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Abstract: In this work, hydrogen segregation and damage sites in 1.2 GPa and 1.8 GPa grade hot-
stamped steels were comparatively investigated by hydrogen permeation experiments and the
hydrogen microprint technique (HMT). Compared with 1.2 GPa steel, 1.8 GPa steel exhibited a
lower hydrogen diffusion coefficient (D,g) and a higher number of hydrogen trapping sites (N;)
due to its finer microstructure and richer nano-sized precipitates. The results of HMT showed
that the grain boundaries in both steels played a role in initial hydrogen segregation, and then the
martensitic laths became the locations of hydrogen accumulation. For 1.2 GPa and 1.8 GPa steels,
however, hydrogen accumulation appeared preferentially on martensitic laths and grain boundaries,
respectively, resulting in various damage behaviors. The introduced nano-sized carbides as “good
hydrogen traps” played an important role in hydrogen diffusion, accumulation, and damage, which
greatly alleviated hydrogen-induced cracking for the 1.8 GPa steel. Moreover, electron backscatter
diffraction (EBSD) analysis further revealed that the damage behavior was also controlled by the
low-angle grain boundary, stress distribution, and recrystallization fraction of the samples.

Keywords: hot-stamped steel; hydrogen accumulation; hydrogen microprint technique; hydrogen
damage; EBSD analysis

1. Introduction

Hot stamping is one of the widely used technologies for producing automotive parts,
such as A- and B-pillars, which can provide them with high strength and excellent formabil-
ity [1-3]. To take the Volvo XC90 as an example, over 38% of auto parts are manufactured
by hot stamping, which not only reduces the weight but also improves the safety of the
automobile [4]. Recently, 1.8 GPa grade hot-stamped steels have also been developed by in-
creasing the carbon content and introducing beneficial precipitates [5]. However, hydrogen
embrittlement (HE) is a severe challenge for hot-stamped steels with a high tensile strength
of >1.2 GPa due to their high susceptibility to hydrogen. Therefore, numerous studies have
been conducted to prevent HE of the steels, such as by controlling the size and number of
inclusions [6], introducing irreversible hydrogen traps [7,8], and adding micro-alloying
elements [9,10]. One of the most promising methods is to produce nano-sized precipitates
by adding carbide formers [11]. These carbides not only reduce the HE susceptibility by
introducing effective hydrogen traps but also induce precipitation strengthening. In the
study reported by Lin et al. [12], precipitates of Nb(C,N) led to a reduction in hydrogen
diffusion. Turk et al. [13] investigated the hydrogen trapping capacity of VC and found
that carbides of 10 nm firmly trapped more hydrogen. These studies clearly indicate that
effective traps can remarkably improve the HE resistance of 22MnB5.
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So far, many HE mechanisms have been proposed to explain HE phenomena, including
the hydrogen pressure theory (HP), hydrogen-enhanced localized plasticity mechanism
(HELP), and hydrogen-enhanced decohesion mechanism (HEDE). However, there is still
no commonly accepted mechanism to explain all HE occurrences involving hydrogen
diffusion and accumulation that are associated with high internal strain and hydrogen
traps such as grain boundaries, dislocations, precipitates, vacancies, etc. Thomas et al. [14]
confirmed that the intensity of hydrogen diffusion gradually increased from grains, grain
boundaries, triple junctions, and cementites in X70 pipeline steel by using the hydrogen
microprint technique (HMT). Chen et al. [15] found that the lattice diffusion of the ferrite
phase in duplex stainless steel promoted the migration of hydrogen atoms by using HMT.
Koji et al. [16] investigated the hydrogen diffusion and distribution in ferrite and pearlite
by HMT. Okayasu et al. [17] reported that HE is related to the amount of hydrogen at
the grain boundary and martensitic lath boundary, and high internal strain and /or high
dislocation density could lead to accelerated hydrogen damage in 22MnBS5 steel. So far, the
specific hydrogen diffusion and accumulation in lath and grain boundaries have not been
elucidated. To understand the intrinsic HE of ultra-high-strength hot-stamping steels, the
hydrogen trap and stress level effects on hydrogen diffusion and accumulation should be
clearly ascertained.

In this study, we systematically investigated the hydrogen accumulation and damage
of 1.2 GPa and 1.8 GPa grade hot-stamped steels, and the hydrogen diffusion behavior
was measured by hydrogen permeation experiments. In addition, hydrogen diffusion
and accumulation sites were characterized by HMT, and the microstructure was analyzed
by optical microscopy (OM) and transmission electron microscopy (TEM). Finally, EBSD
(electron backscatter diffraction) analysis further revealed the damage behavior.

2. Experimental Procedures
2.1. Materials and Heat Treatments

In this study, 1.2 GPa and 1.8 GPa steels are named A-1200 and A-1800 steels, respec-
tively. Their chemical compositions are shown in Table 1. A reference steel not containing
Nb, V, or Ti is a typical “Base (A-1200)" steel, and Nb, V, or Ti was added to this “Base” steel
to produce “A-1800" steel. They were melted in a vacuum-induction furnace by Ma’anshan
Iron and Steel Co., Ltd (Maanshan, China). The melts were first cast into thick plates,
heated to 1230 °C for 2 h, and then rolled to a thickness of 3 mm. After rolling, the steel
sheets were annealed at 670 °C for 24 h and finally cooled down to room temperature in
the furnace. To simulate automobile steel, the as-annealed A-1200 and A-1800 sheets were
austenitized at 930 °C for 240 s and then immediately transferred to a heat-resistant steel
die. The sheets were finally quickly stamped to plates with a size of 100 x 100 x 1.5 mm?
and then water-quenched to room temperature.

Table 1. Chemical compositions of hot-stamped steels (wt.%).

Sample C Si Mn P S Cr B Ti Nb v Fe
A-1200 0.23 0.29 1.27 0.01 0.006 0.18 0.0035 - - - Bal.
A-1800 0.32 0.25 1.00 0.01 0.003 0.20 0.0037 0.030 0.035 0.035 Bal.

2.2. Microstructural Characterization

The microstructure was observed by OM and scanning electron microscopy (SEM,
Tescan MIRA3-XMU; TESCAN Inc., Burno, Czech Republic). To reveal the size of prior
austenite grains, the specimens were polished and etched in a solution (50 mL of saturated
picric acid solution + 2 g of sodium dodecyl benzene sulfonate + 0.5 mL of hydrochloric
acid) at 85 °C. To detect precipitates, the thin foils were examined with a JEM-2010 high-
resolution transmission microscope (HRTEM) (JEOL Inc., Tokyo, Japan) operated at 200 kV.
Moreover, EBSD analysis was conducted by using a MAIA3 XMH scanning electron
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microscope (TESCAN Inc., Burno, Czech Republic) at 20 kV (step size, 0.12 pm; electron
beam intensity, 20 pA).

2.3. Hydrogen Permeation Test

To understand hydrogen diffusion behavior, a modified Devanathan—Stachurski cell
(It is a homemade device) [18] was used for the hydrogen permeation test. A schematic
diagram of the hydrogen permeation test apparatus is presented in Figure 1. The D-S cell
contains two parts: the cathode chamber (source of hydrogen) and the anode chamber
(diffused hydrogen and creation of a proportional current). They were separated by samples
with a size of 25 x 25 x 1.5 mm?, which were polished on either side before the test to
eliminate the effect of surface adsorption. The electrolyte of the anode chamber was 0.2 M
NaOH, and the surface area of the specimen in contact with the electrolyte was 1.766 cm?. A
constant potential of 0.2 V was applied to the anode chamber to oxidize the hydrogen atoms.
Subsequently, a background current that decreased with time could be observed. When the
background current decreased to a value below 1 pA, a mixed electrolyte of 0.5 M H,SO4
and 3 g/L NH4SCN was poured into the cathode chamber. Thereafter, a constant current
of 25 mA/cm? was provided to the cathode chamber by a DC power supply.
A: Anode
C: Cathode
WE: Working Electrode

RE: Reference Electrode
CE: Counter Electrode

Argon gas Argon gas
1 1

0.5 M H,SO+3 g/L NH,SCN 0.2 M NaOH

The cathode chamber The anode chamber

Figure 1. Devanathan-Stachurski cell for hydrogen permeation.

The effective hydrogen diffusion coefficient D (cm?/s) can be calculated by using
the time lag method [19].
D= L?/6tL @

where L is the thickness of the sample, and f; is the lag time, defined as 0.63 times the
steady-state current.

The density of reversible and irreversible hydrogen traps in the sample was measured
by using the two-step polarization method; i.e., the second hydrogen charging again
started when the first steady-current decreased to below 1 pA. Moreover, parameters such
as permeability (JoL) and apparent hydrogen solubility (Cgpp) can be calculated by the
following equations [20-22].

JooL = InoL/FA )

Capp = JooL/ Do ®3)

Nt = nCapp(D /Dy —1)/3 (4)
N;, = N;—N, ®)

In the relations listed above, I (1tA), F (C/mol), and A (cm?) are the steady-state
current, Faraday’s constant, area of the specimen, and lattice diffusion coefficient in x-Fe
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(D; =1.28 x 10~* cm?/s) [14,20], respectively. The number of electrons transferred in each
mole is 7, and it is taken as 6.02 x 1023 e/mol [14]. Nj,, N;, and N, are the irreversible
hydrogen trapping sites, the first permeation hydrogen trapping sites, and the second
permeation (reversible) hydrogen trapping sites, respectively.

2.4. Hydrogen Microprint Technique (HMT)

HMT, as shown in Figure 2, is an effective characterization method for hydrogen
diffusion paths in steels [23,24]. The preparation of the sample is the same as that for
the electrochemical test. To reveal the relations between hydrogen diffusion and the
microstructure, the hydrogen charging surface of the sample needs to be etched before
the test. The etched samples were charged at a current density of 5 mA /cm? for 20, 60,
90, or 120 min. The charged sample was removed within 1 min, and subsequently, the
emulsion (1 g of silver bromide and 2 mL of 1.4 M sodium nitrite solution) was coated onto
the etched surface in a darkroom for the hydrogen reduction of the silver ions to metallic
silver according to Equation (6).

Agt+H=Ag+H" (6)

(1) AgBrcoating  (2) Reduction of AgBr  (3) Removing unreacted AgBr

Figure 2. Schematic diagram of HMT.

To wash off the remaining unreacted emulsion, the surfaces were dipped into a mixed
solution containing 0.6 M sodium thiosulfate solution and 1.4 M sodium nitrite solution for
7 min. Then, the surfaces were cleaned three times using distilled water. Eventually, white
spherical particles superimposed on the microstructure could be observed by SEM.

3. Results and Discussion
3.1. Hydrogen Diffusion Behaviors and Traps

Figure 3 shows the hydrogen permeation curves of A-1200 and A-1800 steels. It can be
seen that the curves have two distinct polarization steady-state current (I;) values for both
steels, in which the first one is higher than the second one. This can be attributed to both
reversible and irreversible hydrogen trapping sites being involved and saturated during
the first hydrogen charging, while only the reversible traps are involved in the second
one [14,15,25]. The calculated hydrogen permeation parameters are listed in Table 2. The
hydrogen trapping sites (N;) were determined to be 1.29 x 10%! and 1.59 x 102! cm~3 for
A-1200 and A-1800 steels, respectively. Traps can reduce the mobile ability of hydrogen;
thus, A-1800 steel exhibits a lower hydrogen diffusion coefficient (D). Owing to the
elimination of the strong effect of the saturated irreversible traps, the second value of
D, is reasonably higher than the first one for both steels. Significantly, the irreversible
hydrogen trapping sites (Nj;) were approximately two times higher in A-1800 steel than
that in A-1200 steel.
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Figure 3. Hydrogen permeation curves of A-1200 and A-1800 steels.

Table 2. Hydrogen permeation parameters of A-1200 and A-1800 steels.

A-1200 Steel A-1800 Steel
Parameters
1st Charging 2nd Charging 1st Charging 2nd Charging
L (mm) 1.03 1.03 1.05 1.05
To63 (5) 3305 3010 4430 4010
Io (HA) 23.86 20.01 17.37 12.08
JooL (mol m~1 s71) 1.44 x 10711 1.21 x 10711 1.07 x 10711 0.74 x 10~ 11
Dy (cm? s71) 5.35 x 1077 5.43 x 1077 4.15 x 1077 458 x 1077
Capp (Wppm) 3.54 + 0.02 2.92 +0.01 3.39 4+ 0.04 213 +0.02
N (em™3) 1.29 x 102! 1.05 x 102! 1.59 x 102 0.91 x 104
N, (cm™3) 1.05 x 102! 0.91 x 102
N;, (cm—3) 0.24 x 102 0.68 x 1021

Because the high N, value must be linked to the microstructure, TEM micrographs of
A-1200 and A-1800 steels are compared to those shown in Figure 4. It can be seen that a fully
lath martensite structure is achieved in both steels after hot stamping. However, the average
widths of the laths are about 370 and 200 nm for A-1200 and A-1800 steels, respectively (see
Figure 4a,c). This indicates that more substructures considered as hydrogen traps could
be achieved in A-1800 steel. Figure 4b further shows the high-density dislocation tangles
present in the laths of A-1200 steel. In addition to the high-density dislocations, abundant
precipitates (indicated by black arrows) with a size of 2~10 nm were found to be uniformly
dispersed near the dislocations (indicated by red arrows) in A-1800 steel, which were
further revealed to be nano-sized (Nb, V, Ti)C by energy-dispersive X-ray spectrometry
(EDX) (see Figure 4d,e). The formation of carbides is directly associated with the increased
carbon and the introduced micro-alloying elements (see Table 1), which also strongly
improved the strength of steel to 1.8 GPa. Previous studies have indicated that carbides,
such as nano-sized NbC, VC, and TiC, are often identified as “good irreversible straps” with
high hydrogen binding energy (E}, > 60 k] mol~! H), decrease hydrogen diffusivity and
increase critical hydrogen concentration in steel, leading to enhanced resistance to HE [26].
Therefore, reduced hydrogen damage is expected for A-1800 steel. In fact, damages often
originate in hydrogen accumulation sites. Thus, the process of segregation was further
investigated by HMT, as described in the following section.



Metals 2022, 12, 1075

6 of 12

" (200

" (1p1)

(101),

*(000)

Snm™ martensite

Element Weight% Atomic%

C(K) 1.19 5.50
Fe(K) §1.03 8159

471 VEK) 138 1.53

o Mn(K)  1.59 1.63
= Ti(K) 0.72 0.85
5 Si(K) 021 023

Nb(K) 1388 838

Energy(keV)®

Figure 4. TEM images showing (a) lath martensite and (b) dislocation tangle in A-1200 steel, as well
as (c) lath martensite and (d) precipitates in A-1800 steel and (e) the corresponding EDX results of the
carbide marked by red arrows in d. The inset maps in a,b show the SAD patterns of the corresponding
red box regions.

3.2. Locations of Hydrogen Accumulation

Figure 5 displays SEM micrographs of the HMT test specimen surfaces of both steels,
in which HMT produced observable white silver particles correlated to the location of
hydrogen. As shown in Figure 5a, a few silver particles seem to vaguely emerge in the
grain boundaries of the A-1200 sample charged for 20 min. When increasing the charging
time to 60 min, it can be clearly seen that the silver particles are distributed along the
grain boundaries (see Figure 5b). The investigations tangibly demonstrate that the grain
boundary acts as an initial location of hydrogen segregation due to its weak trapping
ability. Compared with A-1200 steel, the lag in hydrogen diffusion and accumulation can
be confirmed for the A-1800 samples, which is consistent with the results of hydrogen
permeation. For example, negligible silver particles were found on the surface of the sample
charged for 20 min (see Figure 5e). Clearly, Figure 5c shows that hydrogen diffused from
the grain boundary to the grain interior and partially clustered in laths for the A-1200
sample charged for 90 min. However, this phenomenon was very rarely detected in the
A-1800 sample charged for 90 min. Although both steels exhibited the initial hydrogen
segregation in the grain boundary, their differences can be further identified from their
comparison as follows: (i) noticeably alleviated hydrogen aggregation was achieved for
A-1800 steel charged for 120 min (see Figure 5d,h); (ii) the preferential sites of hydrogen
aggregation were determined to be lath and grain boundaries for A-1200 and A-1800 steels,
respectively (see Figure 6).
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Figure 5. SEM micrographs of HMT test specimens charged for 20, 60, 90, and 120 min: (a-d) A-1200
and (e-h) A-1800.

Figure 6. Locations of hydrogen accumulation in samples charged for 120 min: (a) A-1200 and
(b) A-1800.

Wang et al. [27] reported that the grain boundary promoted hydrogen diffusion and
formed a short-circuit diffusion path. In fact, plenty of reports have confirmed that the
role of the grain boundary strongly depends on its trap binding energy; i.e., a low-angle
grain boundary (LAGB, angle misorientation 6 < 15°) has higher binding energy than
a high-angle one (HAGB, 6 > 15°) and results in relatively difficult hydrogen diffusion,
even acting as an obstacle [28]. Figure 7a,b compare the grain sizes of A-1200 and A-
1800 steels. The linear intercept method was used to estimate their average grain sizes
of 23.65 £ 0.32 pm and 7.59 + 0.27 um, respectively. The refinement of grains can be
attributed to the addition of Ti + Nb + V; their nano-sized carbides pinned the movement of
the grain boundary during hot stamping. Figure 7c,d show the EBSD maps of A-1200 and
A-1800 samples, and their misorientation distribution and statistical LAGB area fraction
are further shown in Figure 7e f. It was found that the LAGB area fractions were 24.35%
and 35.34% for A-1200 and A-1800, respectively. In general, the HAGBs provide diffusion
channels to obtain high permeability (/L) and apparent hydrogen solubility (Capp) [29,30].
This indicates that the low JoL and Cgpp of A-1800 steel (see Table 2) relate to the high
LAGSB area fraction, resulting in fewer hydrogen atoms reaching the hydrogen discharging
surface. Moreover, the increased grain boundary area caused by refinement also reduces
the hydrogen concentration per unit area. On the other hand, abundant nano-sized carbides
were uniformly achieved in laths of A-1800 steel. These “good irreversible straps” play a
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vital role in sluggish hydrogen diffusion and alleviative hydrogen accumulation in laths.
The various accumulation behaviors imply different hydrogen damage characteristics, and
thus, hydrogen-induced crack initiation and propagation were further investigated for
both steels.

[~
w
T

LAGSB area fraction (%)
S o 3

X

I

20 30 40 50 60 0
Misorientation angle (6°) A-1200 A-1800

Figure 7. Grain sizes and EBSD maps of (a,c) A-1200 steel and (b,d) A-1800 steel, as well as their
(e) misorientation distributions and (f) LAGB area fractions.

3.3. Hydrogen-Induced Crack Initiation and Propagation Behaviors

To evaluate the resistance to hydrogen damage, the samples were charged at a current
density of 50 mA /cm? for 24 h. Table 3 lists the features of the observed cracks on surfaces
with a size of 25 x 25 mm? according to SEM. Compared with the A-1200 sample, a greatly
decreased number, length, and width of cracks were achieved for the A-1800 sample.
Besides the remarkably alleviated HE, different preferential initiation sites and propagation
methods of cracks were observed for the A-1800 sample. Figure 8 shows representative
SEM images of hydrogen-induced cracks in the samples. It can be seen that a severe, long
transgranular crack was induced in the A-1200 sample. Clearly, the long crack consists
of multiple short micro-cracks initiated in laths. As shown in Figure 8b, however, the
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A-1800 sample shows a short crack initiated in the triple junction of grain boundaries and
propagated along with it. This indicates that the hydrogen-induced crack initiation and
propagation behaviors are closely related to the site and level of hydrogen accumulation.

Table 3. Features of cracks for the hydrogen-charged samples.

Sample Number of Cracks  Average Length (um)  Average Width (um) Initiation Site (number) Prl(\)/}):tia()t;on
A-1200 11 12.25 1.37 Lath (8) Transgranular
A-1800 3 3.71 0.74 Grain boundary (2) Intergranular

Figure 8. SEM images of crack distribution: (a) A-1200 and (b) A-1800 samples.

The kernel average misorientation (KAM) maps of both samples are shown in Figure 9.
The KAM map is routinely used to determine the dislocation density and stress status
of the material. Figure 9 clearly demonstrates that A-1200 steel has a higher dislocation
density and internal stress than A-1800 steel. This result is consistent with our previous
investigation on micro-alloyed steel [9]. The structural transformation during hot stamping
is a complex process involving deformation, recovery, recrystallization, phase transforma-
tion, etc. The EBSD recrystallization maps shown in Figure 10 further reveal that incomplete
recrystallization was achieved in both steels due to the short stamping time (10 s). The dual
effects of deformation and martensitic transformation caused a large number of dislocations
and high internal stress in laths, resulting in fast hydrogen diffusion and accumulation in
the grain interior due to their role as reversible hydrogen traps [10]. The higher number of
reversible trap sites (N;) (see Table 2) must be responsible for the preferential hydrogen
accumulation on laths for A-1200 steel. The HELP mechanism revealed that hydrogen can
bring about dislocation mobility, pile-up, and H-dislocation Cottrell atmospheres, which is
the direct cause of the formation of hydrogen-induced micro-cracks [31,32]. Micro-cracks
initiated in laths and severe transgranular cracks were also found in the A-1200 sample.
Figure 10 shows that A-1800 steel had a higher recrystallization fraction than A-1200 steel.
This caused the relatively low dislocation density and internal stress (see Figure 9), which
must be responsible for the great suppression of hydrogen damage in A-1800 steel. In
particular, nano-sized carbides as “good hydrogen traps” alleviated hydrogen accumula-
tion in laths and reduced H-dislocation Cottrell atmospheres in the grain interior. On the
other hand, these dispersive carbides, such as NbC, VC, and TiC, can pin H-dislocations
and impede their mobility during hydrogen charging [33,34]. Thus, the HELP process was
remarkably mitigated in the grain interior for A-1800 steel. Moreover, higher precipitation
strengthening was obtained in laths, so the grain boundary strength was lower than that
of the matrix. The aggregated hydrogen near the grain boundary (see Figure 6) drove
dislocations to move and pile on the triple junction, resulting in the nucleation and growth
of micro-cracks in A-1800 steel.



Metals 2022, 12, 1075

10 of 12

C)u.?s L f\ —=— A-1200

’. » —o— A-1800

0.60

e
a
O

0.30

Number Frequency (%)

0.15

0.00

50 pm

I A-1200 I A-1800

m

Recrystallized  Recovered Deformed

Figure 10. EBSD recrystallization maps of (a) A-1200 and (b) A-1800 steels, as well as (c) volume
fractions of recrystallized, recovered, and deformed regions.

4. Conclusions

In this study, the preferential locations of hydrogen accumulation and damage in
A-1200 and A-1800 steels were investigated by electrochemical hydrogen permeation
experiments and HMT. The relations between hydrogen diffusion behavior, segregation,
damage, and microstructure were systematically analyzed by OM, TEM, and EBSD analysis.
The obtained results can be summarized as follows:

(1) Compared with A-1200 steel, A-1800 steel had a lower hydrogen diffusion coefficient
D (4.15 x 10~7 cm?/s) and a higher hydrogen trap density N; (1.59 x 10?! cm~3).
This was ascribed to its fine microstructure and the introduction of a large number of
nano-sized carbides.

(2) Both steels exhibited the initial hydrogen segregation in the grain boundary. However,
the preferential locations of hydrogen accumulation were determined to be lath and
grain boundaries for A-1200 and A-1800 steels, respectively. Moreover, markedly
improved hydrogen aggregation also was found in A-1800 steel, owing to its fine
microstructure and high LAGB area fraction.

(3) Hydrogen-induced cracking was mainly initiated at lath and grain boundaries for the
A-1200 and A-1800 samples, respectively, charged at a current density of 50 mA /cm?
for 24 h. The greatly alleviated hydrogen damage of A-1800 steel was attributed to
the low internal stress, high recrystallization fraction, and abundance of nano-sized
carbides to weaken the process of HELP.
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