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Abstract: Recently, hot stamping technology has been increasingly used in automotive structural
parts with ultrahigh strength to meet the standards of both high fuel efficiency and crashworthiness.
However, one issue of concern regarding these martensitic steels, which are fabricated using a hot
stamping procedure, is that the steel is highly vulnerable to hydrogen delayed cracking caused by
the diffusible hydrogen flow through the surface reaction of the coating in a furnace atmosphere.
One way to make progress in understanding hydrogen delayed fractures is to elucidate an interaction
for desorption with diffusible hydrogen behavior. The role of diffusible hydrogen on delayed fractures
was studied for different baking times and temperatures in a range of automotive processes for
hot-stamped martensitic steel with aluminum- and silicon-coated surfaces. It was clear that the release
of diffusible hydrogen is effective at higher temperatures and longer times, making the steel less
susceptible to hydrogen delayed fractures. Using thermal desorption spectroscopy, the phenomenon
of the hydrogen delayed fracture was attributed to reversible hydrogen in microstructure sites with
low trapping energy.

Keywords: hot-press-formed steel; slow strain rate tensile test; thermal desorption spectroscopy;
hydrogen-induced delayed fracture

1. Introduction

The global trend of reducing carbon dioxide emissions from vehicles has focused on weight
reduction in automobiles. Owing to legislative and customer demand, one significant issue involves
weight reduction and crashworthiness properties [1,2]. Recently, hot stamping technology has been
increasingly used in automotive structural parts with ultrahigh strength to meet the standards of
both high fuel efficiency and crashworthiness [3]. Press-hardened steels are significant owing to their
mechanical properties and convenience in fabrication using a hot stamping procedure. A common
method of the hot stamping process is direct hot stamping, in which a blank is heated in a furnace,
transferred to a press, and subsequently formed and quenched in a cooled die [4]. The full martensitic
transformation after manufacturing causes an increase in the extremely high tensile strength. The current
strength grade of conventional hot-stamped steel sheets is 1500 MPa, as seen in 22MnB5 steel [3].
Recently, it was reported that 1800-MPa-grade steel was commercialized to produce bumpers in
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some automotive components, and technical papers were published concerning the development of
2000-MPa-grade hot-stamped steel parts [5,6].

However, a major issue regarding martensitic steels above 1500 MPa that are fabricated using a
hot stamping procedure is that they are highly vulnerable to hydrogen delayed cracking caused by
the diffusible hydrogen flow through the surface reaction of the coating in a furnace atmosphere [7,8].
The hydrogen delayed fracture is a phenomenon in which a structural part suddenly fails after a
time under constant stress. This results from the hydrogen introduced into the steel by the product
fabrication process. In the case of the hot stamping process, hydrogen absorption through the coating
system occurs during austenitization of the material owing to the presence of moisture in the annealing
furnace. In particular, the majority of got formed parts are produced with a hot-dip aluminized coating
whose main advantages are scale protection and a corrosion barrier effect. However, it has been
reported that the hydrogen uptake must be considered during the hot stamping process with respect
to different atmospheric sources on an aluminum coated surface [7].

An important aspect of this problem is the continuous evolution of the material during the
hot stamping process. Hydrogen atoms are able to inflow owing to the influence of the dew point,
the austenitizing temperature, and the holding time at the austenite temperature in the diffusible
hydrogen content [8]. For safe usage, it is essential to improve the resistance by suppressing the
hydrogen inflow from the surface and to remove the diffusible hydrogen in the final automobile products.
A hydrogen delayed fracture generally involves a certain interaction between the microstructure,
hydrogen absorption, and stress level [9–11]. The diffusion behavior of absorbed hydrogen is
inhomogeneously distributed in the local microstructure of the material owing to the differences in
diffusivity between its complex microstructural characteristics. This plays a role in unique failures
resulting from the initiation of microcracks in highly concentrated levels of hydrogen and stress in
localized regions such as grain boundaries [12].

Previous studies examined the mechanical strength with respect to the bake hardening effect on
hot-pressed 22MnB5 steel used in the hot stamping process [13,14]. This effect is well-known as an
improvement in mechanical strength was measured by means of side-crash simulations. The impact
bar test was quantified, and the studies focused on aspects of the microstructure. Bake-hardened steels
exhibit an increase in yield stress when exposed to temperatures of about 170 ◦C for 15 or 20 min, such
as in the driers of automotive paint lines. This baking hardening process coincides with the tempering
and low-temperature heat treatment in martensitic steels [15]. During heat treatment, carbons migrate
to dislocations by fixing them. These are the so-called Cottrell atmospheres [16]. This influences the
movement of dislocations and requires more effort to cause deformations. However, there is a lack of
research on the hydrogen desorption behavior and hydrogen embrittlement properties depending on
the baking conditions (including temperature and time parameters) in aluminized hot-press-formed
steel with 1800-MPa-grade tensile strength [17].

In this respect, with regard to newly developed hot-stamped martensitic steels with 1800-MPa
tensile strength, it is important to understand the diffusible hydrogen behavior for its usage in the
automotive industry. To further tailor hot-stamped boron steels with martensitic steels and to ensure
their safe usage, it is necessary to investigate the relationship between diffusible hydrogen and delayed
fractures depending on the baking conditions and to establish optimum parameters for the baking
procedure. In this study, the effect of baking on the desorption of diffusible hydrogen and delayed
fracture properties after a hot stamping procedure on aluminum-coated martensitic steel with a tensile
strength of 1800 MPa is investigated.

The purpose of this study is as follows: (1) Estimate the diffusible hydrogen inflow during the hot
stamping procedure and the desorption behavior of hydrogen depending on the baking conditions,
(2) examine the hydrogen embrittlement susceptibility under differential baking conditions after
hot stamping, and (3) discuss the relationship between the baking conditions and delayed fractures
by observing the fractography characteristics of hot-stamped boron steels. To elucidate the baking
effect on the desorption of diffusible hydrogen and the improvement of hydrogen embrittlement in
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hot-stamped boron martensitic steels, we undertook field emission scanning electron microscopy
(FE-SEM) observations combined with energy-dispersive spectroscopy (EDS), transmission electron
microscopy (TEM) observations, a slow-strain-rate tensile test (SSRT) after hydrogen charging by
controlling the furnace atmosphere during the hot stamping procedure, and a thermal desorption
spectroscopy (TDS) analysis.

2. Materials and Methods

The investigated material is an aluminum-silicon-coated cold-rolled steel sheet. The chemical
composition of this steel is presented in Table 1. For hot-press forming, Si, Cr, and Mn atoms are
added owing to their quenchability, and the B atom plays a role as the strong element that retains the
formation of the ferrite phase. Eventually, there is no ferrite when the blank transfers from the furnace
to the hot stamping die.

Table 1. Chemical composition of hot-press-formed steel (wt.%).

C Si Mn Cr B Ti Fe

0.300 ± 0.016 0.194 ± 0.028 1.400 ± 0.042 0.200 ± 0.003 0.003 ± 0.0004 0.03 ± 0.0032 Bal.

Cold-rolling to approximately 1.1 mm and a conventional coat protection consisting of 90 wt.%
aluminum-10 wt.% silicon prevents scale formation on the surface during the direct hot-stamping
process [18]. This coating plays the main role in preventing the formation of severe oxidation on the
surface during the hot stamping procedure at temperatures above 950 ◦C. The microstructures of
the coating before and after the hot stamping operations are presented in Figure 1. To transform the
microstructure and the mechanical properties, two types of samples were studied: One in the shape
of a Japanese Industrial Standards (JIG) 2201 No. 5 test piece used orthogonally in the direction of
rolling as a tensile specimen with the milling method for the SSRT test, and the other a square of
300 × 300-mm sheet plates.
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Figure 1. Schematic diagram of hot stamping process and baking conditions.

These samples were austenized for 5 min at 950 ◦C while keeping the dew point at +5 ◦C in a
furnace. To transform the microstructure and the dramatic hardness value, blanks were austenized
for 5 min at 950 ◦C in a furnace made by Shin-Sung company in Korea. Then, the baking process
was performed right after hot stamping. The conditions of baking were as follows: The differential
temperatures were 100, 150, and 200 ◦C (labeled as specimens BH100, BH150, and BH200), and the
differential times were 10, 20, and 30 min. Figure 1 shows the hot stamping and baking procedure.

A flat 2 mm × 2 mm specimen was placed in a heating room and heated in an infrared (IR) furnace
under vacuum at 20 ◦C/min to a final temperature of 500 ◦C. The elevated temperature was recorded by
several thermocouples located on the specimen surface. The released hydrogen atoms were detected by
quadrupole mass spectroscopy made by PFEIPPER VACUUM company in Germany. The specimens
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were stored in a liquid nitrogen tank to maintain the charged hydrogen until the hydrogen level was
estimated. All specimens were cleaned with ethanol and dried with air. The elevated temperature
was recorded by several thermocouples attached to the quartz holder. The released hydrogen gas was
carried and monitored by quadrupole mass spectroscopy made by PFEIPPER VACUUM company in
Germany in a high-vacuum system. Hydrogen calibration of the TDS facility was performed using a
standard-sample NIST 24a titanium alloy before estimating the hydrogen content.

The specimens were stored in a liquid nitrogen tank to retain the charged hydrogen for subsequent
level estimation. All specimens were cleaned with ethanol and then air-dried. The hydrogen desorption
curves are expressed in ppm/s as a function of the temperature expressed in ◦C. The reversible hydrogen
content was quantified during the heating process by integrating the signal and calculating the
accumulated hydrogen content from room temperature to 300 ◦C, which corresponds to the first peak of
the desorption curve. The irreversible hydrogen was quantified from 300 ◦C to 500 ◦C, corresponding to
the second peak at a higher temperature than the reversible hydrogen desorption range. TDS equipment
was used to analyze the hydrogen concentration and elucidate the microstructure relationship by
calculating the hydrogen trapping energy [19–21]. The reversible hydrogen content was quantified
during the heating process by integrating the signal and calculating the accumulated hydrogen content
released from room temperature to 300 ◦C, which corresponds to the first peak of the desorption curve.

In the case of SSRT, the dramatic variation in the fracture stresses and mechanical properties
was quantified in terms of the degree of susceptibility to hydrogen delayed fractures. Based on the
JIG 2201 No. 5 standard sample, the elongation in the tensile test was measured at a gauge length
of 50 mm without any notching. SSRT for the hydrogen-charged tensile specimens was performed
in an air atmosphere at room temperature using a universal tensile testing machine made by Zwick
company in Austria [22]. The aluminum intermetallic coating on the surface of the examined samples
delayed the diffusion and emission of hydrogen into and out of the specimens during subsequent
mechanical tests. Thus, additional injections were not performed with the coating on the surface.
The strain rate of the SSRT tests was 0.5 mm/min with a test velocity corresponding to 2.4 × 10−4 /s.
The elongation loss, which indicates the degree of reduction in the total elongation after hydrogen
charging, was estimated for all test samples depending on the baking conditions. After SSRT, the fracture
surface was characterized using the FESEM.

3. Results

3.1. Microstructure and Coating

To analyze the martensitic phases, all specimens were etched in a Nital solution. Micrographs of
the hot-stamped steels are shown in Figure 2 before and after the hot stamping procedure. As shown
in Figure 2, the as-received initial cold-rolled blanks had a pearlitic-ferritic dual phase before the hot
stamping procedure. In the furnace, the microstructure had an austenitic phase. The final automotive
parts had a fully martensitic microstructure with a grade of 1800 MPa, and the Al–Si coating was fully
transformed into Fex–Aly–(Si) compounds after hot stamping as shown in the Figure 3c,d. Table 2 lists
the original mechanical properties with a typical tensile test in a specimen worked from the 300 × 300
sheet plates. The final specimens had a fully martensitic microstructure with a grade of 1800 MPa and
an elongation with a value of about 8 El.%.

Table 2. Mechanical properties of base martensitic steel.

Yield Strength (MPa) Tensile Strength (MPa) Elongation (El.%)

1302 1875 8.1
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before hot stamping, (b) microstructure after hot stamping, (c) composition of coating layers before hot
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3.2. Baking Effect on Hydrogen Embrittlement based on SSRT Results

Right after the hot stamping and baking procedures, SSRTs were conducted for all specimens.
Figure 3 shows the stress-strain values of SSRTs for the studied alloys and for differential baking
conditions, and plots the actual estimated values of the yield strength, ultimate tensile strength, and
elongation corresponding to the stress-strain curves for all specimens. The as-received alloys exhibited
elongation reduction (4 El. %) with a hydrogen inflow right after hot stamping without an additional
baking process, compared to the above 8%-El. % elongation value, whose specimen had no hydrogen
inflow in the steels. Based on the estimated elongation values listed in Table 2, the tendency of
elongation loss (El. loss), which indicates the degree of susceptibility of hydrogen embrittlement,
was observed in the total elongation as a result of the baking conditions for each specimen. 

 

 
 (a)                                          (b)  

 
(c) 

Figure 3. Effect of baking on estimated stress-strain curve depending on temperature and time of 
baking: (a) BH100 conditions, (b) BH150 conditions, and (c) BH200 conditions. 
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Figure 3. Effect of baking on estimated stress-strain curve depending on temperature and time of
baking: (a) BH100 conditions, (b) BH150 conditions, and (c) BH200 conditions.
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Figure 3 shows the plots of the estimated elongation including the total elongations of those
specimens that were charged with hydrogen in a furnace and those that were removed by the baking
process. As shown in Figure 3, the BH100 conditions exhibited a reduction in the elongation loss
after hydrogen charging from the identical to the as-received state. However, the BH150 and BH200
conditions exhibited a major increase in the elongation recovery, indicating a decrease in susceptibility
to hydrogen embrittlement. When baking at 100 ◦C, as shown in Figure 3a, there was a slight loss of
elongation as the baking time increased from 10 min to 30 min. The tensile strength had similar values
for all baking times, and the yield strength increased depending on the baking time.

On the other hand, the BH150 conditions exhibited a proportional increase of reduction in
elongation with similar tensile strength as shown in Figure 3b. In the case of the yield strength,
the increase in this value occurred after baking for 10 min, but it maintained similar values as the
baking time increased. In particular, as shown in Figure 3c, the BH200 conditions showed the most
effective impact on the recovery of elongation with a short baking time of 10 min. The figure shows
the original elongation in all conditions from 10 min to 30 min for the BH200 conditions. The yield
strength increased with the same behavior shown in BH150 specimen, but there was some reduction in
the ultimate tensile strength under the target value of 1800 MPa after baking for all specimens.

3.3. Baking Effect on Desorption of Diffusible Hydrogen based on TDS Results

In previous studies, it was reported that hydrogen uptake occurred during the hot stamping
process [7,8]. In particular, hot-stamped steels with aluminum coating were considerably more sensitive
to hydrogen inflow and hydrogen-induced delayed fractures with significant reductions in elongation
and occurrence of plasticity. The significant hydrogen source is mainly affected by the moisture content
by the dew point and the gas atmosphere in the furnace. In this study, the reactions of the Al–Si coating
to the relationship with the moisture in the air atmosphere and hydrogen uptake in the furnace during
the hot stamping process are as follows [7,8,23,24]:

2Al + 6H2O−→ 2Al(OH)3 + 6H, (1)

2Al + 4H2O↔ 2AlO(OH) + 6H, (2)

2Al + 4H2O→ 2Al2O3 + 6H, (3)

Si + 2H2O→ SiO2 + 6H. (4)

To analyze the hydrogen inflow by these reactions in furnace conditions (temperature: 950 ◦C,
dwell time: 5 min, and dew point: +5 ◦C), the TDS technique was performed right after the hot
stamping and baking process. The TDS analysis was generally used to quantify and characterize the
concentration and trapping behavior of hydrogen in the material. This consisted of measuring the
amount of hydrogen that desorbed from the samples during continuous heating and isothermal holding.
To investigate the relationship between the hydrogen solubility behavior, hydrogen concentration,
and hydrogen charging time, the hydrogen desorption curves were converted to show the accumulated
hydrogen content at each peak for all specimens, as shown in Figure 4. The hydrogen peaks of the
desorption curves for all of the alloys occurred mainly at temperatures below 300 ◦C, indicating that
the hydrogen atoms were weakly trapped in reversible trapping sites, such as the lattice, dislocation,
and grain boundaries [25].

TDS analysis is often performed to study the behavior of hydrogen trapping in steels. It is possible
to estimate the diffusible hydrogen content and to separate the reversible and irreversible hydrogen
depending on the temperature range of the desorption. The trap sites in steels are characterized by
their binding energy for hydrogen. The diffusible hydrogen corresponding to reversible hydrogen
sites with binding energies of <20 kJ/mol is usually considered as that with desorption temperatures.
Meanwhile, irreversible hydrogen in immobile trapping sites is defined as that which desorbs from
deep traps with binding energies of >60 kJ/mol [25] at high temperatures by acting as irreversible
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hydrogen trapping sites. For coherent particles, the high-tensile-stress field formation in the matrix
surrounding the particle could be more significant in affecting the hydrogen trapping, depending on
the level of coherency [26].

In our results, the reversible hydrogen content was mainly decreased by increasing the baking time
and temperature, but the irreversible hydrogen content maintained a similar value regardless of the
baking conditions for all specimens, as shown in Figure 4. For the BH100 specimens, no considerable
difference in the hydrogen content appeared, and there was little desorption of hydrogen as the
baking time increased, as shown in Figure 4a. The diffusible hydrogen in the BH150 specimens was
released at a proportional tendency as the baking time increased from 10 min to 20 min compared
with those under the BH100 conditions and the as-received specimens without baking. However,
the desorption behavior between 20 min and 30 min was similar, with the same values of hydrogen
content. The desorption behavior of diffusible hydrogen in the BH200 specimens indicated complete
removal of the remaining hydrogen after baking regardless of the baking time, and it recovered up to
non-charging cold-rolled specimen before hot stamping.
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Figure 4. Thermal desorption spectroscopy (TDS) graph of hydrogen desorption behavior corresponding
to baking temperature: (a) BH100 specimens, (b) BH150 specimens, and (c) BH200 specimens.

The hydrogen peaks of the desorption curves for all of the alloys occurred mainly at temperatures
below 300 ◦C, acting as diffusible hydrogen with low activation energies. Table 3 and Figure 5 show
the accumulated hydrogen content as separated into reversible trapping depending on the hydrogen
charging conditions for all specimens below 300 ◦C. As shown in Figure 5a, the concentration of
reversible hydrogen content is decreased by increasing the baking time and temperature compared
with that (0.4 wppm) of the as-received state without the baking process. Figure 5b shows the ratio of
remaining hydrogen compared with that of the as-received state. In the case of the BH100 conditions,
the diffusible hydrogen concentration decreased slightly by up to 0.3 wppm with 80% remaining
hydrogen after baking for 30 min. However, based on the SSRT tests, it was difficult for this desorption
with a lower reduction of diffusible hydrogen to recover the elongation.

For the BH150 conditions, the diffusible hydrogen was proportionally reduced with an increase in
baking time for 20 min and reached about 0.1 wppm, corresponding to a reduction in the remaining
hydrogen with a value of about 20%. However, the hydrogen behavior after baking for 30 min
was similar to that for 20 min of baking. For the BH200 specimens, the diffusible hydrogen under
all baking times was completely removed up to about 0.05 wppm under remaining hydrogen of
about 10%, corresponding to the cold-rolled state before hydrogen charging in a furnace. Based on
the SSRTs, the recovery of the elongation reduction occurred completely in the BH200 specimens.
This demonstrates that a short baking time at 200 ◦C is most effective for removing the diffusible
hydrogen. However, baking at this temperature causes some reduction in the ultimate tensile strength
under 1800 MPa, as shown in the above SSRT tests.
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Table 3. Concentration of diffusible hydrogen calculated from TDS graphs at 300 ◦C.
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3.4. Effect of Baking Process and Hydrogen Embrittlement based on Fractography

Fractography is a common technique to elucidate a phenomenon from obtained results [27,28].
As shown in Figures 6–9, the tensile fracture surface at the end of the samples is analyzed to observe
the specimen rupture in all specimens. The SEM images that follow in Figures 6–9 are arranged as
follows: As-received state without baking process, BH100 specimens, BH150 specimens, and BH200
specimens. Figure 6 shows the as-received specimens, indicating the brittle fracture surface where
hydrogen embrittlement plays the main role. This exhibits typically localized brittle fracture modes
including mainly cleavage and intergranular fractures from the surface with an obvious difference
between the ductile and brittle deformation modes.

It can be observed in Figure 6a that there is a strong tendency between diffusible hydrogen and
hydrogen embrittlement as it is all brittle-intergranular showing the severity of degradation. This is
significantly related to segregation and pile-up hydrogen concentration at strong reversible trap sites
such as the austenite grain boundary, as shown in Figure 6b. This mainly signifies that the crack
initiation and propagation procedure in martensitic steels are entirely hydrogen-facilitated. The most
pronounced portion of intergranular fractures occurs with a hairline crack in the crack initiation regions.
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Figure 7 shows similar behavior as that of the as-received specimen regardless of baking time in
the BH100 specimens, and crack propagation along mainly intergranular fractures with many brittle
facets, as shown in Figure 7a,c,e. It seems that there is no strain of grain shape because this sample is
cracking under elastic stress. In martensitic steels, the intergranularity combined with quasi-cleavage
features are dominant, and flat facets of grains mixed with cleavage are also observed in some regions.
Thus, crack initiation and propagation occur under the influence of combined diffusible hydrogen
and the stress field in localized regions. As shown in Figure 7b,d,f, the same fracture behavior with
intergranular facets and hairline cracks in boundaries is observed for different baking times from 10 to
30 min. This indicates that the BH100 specimens and their conditions are not effective for improving
the hydrogen embrittlement in this study.
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of fracture surface and (f) enlarged section in BH100 at 30 min.

Meanwhile, the BH150 specimens show a threshold baking time in the ductile-to-brittle transition
depending on the increase in baking time, as shown in Figure 8. The BH150 specimen at 10 min shows
a still-brittle region in the fracture surface, as shown in Figure 8a,b. It appears that the remaining
diffusible hydrogen plays a role in the embrittlement in this range of hydrogen concentration. However,
in the BH150 specimen at 20 min, a transition of fractography was observed with mainly ductile
fractures and microvoid ductile occurrences even though the remaining hydrogen existed at about
20%, as shown in Figure 8c. This indicates a mixed mode of microvoid coalescence, with several large
flat regions connected to small areas of small ductile dimples, as shown in Figure 8d.

In addition, the fracture surface of the BH150 specimen at 30 min displays numerous ductile
dimples and a small amount of cleavage. This is a similar tendency to the BH150 specimen at 20 min,
as shown in Figure 8e,f. Additionally, the crack stabilization region from the center to the edge
areas primarily displays microvoid coalescence failure with a ductile dimple. This indicates that the
reduction of diffusible hydrogen is effective to generate unusual crack propagation that can stabilize
the hydrogen movement and prevent brittle failure during tensile testing by glide plane decohesion,
as observed under these conditions.
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Figure 8. Fractography of SSRT specimens after tensile test of BH150 specimens after hot stamping
and baking process: (a) Brittle section of fracture surface and (b) enlarged section in BH150 at 10 min,
(c) brittle section of fracture surface and (d) enlarged section in BH150 at 20 min, and (e) brittle section
of fracture surface and (f) enlarged section in BH150 at 30 min.

The BH200 specimens exhibit total recovery with the usual ductile fracture mode at all baking
times, as shown in Figure 9. The BH200 specimen in a range of 10 min to 30 min shows no brittle
region in any region of the fracture surface, as shown in Figure 9a,c,e. In total conditions of the BH200
specimen, a typical ductile-fracture fine dimple in ultrahigh strength steel without a brittle region
in the fracture surface is shown in Figure 9b,d,f. It seems that the removal of diffusible hydrogen
under 10% is effective to prevent delayed fractures and plays no role in embrittlement in this range of
hydrogen concentration.
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of fracture surface and (f) enlarged section in BH200 at 30 min.

4. Discussion

In previous studies, many effects of baking on microstructures were examined. During the baking
process, some precipitations of fine ε-carbides (Fe2.4C) consumes solute carbon. Thus, the lattice strains
of tetragonal martensite decrease in low-temperature baking processes such as during a tempering
effect of 170 ◦C/20 min [29–31]. Similar results were reported for martensitic C–Mn steels tempered at
200 ◦C for just 3 min [32]. Since the tensile strength of as-quenched martensite strongly contributes
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to the amount of carbon, it can be expected that a higher carbon content of steel leads to a greater
decrease in the tensile strength during paint baking.

The softening of martensite that occurs during the baking process can be evaluated by comparing
the ultimate tensile strength values [33]. Our results show a clear decrease in the Rm values owing
to baking under some conditions. This phenomenon can also affect the improvement of hydrogen
embrittlement owing to the baking process. However, it is difficult to demonstrate the movement of
solute carbon and the reduction of dislocation density in terms of observation of microscopic techniques.
Figure 10 shows TEM images of the as-received specimen without baking and the specimen after the
baking cycle. It is difficult to observe a meaningful difference depending on the baking as shown in
Figure 10b compared with the as-received specimen shown in Figure 10a.

In this study, the hydrogen desorption behavior was examined with respect to its relationship
with hydrogen embrittlement rather than from the microscopic aspect. However, it is important to
examine the relationship between the two parameters in order to explain the results of the hydrogen
desorption behavior. First, the BH100 specimens showed a slight reduction of elongation although the
diffusible hydrogen content decreased slightly as the baking time increased. It is assumed that baking
at this temperature causes the movement of diffusible hydrogen to defect sites. In addition, there is
no decrease in tensile strength at this temperature, which means that the diffusion of carbon solute
and release of dislocations rarely occur [34,35]. Based on these results, the BH100 conditions are not
effective in improving the hydrogen embrittlement phenomenon.

Second, the BH150 specimens showed a proportional decrease in hydrogen content and a similar
reduction in the ultimate tensile strength. The effective remaining hydrogen was 0.1 wppm, and an
increase in baking time caused a baking hardening effect in the BH150 specimens. Therefore, in the case
of the BH150 conditions, the removal of diffusible hydrogen and the baking hardening effect interact
to improve the hydrogen embrittlement property. Third, the BH200 conditions showed complete
recovery of elongation regardless of baking time, but the ultimate tensile strength decreased when the
baking time increased. The diffusible hydrogen was totally removed in just 10 min. This means that the
removal of diffusible hydrogen at this temperature is more effective than the effect of baking hardening.Metals 2019, 9, x FOR PEER REVIEW 11 of 13 
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In hydrogen embrittlement, the concentration of dislocations and the localized trapped hydrogen
causes fractures along the prior austenite grain boundaries and slip planes of martensitic crystals [36].
It is hypothesized that brittle cracks are the initial source of cracks owing to the high local hydrogen
conditions that are hydrogen distribution during deformation. It is also hypothesized that hydrogen
accumulation in the necking region during deformation surrounding edge cracks results in mixed
quasi-cleavage, and that intergranular fractures are caused by intense shear hand localization, which is
reliant upon a local hydrogen concentration high enough to activate the hydrogen-induced localized
plasticity mechanism [26,37]. It is mainly assumed that most cases of quasi-cleavage are reliant on a long
range of hydrogen diffusion during deformation owing to the need to accumulate hydrogen to activate
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hydrogen-induced localized plasticity. Purely ductile void coalescence regions were hypothesized to
for last, owing to shear overload once the cross section is reduced sufficiently from the surface edge
cracks, and the extension of the mixed regions [26].

For these reasons, the relationship between the diffusible hydrogen and dislocation behavior
is important in understanding the baking effect and its improvement of hydrogen embrittlement as
shown in this study. We can assume that the optimum baking process for recovering the degradation of
hydrogen embrittlement and maintaining desired mechanical properties is 150 ◦C for 20 min, which is
the same condition as in paint baking on automobile lines.

5. Conclusions

With regard to newly developed hot stamped martensitic steels with 1800-MPa tensile strength,
it is important to understand diffusible hydrogen behavior for its usage in the automotive industry.
To further tailor hot-stamped boron steels with a martensitic microstructure and diffusible hydrogen
and to ensure their safe usage, it is necessary to investigate the relationship of diffusible hydrogen and
delayed fractures depending on the baking condition, and to establish optimum parameters for baking
procedures. In this study, the effect of baking on the desorption of diffusible hydrogen and delayed
fracture properties after a hot stamping procedure on aluminum-coated martensitic steel with a tensile
strength of 1800 MPa was investigated. The following conclusions were drawn with regard to the
effect of baking aluminized hot-stamped steel by using hydrogen evaluation and analysis techniques
with data obtained from experimental investigations:

(1) The BH100 conditions exhibited a reduction in the elongation loss after hydrogen charging
from the identical to the as-received state. However, the BH150 and BH200 conditions
exhibited a major increase in the elongation recovery, indicating a decrease in susceptibility to
hydrogen embrittlement.

(2) In the BH100 specimens, no considerable difference in the hydrogen content appeared, and there
was little desorption of hydrogen as the baking time increased. For the BH150 conditions, the
diffusible hydrogen was proportionally reduced as the baking time increased. The desorption
behavior of diffusible hydrogen in the BH200 specimens showed complete removal of the
remaining hydrogen after baking regardless of baking time, and it recovered to a noncharging
cold-rolled specimen before hot stamping.

(3) The softening of martensite that occurred in the baking process can be evaluated by comparing
the ultimate tensile strength values. Our results showed a clear decrease in the ultimate tensile
strength values owing to baking under some conditions. This phenomenon can also affect the
improvement of hydrogen embrittlement owing to the baking process.

(4) The relationship between diffusible hydrogen and dislocation behavior is important in
understanding the baking effect and its improvement of hydrogen embrittlement as shown
in this study. It is assumed that the optimum baking process for recovering the degradation of
hydrogen embrittlement and maintaining the desired mechanical properties occurs at 150 ◦C for
20 min. This is the same condition as in paint baking on automobile lines.
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