot-stamped steel. However, for hot-stamped steels with strengths above 1.8 GPa,
the same microalloying strategy fails to meet requirements (making it difficult to pass
automotive manufacturer certifications). Whether further increasing the content of Nb
and V can resolve this issue remains a key concern in the global steel and automotive
industries. Future research should focus on: (1) conducting more comprehensive and
rigorous comparative experiments to clarify the grain refinement efficiency of different
microalloying strategies in hot-stamped steels; and (2) revealing the multi-parameter
synergistic evolution of martensite substructures induced by microstructure refinement,
and its specific mechanisms in enhancing resistance to hydrogen embrittlement.

Based on the traditional 34MnB5 alloy system, this study designed three schemes
incorporating Nb, V, and Nb-V, respectively. Quenched specimens of each scheme were
subjected to U-bend constant-strain bending and slow strain rate tensile (SSRT) tests to
evaluate their effects on hydrogen embrittlement susceptibility of 34MnB5 and to compare
the advantages and disadvantages among the different schemes. Using a combination
of optical microscopy (OM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and electron backscatter diffraction (EBSD), this work conducted quali-
tative and quantitative investigations into the differences in martensite refinement among
the three schemes, as well as the evolution patterns and mechanisms of microstructural
features at multiple scales—including geometrically necessary dislocations (GNDs), inter-
faces, texture, and twinned martensite—under refined martensite conditions. The findings
provide valuable reference for addressing hydrogen embrittlement issues in hot-stamped
steels with strength levels of 1.8 GPa and above within the industry.
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2. Materials and Experimental Process
2.1. Materials

Six composition schemes were designed in this study (Table 1). Scheme 1# is a non-
microalloyed scheme, schemes 2# and 3# are single Nb addition schemes, schemes 4# and
5# are single V addition schemes, and scheme 6# is a combined Nb-V addition scheme.

Table 1. Composition scheme (Wt%).

Element

No. C Si Mn Cr Al B Ti Nb A%
1# 0.34 0.70 1.50 1.00 <0.03% 0.003 0.03 - -
2# 0.34 0.70 1.50 1.00 <0.03% 0.003 0.03 0.05 -
3# 0.34 0.70 1.50 1.00 <0.03% 0.003 0.03 0.10 -
4# 0.34 0.70 1.50 1.00 <0.03% 0.003 0.03 - 0.05
5# 0.34 0.70 1.50 1.00 <0.03% 0.003 0.03 - 0.10
6# 0.34 0.70 1.50 1.00 <0.03% 0.003 0.03 0.05 0.05

For each scheme, vacuum smelting is first carried out to obtain ingots (150 kg),
which are then forged to facilitate subsequent processing and improve the quality of
the ingot structure. The forging heating temperature is 1200 & 20 °C, and the holding
time is 3.5 h. The ingots are repeatedly hammered and then sawn into small blocks of
22 x 220 x 300 mm. The forged billets are then hot-rolled. The heating temperature before
hot-rolling is 1250 £ 20 °C, and the holding time is 5.0 h. The starting rolling temperature
is 1200 =£ 20 °C, the final rolling temperature is 900 £ 20 °C, and the coiling temperature
is 600 % 20 °C. Through eight passes of rolling, hot-rolled sheets of 3 x 220 x 1100 mm
in size are obtained. After hot-rolling, the sheets are subjected to surface shot blasting to
remove the oxide scale, followed by cold-rolling. The final thickness of the cold-rolled sheet
is 1.4 mm. The cold-rolled sheets are cut into long samples of 75 x 460 mm and annealed
according to the process in Figure 1. Figure 2 shows the sheets used in the experiment.
Furthermore, the sheets of different schemes are quenched. Figure 3 shows the heating
furnace and flat plate mold used for quenching. The heating system is to first heat to
930 °C (£2 °C) and hold for 5 min, then take out the sheets and quench them in the flat
plate mold. The surface of the quenched samples is shot blasted to remove the oxide scale,
and then cut to the specified size for the experiment.
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Figure 1. Annealing process flowchart.
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Figure 3. Hot forming system: (a) heating furnace and (b) plate quenching mold.

2.2. U-Shaped Constant-Strain Bending Test

The U-shaped constant-strain bending test was carried out in accordance with the
requirements of T/CSAE 155-2020 to evaluate the hydrogen embrittlement sensitivity
of different schemes. Before the test, the quenched billets were machined into standard
specimens (Figure 4). The specimens were placed in the middle of the bending fixture made
of anti-corrosion material (Figure 4), and the sliding blocks on the fixture were pushed
towards the middle by tightening the nuts at both ends of the fixture to bend the specimens.
The target value of the bending span for all specimens was set at 145 mm (the same bending
strain). The test was stopped when the bending span of the specimens met the requirements
(Figure 5). There were 10 specimens for each scheme, which were divided into five groups,
with two specimens symmetrically clamped on each fixture. After the bending loading of
all specimens was completed, they were placed together with the fixtures in a 0.1 mol/L
HCl solution (Figure 6) for soaking. The occurrence of cracking within 300 h was observed,
and the number of cracked specimens was recorded [31].

|
s
|
|
l
|
l
|
|
|
20

Bending fixture

Figure 4. Structure of U-shaped constant-strain bending test specimen and bending fixture [31].
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Figure 5. Examples of the clamping process and the appearance after clamping of U-shaped constant-
strain bending test specimens [31].

Figure 6. Soaking process of U-shaped constant-strain bending test specimens.

2.3. Slow Strain Rate Tensile Test (SSRT)

The slow strain rate tensile method was adopted to obtain the hydrogen embrittlement
susceptibility index (EI) and evaluate the hydrogen embrittlement susceptibility of different
schemes. For each scheme, slow strain rate tensile tests were conducted under hydrogen
charging conditions. EI is equal to the loss rate of the post-fracture elongation A caused
by hydrogen charging ((Ano charging — Acharging)/ ANo charging), and the larger the value, the
stronger the hydrogen embrittlement susceptibility. If the elongation of different materials
is similar, the elongation under hydrogen charging conditions can be used as a substitute
for EI Figure 7 shows the sample size specifications and the appearance of the hydrogen
charging equipment for the slow strain rate tensile test. The equipment model is Zwick
(BTC-T1-FR020 TN.A50), the gauge length of the sample is 15 mm, the hydrogen charging
tensile rate is 2 x 107> s71, the electrolyte is NaCl (1 mol/L) + NH4SCH (1 g/L), the
hydrogen charging current density is 5 mA /cm?, and the hydrogen charging time is 3 min.

15 ®) |

Figure 7. SSRT specimen size specifications and equipment: (a) sample specifications and
(b) test equipment.
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2.4. Microstructure and Mechanical Property Characterization Tests

For the quenched specimens of different schemes, the following microstructure and
property tests were carried out. The mechanical properties were evaluated by quasi-static
tensile tests using a CMT5305 electronic universal testing machine (Suzhou Kechuang
Measurement & Control Co., Ltd., Suzhou, China). The low-magnification microstructure
characteristics of the specimens were evaluated by a LEICA DMI3000M metallographic
(OM) microscope (Leica Microsystems, Wetzlar, Germany). The fracture morphology of the
specimens after slow strain rate tensile treatment was observed by a JEOL7800F scanning
electron microscope (JEOL, Ltd., Akishima, Tokyo). The microstructure crystal structure
characteristics of the specimens were quantitatively evaluated by an OXFORD EBSD device
(Oxford Instruments, Oxford, UK). The various precipitated phases in the specimens
were observed by a JEOL 2100F transmission electron microscope (JEOL, Ltd., Akishima,
Tokyo). The microstructure scale characteristics of the specimens at high temperatures
under different schemes were detected by a VL2000DX-SVF17SP laser confocal microscope
(Yonekura Manufacturing Co., Ltd., Yokohama, Japan). The sample preparation, process,
and evaluation methods for the relevant tests were all carried out in the traditional way. In
addition, to ensure comparability among different test results, all samples were taken from
the central region of the steel plate. The specific sampling locations for each type of sample
are also completely consistent.

3. Test Results
3.1. Tensile Mechanical Properties

Table 2 presents the quasi-static tensile results of the as-quenched specimens of each
scheme in Table 1. It can be seen that the yield strength of all the specimens is in the range of
1200 to 1400 MPa, the tensile strength is in the range of 1800 to 2000 MPa, and the elongation
after fracture is in the range of 7% to 8%. There are no significant differences overall, but
there are slight variations. Scheme 1# has the lowest yield strength and elongation. Schemes
2# and 3# are single Nb addition schemes, which maintain high strength while also having
relatively high elongation after fracture. Scheme 3# has the best strength and plasticity.
Schemes 4# and 5# are single V addition schemes. Compared with schemes 2# and 3#,
their yield, tensile strength, and elongation after fracture are slightly lower, but they are
better than scheme 1#. Scheme 6# is a Nb-V compound scheme, which has slightly lower
strength but the best elongation after fracture. The ranking of strength and plasticity for
each scheme is as follows: scheme 3# > scheme 6# > scheme 2# > scheme 5# > scheme
4# > scheme 1#. The better the strength and plasticity, the better the toughness is often
predicted. The resistance to hydrogen embrittlement is also a reflection of the toughness.
From the results in Table 2, schemes 2#, 3#, and 6# may have the best resistance to hydrogen
embrittlement, which will be further analyzed in the subsequent chapters.

Table 2. Quasi-static tensile results of samples in quenched state under different schemes.

No. Sample Thickness Sample Width Yield Strength Tensile Strength Elongation
(a/mm) (b/mm) (R¢1/MPa) (Rm/MPa) (A/%)

1# 1.40 12.50 1235.73 1902.95 7.06

2# 1.40 12.50 1345.04 1947.82 7.46

3# 1.40 12.50 1359.07 1964.44 7.67

44 1.40 12.50 1299.38 1895.01 7.09

5# 1.40 12.50 1318.38 1928.08 7.20

6# 1.40 12.50 1300.31 1907.27 7.79

Note: The above result data are all the average values of the test data from three specimens.
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3.2. U-Shaped Constant-Strain Bending Test

Table 3 and Figure 8 present the results of U-shaped constant-strain bending tests
on quenched specimens of different schemes. It can be seen that under the same test
conditions, scheme 1# has the most fractured specimens and the poorest resistance to
hydrogen embrittlement. Scheme 2# has four fractured specimens at 300 h, while scheme
3# has only one, both showing significantly better resistance to hydrogen embrittlement
than scheme 1#. The number of fractured specimens in schemes 4# and 5# is less than that
in scheme 1#, but more than that in schemes 2# and 3#, indicating that their resistance
to hydrogen embrittlement is stronger than that of scheme 1#, but weaker than that of
schemes 2# and 3#. Scheme 6# also has only a few fractured specimens, demonstrating
relatively excellent resistance to hydrogen embrittlement. The results show that the Nb-
containing schemes have a significant advantage in hydrogen embrittlement resistance.
The V-containing schemes have a lower hydrogen embrittlement resistance than the Nb-
containing schemes, but they are still stronger than the schemes without microalloying
treatment. Scheme 3# has the best resistance to hydrogen embrittlement. The order of
resistance to hydrogen embrittlement among the six schemes is consistent with the order of
their strength and plasticity.

Table 3.
different schemes.

Results of U-shaped constant-strain bending tests on quenched specimens of

Bending Span: 145 mm, Soaking Time (0.1 mol/L HCL): <300 h

No. (O: No Fracture, e: Fracture)
L Group 1# Group 2# Group 3# Group 4# Group 5#
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
Result ) . @) ° . ° ° . (@) °
i Group 1# Group 2# Group 3# Group 4# Group 5#
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
Result @) @) . (@) ) @) . @) (@) o
” Group 1# Group 2# Group 3# Group 4# Group 5#
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
Result @) @) . @) O 0] @) @) (@) O
m Group 1# Group 2# Group 3# Group 4# Group 5#
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
Result . . @) ° @) ©) . (@) . .
53 Group 1# Group 2# Group 3# Group 4# Group 5#
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
Result @) ° @) . . @) ° ° (@) @)
” Group 1# Group 2# Group 3# Group 4# Group 5#
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
Result - - (@) . o - @) - - .
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Figure 8. Results of U-shaped constant-strain bending tests on quenched specimens of different
schemes—proportion of fractured specimens.

3.3. Slow Strain Rate Tensile Test (SSRT)

Given that the elongation after fracture of the six schemes’ samples under non-
hydrogen conditions shows little overall difference, the elongation after fracture under
hydrogen conditions can be simply used as the basis for evaluating their hydrogen embrit-
tlement sensitivity. Figure 9 shows the test results. Scheme 1# has the lowest elongation
after fracture under hydrogen conditions, indicating that its plasticity is most sensitive to
hydrogen. Schemes 2# and 3# also show plasticity loss under hydrogen conditions, but
the extent of the loss is significantly lower than that of scheme 1#, demonstrating better
resistance to hydrogen embrittlement, with scheme 3# being the best. The elongation after
fracture under hydrogen conditions of scheme 4# is higher than that of scheme 1# but lower
than that of scheme 2#. The elongation after fracture under hydrogen conditions of scheme
5# is higher than that of scheme 4# but slightly lower than that of scheme 2#. Scheme 6#
has the second-highest elongation after fracture under hydrogen conditions after scheme
3#. The above results are consistent with the patterns in Table 3.

2200 2200
2000 . | 00| (b) I
-~ —— ~~
£ 1800 P I | = 1800 / I s
Z 1600 — s | 21600 1 i
g 1400 8- o
5 1200 = 1200
i @
1000 %1000
$ 800 T 800
N
$ 600 § 60
=
K400 5 400
200 + i 200
" | 4 . R ; 0 : n .
0 I 2 3 4 5 0 I 2 3 4 5

Engineering strain (%) Engineering strain (%)

Figure 9. Hydrogen-charged slow strain rate tensile curves of quenched specimens under different
schemes: (a) schemes 1 to 3# and (b) schemes 4 to 6#.

Figure 10 shows the macroscopic fracture morphology of the quenched specimens
under different schemes at slow strain rate tensile tests. The hydrogen-induced fracture
areas on each fracture surface are marked in each figure, and the size of these areas can
reflect the hydrogen embrittlement sensitivity of the material. The larger the area, the
stronger the hydrogen embrittlement sensitivity. The hydrogen-induced fracture area of
scheme 1# is the largest, which is consistent with the result that its hydrogen embrittlement
sensitivity is the strongest. The hydrogen-induced fracture areas of schemes 2#, 3#, and 6#
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are the smallest, indicating that the contribution of hydrogen to the fracture process of the
specimens during the hydrogen-charged tensile test is the least. The hydrogen-induced
fracture areas of schemes 4# and 5# are both smaller than that of scheme 1#, but larger than
those of schemes 2#, 3#, and 6#. As shown in Figure 11, the hydrogen-induced fracture area
of the specimen in scheme 1# shows obvious intergranular fracture characteristics, which is
a typical fracture form (HEDE) often exhibited by steels with poor resistance to hydrogen
embrittlement. The hydrogen-induced fracture areas of the specimens in schemes 2#, 3#,
and 6# show significant dimple fracture characteristics (HELP). The specimen in scheme 4#
shows strong intergranular and quasi-cleavage combined fracture characteristics (HEDE),
while the hydrogen-induced fracture area of the specimen in scheme 5# shows strong quasi-
cleavage and a small amount of dimple combined fracture characteristics (HEDE/HELP).
Under the same conditions, the hydrogen embrittlement sensitivity of steels with HEDE
fracture characteristics is stronger than that of steels with HELP fracture characteristics
(HEDE fracture indicates more high-stress concentration areas in the matrix) [32]. The above
results are also consistent with the regularity of the hydrogen embrittlement resistance of
each scheme as reflected in the previous related tests.

H: fracture area

Figure 10. Macroscopic fracture surface morphology (SEM) of hydrogen-charged slow strain rate
tensile specimens in quenched state under different schemes: (a) scheme 1#; (b) scheme 2#; (c) scheme
3#; (d) scheme 4#; (e) scheme 5#; and (f) scheme 6#.

Figure 11. Morphology of hydrogen-induced fracture regions of quenched specimens under different
schemes (SEM): (a) scheme 1#; (b) scheme 2#; (c) scheme 3#; (d) scheme 4#; (e) scheme 5#; and
(f) scheme 6#.
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4. Discussion

Refining the microstructure of steel through microalloying treatment can reduce its
hydrogen embrittlement sensitivity. The threshold stress value for hydrogen-induced
crack nucleation in steel is negatively correlated with the square root of the grain diameter
D!/2 [33]. Figure 12 shows the quenched martensite (OM) and the lath size and morphology
characteristics (EBSD) of samples from different schemes. It can be seen that the size of the
quenched martensite laths of schemes 2#, 3#, and 6# is smaller. The size of the quenched
martensite laths of scheme 1# is the largest. Schemes 4# and 5# are in the middle. The
martensite lath sizes of the samples for schemes 1# to 6# are 7.22 um, 3.21 um, 3.11 pm,
5.62 pm, 5.95 pm, and 3.36 pm, respectively.

Figure 12. The size and morphology characteristics of the original austenite and the martensite after
quenching of the samples from different schemes: (a,d): scheme 1#; (b,e): scheme 2#; (c,f): scheme 3#;
(g,j): scheme 4#; (h,k): scheme 5#; and (i,1): scheme 6#.

As can be seen from Figure 13, the microstructure of schemes 2#, 3#, and 6# is finer
due to the addition of Nb. Schemes 4# and 5# added a trace amount of V, and compared
with the non-microalloyed scheme 1#, only a slight microstructure refinement effect was
produced. This also indicates that for hot-formed parts, it is difficult to significantly refine
the microstructure by adding V. This is because at 930 °C, V is basically dissolved in
austenite, and due to the high diffusion coefficient of V at high temperatures, it is difficult
to accumulate at the grain boundaries, and its hindrance to the migration of austenite
grain boundaries is very weak. Moreover, the driving force for the migration of austenite
grain boundaries at high temperatures is significantly increased, resulting in the almost
disappearance of the grain boundary pinning effect of V, and the refinement effect of
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austenite is poor [34]. Of course, considering the high-temperature factor, the fact that
quenching cooling rate of the die quenching has not reached a very high level (>100 °C/s),
and the fact that other elements such as P and B in the steel also have a certain promoting
effect on the grain boundary segregation of V [35], it also has a certain microstructure
refinement effect, resulting in the microstructure of schemes 4# and 5# being slightly finer
than that of scheme 1#. However, the amount of undissolved V segregated at the grain
boundaries is still very small. According to the Zener mechanism, the hindrance effect of
precipitation on the migration of grain boundaries is positively correlated with its volume
fraction and negatively correlated with its size [36]. Under high-temperature conditions,
the size of these undissolved V is prone to spheroidization due to the Ostwald ripening
mechanism and gradually increases, resulting in the pinning effect of V on the austenite
grain boundaries gradually decreasing over time, further reducing the refinement effect.
Unlike V, Nb is a high-temperature precipitating element, and its solubility in austenite
is about 1/10 to 1/100 of V, and it can precipitate at about 1200 °C [37]. Secondly, the
radius difference between Nb and y-Fe atoms is greater than that of V (Nb: 0.143 nm,
v-Fe: 0.126 nm, and V: 0.132 nm), which causes Nb to exert a stronger lattice distortion
effect in the grains than V, and its segregation to the grain boundaries can release more
strain energy [38]. In addition, because the coherency between Nb (C, N) and the austenite
matrix is stronger than that of V, its segregation to the grain boundaries can effectively
compensate for the atomic mismatch in the austenite grain boundary region and indirectly
stabilize the low-energy grain boundary configuration through the “chemical pinning”
effect. Therefore, Nb has a much stronger grain boundary diffusion driving force than V,
and this has been verified by relevant literature [39,40]. Thirdly, the diffusion coefficient of
Nb in austenite (~1071% m?/s) is lower than that of V (~10713 m?/s), and the low diffusion
rate makes it more difficult for Nb solutes and Nb (C, N) in the austenite grain boundaries
to diffuse away from the grain boundaries [41]. Finally, the melting point of Nb (C, N)
(about 3600 °C) is higher than that of V (C, N) (about 2650 °C), and the high-temperature
maturation tendency of Nb (C, N) is lower, and its grain boundary pinning effect is more
persistent [42]. In summary, multiple factors lead to Nb mainly segregating in the form
of Nb (C, N) at the austenite grain boundaries at 930 °C, which will have a significant
pinning effect on the migration of austenite grain boundaries during the high-temperature
heating process, thereby producing a significant refinement effect on austenite (Figure 13).
Figure 14 shows Nb (C, N) distributed along the original austenite grain boundaries in the

quenched specimen of scheme 2#.

Time: 490.94s T : Time: 568.96s
Temp: 950.00°C }* : ———— | Temp: 949.80°C
IE= .

Figure 13. The austenite grain sizes of schemes #1 and #2 under high-temperature conditions:
(a) scheme 1# and (b) scheme 2#.

Figure 15 shows the distribution of the area fraction of martensite laths of different
sizes in the six schemes’ samples (X-axis: martensite lath size). Firstly, it can be seen that for
schemes 2#, 3#, and 6#, in addition to having smaller martensite lath sizes, the area fraction
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of martensite laths of different sizes changes uniformly from small to large. However, for
the other schemes’ samples, the area fraction of martensite laths of different sizes changes
with more or less abrupt variations. This indicates that the microstructure scale changes in
schemes 2#, 3#, and 6# samples are nearly continuous, that is, they have very few mixed
crystals, while the other schemes’ samples have abrupt changes in microstructure scale (area
within the blue circle), that is, they have mixed crystals to varying degrees. The existence
of mixed crystals will lead to stress concentration in the steel, which in turn promotes the
accumulation of hydrogen in these areas, causing hydrogen embrittlement [43]. This is also
the reason why the test results of hydrogen embrittlement resistance of schemes 2#, 3#, and
6# are all more excellent. The reason for the above differences is that the high-temperature
austenite grain boundary pinning effect of Nb (C, N) is more stable than that of V (C,
N). During the heat treatment holding process of V-containing steel, with the extension
of time, some V (C, N) at the grain boundaries may gradually lose its grain boundary
pinning effect due to spheroidization, causing local grain growth and resulting in mixed
crystals. In addition, the austenite of Nb-containing steel is more stable, resulting in a lower
Ms point, which can play multiple roles such as increasing the driving force for phase
transformation, promoting simultaneous and slow phase transformation in all parts of the
matrix, improving the uniformity of solute atom distribution in austenite, enhancing the
coordination of phase transformation stress transmission in the matrix, and improving the
non-diffusivity of the phase transformation process, further enhancing the uniformity of
the microstructure [44].

Figure 14. Nb (C, N) distributed along the original austenite grain boundaries in the quenched
specimen (scheme 2#).
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Figure 15. Cont.

https:/ /doi.org/10.3390 / met16080932


https://doi.org/10.3390/met16080932

Metals 2026, 16, 932

14 of 27

0.16 0.16 .
0.14 (C) 0.14 (d)
0.12 0.12 4
= =
£ 0104 S 0.10-
g g
= ~
& 0.08- = 0.08
S s
I 2
= 0.06 = 0.064
0.04 0.04
0.02 1 0.02
0.00 T T T T 0.00 T T T T
0 5 10 15 20 0 5 10 15 20
Grain Size (um) Grain Size (um)
0.16 0.16
0.14 4 (e) 0.14 4 (f)
0.12 0.12
= =
.2 0.10 S 0104
E s
~ =
= 0.08 & 0.08
g g
= 2
™ 0.06 4 = 0.06
0.04 - 0.04
0.02 4 0.02
0.00 T T T T 0.00 T T T T
0 5 10 15 20 0 5 10 15 20
Grain Size (um) Grain Size (um)

Figure 15. The variation of the area fraction of different-sized martensite laths in the quenched
specimens of schemes 1# to 6#: (a) scheme 1#; (b) scheme 2#; (c) scheme 3#; (d) scheme 4#; (e) scheme
5#; and (f) scheme 6#.

Thirdly, based on the EBSD test results, the average martensite lath bundle sizes of
schemes 2#, 3#, and 6# were obtained as 3.20 um, 3.10 um, and 3.36 um, respectively.
Figure 16 shows the distribution diagram of the martensite lath bundle sizes of the three
schemes. Compared with the other two schemes, the martensite lath bundles of scheme 3#
are the finest and most uniformly distributed. The size and uniformity of the martensite
lath bundles of scheme 2# are also slightly better than those of scheme 6#.

50pm } = 5 S&E

Figure 16. Comparison of the size and uniformity of martensite lath bundles in quenched samples of
scheme 2#, 3#, and 6#: (a) scheme 2#; (b) scheme 3#; and (c) scheme 6#.

Firstly, for schemes 2# and 6#, the analysis indicates that V also has a strong carbon-
fixing effect. It competes with Nb for carbon in steel, resulting in a lower volume fraction
of Nb (C, N) compared to when Nb is added alone. Additionally, as previously mentioned,
only a small amount of V plays a role in pinning the high-temperature austenite grain
boundaries. This V exists in four forms at the grain boundaries. The first part remains
as a solute, with a relatively weak pinning effect on the grain boundaries. The second
part precipitates in conjunction with Nb, Ti, and other pre-precipitated phases to form
composite phases, where the pre-precipitated phases still dominate. The third part is V
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(C, N), which is unstable and prone to spheroidization. The fourth part is V4Cs, a small
amount of which precipitates within the austenite at high temperature, a phenomenon
which further reduces the carbon content in the austenite and, thus, lowers its stability,
increases the Ms point, and, consequently, enhances the driving force for austenite grain
boundary migration [45]. The combined effect of these multiple factors results in a slightly
poorer microstructure refinement effect for scheme 6# compared to scheme 2#.

When comparing scheme 2# and scheme 3#, the microstructure of the sample in scheme
3# is finer and more uniform than that in scheme 2#, which is related to the difference in
Nb content. According to the solubility product equation (Equation (1)), the maximum
solubility of Nb can be calculated under the condition of carbon content being 0.34% and
temperature being 1200 °C. Referring to [46], in Equation (1), A is taken as 2.96, B is taken
as 7500, T is the absolute temperature of 1203 K, and [C] is taken as 0.34.

logy([Nb] - [C]) = A— = M

T
According to Equation (1), the maximum solid solubility of Nb at 1200 °C is approxi-
mately 0.0218%. Considering the reduction in the activity of carbon in steel and introducing
an activity coefficient of 0.3 [47], the corrected Nb content can be calculated as 0.0218/0.3,
which is about 0.08%. If this portion of Nb precipitates completely at 930 °C, it can exert the
maximum grain refinement effect. However, based on Equation (1), it can be determined
that there is still approximately 0.0102% of Nb dissolved in the matrix at 930 °C. Therefore,
to fully release the grain refinement potential of Nb, the actual Nb content to be added is
0.08 + 0.0102 =~ 0.1%, which is close to the Nb content in scheme 3#. The Nb content in
scheme 2# is half that of scheme 3#, and the Nb potential release is insufficient, so the grain
refinement effect must be weaker than that of scheme 3#. There is also an upper limit to
the grain refinement effect of Nb on steel. Generally, when the Nb content exceeds 0.05%,
further increasing the Nb content will significantly reduce the grain size reduction rate, and
the Nb content—grain size curve will enter a plateau region [48]. Based on thermodynamic
equilibrium theory, Zener pinning theory, and solute drag effect, the relationship between
the minimum austenite grain size and the Nb content can be expressed as Equation (2).
Amin is the minimum austenite grain size (mm), dj is the theoretical limit grain size of
austenite dynamic recrystallization (mm), [Nb] and [C] are the contents of Nb and carbon
(wt%), K is a constant related to the pinning efficiency of the precipitated phase, m is the
sensitivity index of carbon content to solubility (0.3-0.7), n is the refinement effect index of
Nb content (0.5-1.2, usually taken as 1.0), « is the coupling coefficient of solute drag effect
and carbon (0.1-1.0), and p is the influence index of carbon on solute drag (0.2-0.5) [49,50].
It can be seen that dp,i, gradually decreases with the increase of Nb content but eventually
approaches dy. At least based on the results presented here, within the range of 0-0.1%,
the effect of Nb on refining and homogenizing martensite in 34MnB5 continues to increase
gradually with rising Nb content, providing a basis for the alloy design of Nb-containing
hot-forming steels.
K-[C] -
[Nb]" + - [C]F

Dislocations act as reversible hydrogen traps (binding energy: 20-60 k] /mol) but also

dmin = dO + (2)

serve as fast diffusion channels for hydrogen, especially when mobile dislocations transport
hydrogen to grain boundaries, promoting hydrogen-induced intergranular fracture [51].
Additionally, ultra-high dislocation densities can form dislocation cells that act as “hydro-
gen absorption sinks” [52]. High dislocation density also reduces the plastic reserve of
steel, increasing its hydrogen embrittlement sensitivity. In high-carbon martensite, the BCT
lattice distortion during the austenite-to-martensite transformation generates high strain
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energy, resulting in a high dislocation density (up to 10> m~2). Figure 17a,b show the
comparison of KAM results obtained from EBSD tests for schemes 1# and 2#. KAM can
be indirectly used as an indicator of the density of geometrically necessary dislocations
(GNDs) in steel (generally indicated by the size of the blue and green areas in the KAM
diagram). It can be seen that the KAM value of scheme 1# is higher than that of scheme 2#
(the blue area has increased in size, while the green area has decreased), indicating a higher
dislocation density. These high-dislocation-density areas can either act as “good helpers”
for hydrogen diffusion or promote in-situ hydrogen-induced crack initiation, both of which
will reduce the material’s resistance to hydrogen embrittlement.

Total Partition § b Al Total Parti

Fraction Fraction Min Max Fraction Fraction #
0.998 i

J;i . ™ L AN

i Frigh; diét();»afion densityﬁang& _
: “Cinferface) *"»« LA

Figure 17. Test results of KAM and TEM—high dislocation density regions of quenched samples of
schemes 1# and 2#: (a) scheme 1#—KAM,; (b) scheme 2#—KAM; (c) scheme 2#—high dislocation
zone at interface; and (d) scheme 2#—dislocation cell.

It is generally believed that the dislocation density of steel increases after the refine-
ment of its microstructure. However, the law shown in Figure 17 is exactly the opposite.
This phenomenon has also been found in other studies [53-55]. The analysis suggests
that, firstly, the strain coordination mode during phase transformation in the fine-grained
system is different from that in the coarse-grained system. In coarse-grained steel, the
macroscopic strain is generally coordinated by GNDs (high KAM value). When the marten-
site lath bundles are smaller, the strain generated by the martensitic transformation of
the original austenite is dispersed into more lath bundles, resulting in a reduction in the
lattice distortion that each lath needs to coordinate and a decrease in the driving force for
dislocation multiplication [56]. Secondly, the smaller orientation difference between lath
bundles will reduce the Schmid factor and thus reduce the accumulation of dislocations and
the introduction of GNDs at the lath bundle interfaces to coordinate deformation. Previous
research results have shown that when the original austenite grain size is reduced from
tens of um to several pm, the GND density in martensite can be reduced by 1-2 orders
of magnitude [57]. Thirdly, the reduction in lath bundle size will increase the number of
interfaces between bundles, thereby promoting dislocation annihilation [21]. The dislo-
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cation system in steel mainly includes GNDs, statistical stored dislocations (SSDs), etc.
The addition of Nb can also promote the optimization of dislocation configuration, trans-
forming the high-energy configuration of [high GNDs] + [dispersed SSDs] in the original
coarse-grained structure into a low-energy configuration of [low GNDs] + [high-density
dislocation walls/cells], reducing the long-range stress field (the main function of GNDs is
to coordinate long-range strain). The above laws are usually reflected in EBSD tests as a
shift of the dislocation density at the interface of fine-grained steel towards lower angles
relative to the overall KAM peak (reduction of GNDs), but an increase in the dislocation
density at the interface (Figure 17c,d). As shown in Figure 17d, in TEM tests, it is reflected
as the observation of more dislocation cell structures in fine-grained steel [58—60]. The
reduction of GNDs is beneficial to reducing the stress concentration in the steel matrix
and delaying the initiation of hydrogen-induced cracks. Of course, the total dislocation
density will still increase after the refinement of the martensite structure (the red area
in Figure 17b), and the high strength is still maintained through the Taylor mechanism.
Moreover, the reduction in GNDs indicates fewer hydrogen diffusion pathways in steel,
which is beneficial for hydrogen embrittlement resistance; however, the increase in total
dislocation density creates more hydrogen diffusion channels, which is detrimental to
hydrogen embrittlement resistance [61,62]. From the results of this paper, Nb-containing
steel shows better hydrogen embrittlement resistance, indicating that the role of GNDs is
more significant.

As shown in Figure 18, the IQ maps of schemes 1# to 6# obtained through EBSD testing
are presented. It can be observed that the diffraction patterns in the IQ maps of schemes
2#, 3#, and 6# are relatively clear, while the diffraction pattern in the IQ map of scheme
1# is the most blurred. The diffraction patterns in the IQ maps of schemes 4# and 5# are
only slightly clearer than that of scheme 1#. A clearer IQ map indicates a lower dislocation
density of GNDs in the steel (IQ maps are more sensitive to GNDs than SSDs). Due to
the refined microstructure of the three Nb-containing steels, based on the aforementioned
mechanisms, the density of GNDs is reduced, resulting in better quality of the diffraction
patterns in their IQ maps. The V-containing steel, due to its poor microstructure refinement
effect, has a higher density of GNDs in the matrix, leading to severe lattice distortion and
thus a poorer quality of the diffraction pattern in its IQ map, only slightly better than that
of scheme 1#. The results of the IQ maps are consistent with those of the KAM, further
verifying the advantage of Nb in enhancing the resistance to hydrogen embrittlement by
reducing the density of GNDs in martensite. The ranking of the six schemes based on
the quality of the diffraction patterns in the IQ maps remains as scheme 3# > scheme 6# >
scheme 2# > scheme 5# > scheme 4# > scheme 1#, which is consistent with the previously
mentioned patterns of the hydrogen embrittlement performance test results.

The variation in microstructure size will also affect the orientation distribution of the
steel’s microstructure, thereby influencing its resistance to hydrogen embrittlement [63].
Figure 19 presents the EBSD test results of the grain orientation distribution for samples
of scheme 1# and scheme 2#. As shown in Figure 19a,b, they represent the orientation
distribution at the interfaces of samples of scheme 1# and scheme 2#, respectively. Among
them, red indicates interfaces with orientations within the range of 1 to 5 degrees, green
indicates interfaces with orientations within the range of 5 to 15 degrees, and blue indicates
interfaces with orientations within the range of 15 to 180 degrees. The red and green
interfaces are low-angle grain boundaries (LAGBs), while the blue ones are high-angle
grain boundaries (HAGBs).
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Figure 18. Test results of IQ for quenched specimens of schemes 1# to 6#: (a) scheme 1#; (b) scheme
2#; (c) scheme 3#; (d) scheme 4#; (e) scheme 5#; and (f) scheme 6#.
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Figure 19. Statistical results of interface orientation angles in quenched samples of scheme 1# and
scheme 2# (EBSD): (a) scheme 1# and (b) scheme 2#.

As can be seen from Figure 20, the number and length of interfaces at all orien-
tation angles in scheme 2# are significantly higher than those in scheme 1#, indicating
that Nb-induced grain refinement substantially increases the total interface density in the
martensitic matrix. Small-angle interfaces (1-15°), composed of dislocation arrays, create
less lattice distortion and require a higher energy barrier for hydrogen passage due to
their lower interfacial energy (0.1-0.5 ]/ m?) [64]. In contrast, large-angle interfaces (>15°)
exhibit highly disordered atomic arrangements with abundant vacancies and free volumes,
offering numerous low-energy “pipe” diffusion paths for hydrogen, with higher interfacial
energy (0.5-1.0 J/m?) more conducive to hydrogen enrichment [65]. In niobium-containing
steels, the significant increase in the number of two types of interfaces effectively reduces
the concentration of hydrogen atoms per unit interface area, thereby suppressing the weak-
ening effect of hydrogen atom accumulation at interfaces and increasing the difficulty of
hydrogen diffusion along these interfaces. This means that under microstructure refinement
conditions, the negative impact of high-angle grain boundaries on the steel’s resistance to
hydrogen embrittlement is greatly mitigated, while, instead, making them more effective
hydrogen traps, thus helping improve the steel’s resistance to hydrogen embrittlement [66].
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Figure 20. Statistical results of the quantity proportion of different interface orientation angles in
quenched samples of schemes 1# to 6# (EBSD): (a) scheme 1#; (b) scheme 2#; (c) scheme 3#; (d) scheme
4#; (e) scheme 5#; and (f) scheme 6#.

As shown in Figure 20, the statistical results of the proportion of different orientation
angles in the microstructures of schemes 1# to 6# are presented. The proportion of small-
angle interfaces in schemes 2#, 3#, and 6# (8.2%, 8.6%, 8.5%) is lower than that in schemes
1#, 4#, and 5# (9.3%, 9.0%, 10.0%). Studies have shown that approximately 15% to 30% of
the contribution to the hydrogen embrittlement resistance of medium- and high-carbon
steels comes from small-angle interfaces, and approximately 70% to 85% comes from large-
angle interfaces [67,68]. The proportion of large-angle interfaces in schemes 2#, 3#, and
6# is higher, and the number of both large- and small-angle interfaces has increased. The
advantages of each type of interface have been more fully exerted, which is also one of the
important reasons why the hydrogen embrittlement resistance of schemes 2#, 3#, and 6#
is superior.

The variation in grain size can also lead to changes in the number of certain special
grain boundaries in steel, thereby affecting the steel’s resistance to hydrogen embrittlement.
As shown in Figure 21, the number of 3 grain boundaries in schemes 1# and 2# based on
EBSD tests is presented. The number (25,233) and length (2.91 mm) of 23 grain boundaries
in scheme 2# are both significantly lower than those in scheme 1# (number: 44,625, length:
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5.15 mm). The X3 grain boundary (60° <111>) is a typical coherent twin boundary known
to be detrimental to the hydrogen embrittlement resistance of martensite. The negative
effects of .3 boundaries are fourfold. First, they are prone to hydrogen enrichment, with
previous studies reporting significantly higher hydrogen concentrations at 3 boundaries
than in other areas. Second, the high phase transformation stress during quenching of
hot-formed steel can cause strong interaction between X3 boundaries and surrounding
incoherent grain boundaries, leading to stress concentration that promotes hydrogen-
induced crack nucleation. Third, the high dislocation density in martensite can easily
disrupt the coherence of X3 boundaries; once disrupted, the formation of semi-coherent
or incoherent interfaces further enhances hydrogen enrichment along these boundaries.
Fourth, 3 boundaries are frequently included in hydrogen-induced crack propagation
paths in martensite, especially under dynamic loading conditions [69-72].
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Figure 21. The quantity of £3 grain boundaries in the quenched samples of schemes 1# and 2# (EBSD):
(a) scheme 1# and (b) scheme 2#.

In martensite, >3 boundaries originate from annealing twins in the original austenite
and may be inherited during the austenite-to-martensite transformation, which follows the
K-S (Kurdjumov—-Sachs) or N-W (Nishiyama-Wassermann) orientation relationship [73].
When the original austenite grain size is large, ¥£3 twin boundaries are more likely to
be preserved as X3 grain boundaries in the martensite after phase transformation. By
refining austenite grains through Nb addition, the nucleation energy barrier for twins is
increased (twins require a critical grain size and are more prevalent in coarse grains), and
the strain during martensite transformation is more uniformly distributed in fine-grained
structures [74]. These effects promote more random variant selection and reduce the
probability of inheriting ¥3 twin boundaries [75]. The EBSD results presented in Figure 21
confirm that Nb-induced grain refinement effectively reduces the population of these
detrimental boundaries, which in turn contributes to the superior hydrogen embrittlement
resistance of Nb-containing steels.

In addition, the texture changes caused by the variation in grain size of different
scheme samples were also studied. Figure 22 shows the relevant texture information of
schemes 1# and 2# based on EBSD testing. The texture strength can be evaluated using the
random distribution multiplier (MRD). When MRD = 1, it indicates that no texture exists.
The larger the MRD value, the higher the texture intensity, that is, the more significant the
texture characteristics.
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Figure 22. Texture characteristic information of quenched samples of schemes 1# and 2# (EBSD):
(a) scheme 1#—IPF diagram; (b) scheme 2#—IPF diagram; (c) scheme 1#—ODF diagram; and
(d) scheme 2#—ODF diagram.

As shown in Figure 22a,b, the distribution of martensite lath bundles in scheme 2#
along the [001], [101], and [111] orientations is highly dispersed, whereas in scheme 1#
these bundles are strongly aggregated, with many regions showing net-like and clustered
formations, indicating a stronger orientation concentration trend. Figure 22c,d show that
the MRD value of scheme 1# is 8.349, significantly higher than that of scheme 2# (3.272),
confirming that Nb addition greatly reduces the matrix texture intensity. Research indicates
that in the BCC structure of steel, the atomic spacing along the [001] and [101] orientations
is larger, facilitating hydrogen diffusion and promoting local stress concentration and
hydrogen-induced crack nucleation under loading, whereas the [111] orientation has the
densest atomic arrangement and the most tortuous hydrogen diffusion path, resulting
in a lower hydrogen diffusion coefficient [76,77]. Therefore, the {001} <110> and {112}
<110> textures are detrimental to hydrogen embrittlement resistance, while the {111} <ND>
texture is beneficial.

The reduction in texture intensity arises from three mechanisms related to austenite
grain refinement. First, fine-grained austenite transfers quenching strain energy more
uniformly to all parts, reducing overall stress concentration and allowing martensite to
largely inherit the texture orientation relationship of austenite in a more randomized man-
ner [78]. Second, when austenite grains are very fine, martensite variants are more likely
to grow across austenite grain boundaries, reducing the interference of grain boundaries
on the randomization of variant orientations. Third, the more random orientation distri-
bution in fine-grained austenite leads to more diverse martensite variant selection during
quenching, and textures formed by different variants cancel each other out [79-81]. Studies
have shown that for every 1 um reduction in austenite size, the number of martensite
variants increases by approximately 15%, and reducing austenite size from 50 pm to 5 pm
decreases texture intensity by about 30% [21,82]. Low texture intensity means that the
grain orientations are more random, and the interface distribution in the matrix is more
dispersed, which can more effectively hinder hydrogen enrichment and diffusion, and
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delay the initiation and propagation of hydrogen-induced cracks, thereby improving the
hydrogen embrittlement resistance [83].

The category and morphology of martensite vary significantly with the carbon content.
Generally, in low-carbon steels (<0.25%), plate martensite with dislocation structure is
mainly formed after quenching. As the carbon content increases (>0.3%), the volume
expansion induced by phase transformation during quenching is higher, leading to more
severe lattice distortion and promoting the preferential growth of martensite variants, thus
forming twinned martensite. Twinned martensite is a high-strength and low-plasticity
structure, and the areas where it is located are usually high-stress-concentration regions in
the steel. Hydrogen is more likely to accumulate in twinned martensite, causing hydro-
gen embrittlement [84,85]. As shown in Figure 23, twinned martensite is abundant and
relatively coarse in scheme 1#, while in scheme 2#, the amount of twinned martensite is
small and the size is very small. Analysis indicates that the addition of Nb to refine the mi-
crostructure promotes the formation of martensite variants along more orientations during
quenching, increases the stacking fault energy of austenite, makes the phase transformation
during quenching more likely to occur through slip mechanisms rather than twinning mech-
anisms, and facilitates the coordination of quenching strain, thus significantly reducing the
content of twinned martensite [86,87].

. ’ L[] ;b. . » 2
s glwin martenSite’ S
s ! A S0

Figure 23. Twinning martensite in quenched specimens of schemes 1# and 2#: (a) scheme 1# and
(b) scheme 2#.

5. Conclusions

1. Toinvestigate the effect of microalloying on hydrogen embrittlement resistance of hot-
stamped steels with strength levels of 1.8 GPa and above, six schemes were designed
based on the conventional 34MnB5 grade (scheme 1#: no alloying; scheme 2#: 0.05%
Nb; scheme 3#: 0.1% Nb; scheme 4#: 0.05% V; scheme 5#: 0.1% V; scheme 6#: 0.05%
Nb + 0.05% V). Multiple comparative tests on hydrogen embrittlement resistance were
conducted on quenched specimens from all six schemes. In U-shaped constant-strain
bending tests, Nb-containing specimens exhibited fewer fractures within 300 h. In slow
strain rate tensile tests (SSRT), Nb-containing specimens showed lower elongation
loss, smaller areas of hydrogen-induced brittle fracture on fracture surfaces, and more
pronounced ductile fracture characteristics. The ranking of hydrogen embrittlement
resistance among the six schemes was scheme 3# > scheme 6# > scheme 2# > scheme
5# > scheme 4# > scheme 1#. The hydrogen embrittlement resistance of V-containing
specimens was only slightly better than that of the non-microalloyed scheme, but
significantly inferior to that of Nb-containing schemes.

2. Microstructural characterization results indicated that Nb exhibits a much stronger
effect than V in refining and homogenizing martensite microstructure. The higher
temperature range for second-phase precipitation, stronger driving force for grain
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boundary diffusion, lower austenite grain boundary diffusion coefficient, and weaker
tendency for high-temperature coarsening of precipitates are the fundamental reasons
why Nb has superior ability to pin austenite grain boundaries at elevated temperatures,
thereby achieving better refinement and homogenization effects. Furthermore, the mi-
crostructural refinement and homogenization induced by Nb addition are even greater
than that achieved by combined Nb and V additions. Additionally, within the concen-
tration range of 0-0.1%, the amount of Nb added shows a positive correlation with the
degree of microstructural refinement and homogenization, providing important guid-
ance for alloy design in developing microalloyed hydrogen embrittlement-resistant
hot-stamped steels.

3.  First, by significantly refining the martensitic microstructure through Nb addition,
the density of geometrically necessary dislocations (GNDs) in the matrix is notably
reduced, which helps decrease lattice distortion and thus local stress concentrations,
suppressing the formation of high-dislocation-density pathways for H diffusion and
in-situ hydrogen-induced crack initiation. Second, the refined martensite structure
increases the number of interfaces in the matrix, particularly enhancing the proportion
of high-angle grain boundaries, allowing the inhibitory effect of low-angle bound-
aries on H enrichment and diffusion, as well as the trapping capacity and increased
complexity of H diffusion paths provided by high-angle boundaries, to be more ef-
fectively realized. Third, Nb addition reduces the number of 23 grain boundaries via
two mechanisms—reducing austenite twin inheritance and promoting randomiza-
tion of martensite variants—thereby mitigating their negative impact on martensite’s
hydrogen embrittlement resistance. Fourth, the refined martensite microstructure
significantly reduces the texture intensity of the matrix and enhances the randomness
of martensite lath orientations, more effectively hindering H enrichment and diffusion,
and delaying the initiation and propagation of hydrogen-induced cracks. Moreover,
Nb promotes the formation of martensite variants along multiple orientations during
quenching, increases the stacking fault energy (SFE) of austenite, favors phase trans-
formation via slip rather than twinning during quenching, and coordinates quenching
strain, thereby significantly reducing the content of twinned martensite and further
lowering localized stress concentrations. These multiple factors work synergistically,
ultimately resulting in significantly superior hydrogen embrittlement resistance in
Nb-containing steels compared to other schemes.
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