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This research provided a thorough knowledge of the hydrogen embrittlement in AHSS models based on
FeCCrNiB,Si (AHSS1) and FeCCrNiB,Si (AHSS2) alloy systems. The results obtained by electron backscatter
diffraction (EBSD) showed the local deformation in the cracked regions. Thermal desorption spectroscopy (TDS)
analysis showed despite the higher ratio of irreversible to reversible traps in AHSS2 compared to AHSS1, the
susceptibility to HE in AHSS2 was greater than AHSS1 due to the addition of boron and the y/CryB interfaces’

decohesion in the presence of hydrogen. Higher Taylor factor grains in H-charged samples were more likely to

suffer plastic instability.

1. Introduction

The usage of Advanced High Strength Steels (AHSS) in the automo-
bile industry has greatly increased passenger safety and lightened the
construction of vehicle bodies to satisfy the demands of fuel economy.
The AHSS steel grades have usually been developed in recent years to
achieve a better balance between strength and ductility. These materials
are needed to manufacture the parts of body-in-white constructions that
need little forming, such as the central tunnel and crash boxes [1]. The
newly formed third generation of AHSS with outstanding ductility and
no loss of strength are a more affordable alternative to press hardening
steels and Twinning Induced Plasticity (TWIP) Steel. Hydrogen embrit-
tlement (HE) in materials must be taken into account if advancements
are to be made in lightweight construction for automobiles. The intro-
duction and diffusion of hydrogen into the metal’s crystal structure
causes a loss of ductility that ultimately results in brittle fracture [2].
Previous research has shown that the hydrogen impact on material
characteristics is enhanced with increasing tensile strength [3]. Because
of the high mobility of the hydrogen atom in the crystal structure,
hydrogen absorption can occur during the steel-making or
automobile-manufacturing processes. Hydrogen-Induced Cracking
(HIC) and environmental corrosion are both potential problems that
could occur over a vehicle’s service life. Therefore, it is important to
know how vulnerable steels are to HE, particularly AHSS, in order to
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ensure the safe use of steels in vehicles. Several research researches [3,4]
discuss the influence of hydrogen on the mechanical characteristics of
AHSS. Previous studies typically used a variety of testing methodologies
to learn more about the mechanism of HIC and the mechanical char-
acteristics of particular steel grades. Even fewer research directly eval-
uated the different testing methodologies used to assess the HE of AHSS.
There is still a lack of experience with how to put research findings into
practical applications in industry. As a result of its variability and
complexity, hydrogen embrittlement of AHSS remains a significant issue
for the automotive industry. In recent years, further theoretical and
experimental study on hydrogen embrittlement of AHSS steels have
been performed [5-8] Impact toughness and fracture behaviors of
AHSSs at low temperatures were studied by Pallaspuro et al. [5]. With
the fractographic approach, kernel average misorientation calculations,
and cohesive zone modelling, the findings were analyzed in terms of
level and active hydrogen embrittlement processes. The results showed
that HE occurs at low temperatures, increases the fracture toughness
reference temperature, and somewhat decreases the deformation ca-
pacity. In another study, Venezuela et al. [6] investigated at how
microstructure affected the susceptibility of martensitic AHSSs to
hydrogen embrittlement. They found that at high enough hydrogen
pressures, transgranular and intergranular fractures initiated near the
surface of the sample, where the tensile stress was greatest. They
determined that hydrogen-dislocation interactions had a main influence
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on fracture propagation. The effects of hydrogen on a martensitic AHSS
with a tensile strength of 1700 MPa have been evaluated and compared.
The hydrogen trace was seen as a decrease in ductility and an increase in
shear fracture. There are still many obstacles to overcome when dealing
with hydrogen embrittlement in AHSS steels, despite the fact that
several numerical and experimental investigations on these phenomena
have been conducted in recent years [9,10]. Soluble hydrogen atoms, for
example, have a complicated role to play in how they interact with
microstructural flaws like grain boundaries, dislocations and also the
crystal lattice, all of which may affect mechanical behaviors.
Stress-induced increases in hydrogen concentration may also come from
hydrogen being trapped during plastic deformation, as noted by
Nagumo [11]. Understanding the function of microstructure in
hydrogen embrittlement and developing novel steel ideas to prevent
hydrogen related deterioration requires the identification of micro-
structural trap sites and their concentrations in steels [12-14].

Hydrogen embrittlement of AHHS with the novel alloy systems
FeCCrNiB,Si has not yet been understood. The current study is an in-
depth investigation of how hydrogen affects the microstructure and
mechanical properties of AHSS. The purpose of the research is to clarify
the impact of boron concentration on the HE of AHSS in hydrogen
charging and Hs environments. In situ tensile testing and micro inden-
tation at various current densities during hydrogen charging was con-
ducted for the mechanical characteristics. Additionally, the impact of
hydrogen on the deformed AHSS’s microstructure and the hydrogen
induced cracking mechanism were evaluated by EBSD. Finally, analysis
of the hydrogen trapping sites of AHSSs was conducted using thermal
desorption spectroscopy (TDS).

2. Methods and experimental

The novel AHSSs used in the current research have already prepared
by our team in the previous studies [15-18] and details of their pro-
duction have been reported. The novel AHSSs were prepared using a
pressure vacuum caster machine to melt and cast the materials into a
water-cooled Cu mold. The master alloy ingot was obtained by Fe-C,
Fe-B pre-alloy and commercially pure Fe, Cr, Ni, Si. Two steels with a
1 mm-thick were used for the present study, and the chemical compo-
sition in weight percent was shown in Table 1.

The samples were charged electrochemically in aqueous solutions
containing 3% NaOH for 20 h at 10, 20, and 30 mA/cm? current den-
sities. In-situ tensile testing was carried out just after pre-charging with
electrochemical hydrogen at the same current density. A special cell and
a powerful jaw were developed for this task. All samples were tested
using Instron equipment at a tensile speed of 0.1 mm/min and a
maximum applied load of 20 tons. All test conditions were conducted
three times with the average of results reported. The microstructures
after deformation were studied by stopping the tensile tests at different
strains. Tensile tests were interrupted at a strain of 83% for AHSS1 and a
strain of 6% for AHSS2.

After pre-charging, both the uncharged and charged samples were
put through micro-indentation testing. Indentations with depths ranging
from 20 to 100 micrometers and spacing of 20 micrometers were
implemented utilizing a constant displacement model. During indenta-
tion testing, the loading and unloading speeds were both 5 ym/s. The
findings of each indentation test were given as the average of three
distinct measurements. The penetration test results in a graph showing
load (F) vs penetration depth (h;,). The plastic deformation energy, often
known as the indentation energy (Gig), is the definite integral of P-h,,
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When the indentation energy at h,, attains a critical value (Gg), a hy-
pothetical fracture occurs, which is shown as [19-28]:

" F(1)
Gur = F(hp |dh, = Lo/ 1
- /ﬂ (,,> , /0 i &)

P represents the indentation pressure, F represents the indentation
load, and A, denotes the plastic area in the provided equation.

Ap =235k, @)

The following equation can be used to establish a relationship be-
tween Gigp and strain energy density:

Se(1—9)

(1-29) 3)

Gigr =

In Eq. 3, The symbol S.; denotes the strain energy density, while the
symbol § represents the Poisson’s ratio of the material, which was
supposed to be 0.30 in the prior equation. S can be considered as the
extension energy of a fracture when it reaches its critical value (Scr). Scr
denotes fracture toughness, and the following equation illustrates its
relationship to Ki¢ [19-28].

2ES,,
Kic= 4| ——— 4
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Fracture toughness must be computed using the critical indentation
depth (hp). Consequently, the effective material elastic modulus (E) and
the reduced material elastic modulus (E,) must be calculated using the
calculations provided below [19-28]:
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The symbols have the corresponding meaning in the equations
above; h, refers to the elastic contact depth, E represents the modulus of
elasticity of the indenter tip, equal to 900 GPa, 9; is the Poisson’s ratio of
the indenter, equal to 0.02, A, denotes the contact area, K signifies the
unloading stiffness for the Vickers indenter, § refers to a correction
factor for axial symmetry loss, set at 1.0124. Once E was calculated for
different values of h., the relationship between hp and E could be
inferred. The In hy, -In E” curve shows a linear trend that can be
expressed by a simple equation [19-28].

E.. =051E 8

Using the material’s elastic modulus (E 210 GPa), the above equation
can be used to compute the module of effective elastic at the imagined
fracture starting point (E™ ). When Eq. 8 is used to get Epp, the linear
equation between In hy and In E™ may be utilized to calculate h,. Now,
Gigr can be computed by substituting h;, in Eq. 1, and S, can be calcu-
lated using Eq. 3. Finally, the fracture toughness will be calculated using
Eq. 4 [19-28].

SEM and electron backscattered diffraction (EBSD) were used to
investigate the microstructures of the as-received microstructures as
well as deformation microstructures with and without hydrogen

Table 1

The chemical composition of steels (wt%).
Steel designation C Si Mn P S Cr Mo Ni Co N B Fe other
AHSS1 0.45 3 - - - 15.5 14.1 - - - base <0.2
AHSS2 0.45 3 - - - 15.5 14.1 - - 2 base <0.2
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charging. Using carbide sheets and diamond polishing (3 and 1 um),
Interrupted tensile testing specimen cross-sections were polished.
Vibrato polishing and electrochemical polishing with 6% perchloric acid
and 94% acetic acid were used to prepare specimens for EBSD mea-
surements. For the examination of EBSD data, the HKL-Channel 5 system
was implemented.

TDS was conducted on H-charged materials to measure the hydrogen
concentration and desorption behavior. The studies were conducted
using a Bruker analyzer equipped with a mass spectroscopy detector and
a heating rate of 20 °C/min. The hydrogen concentration was deter-
mined by measuring the amount of hydrogen desorbed from room
temperature to 600 °C.

3. Results
3.1. Initial microstructure

Fig. 1 presents the microstructure of AHSS1 and AHSS2 character-
ized by EBSD. The EBSD inverse pole figure (IPF) maps (Fig. 1b, f)
indicate that two steels are fully recrystallization and display random
grain orientation with average grain size of 24 um and 2 um for AHSS1
and AHSS2, respectively. According to EBSD phase maps, the AHSS1 has
a microstructure consisting of FCC-y phase and Cry3Cg (Fig. 1c). on the
other hand, AHSS2 composed of FCC-y, CryB, and a-Fe phase as shown in
Fig. 1g. The average dimensions of CryB and Cre3Cg phase were 2.1 pm
and 0.9 pm, respectively. The EDS maps of chrome and boron are pre-
sented in Fig. 1d, h. Table 2 shows the basic indexing of different phases
in the microstructure.

3.2. Tensile Test

Fig. 2. shows the stress-strain curves of H-free and H-charged sam-
ples from in situ tensile test. Compared with specimen 0B, boron addi-
tion resulted in an increase in both the YS and UTS due to greater solid
solution strengthening. Clear different in mechanical properties can be
seen between uncharged and hydrogen charged samples. For AHSS1, the
UTS decreased from 610 MPa to 586 and 568 MPa after hydrogen
charging of 10 and 30 mA/cm?, respectively. For AHSS2 the ultimate
tensile strength decreased from 1169 MPa to 1111 and 1011 MPa after
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Table 2
The basic indexing and crystallographic information of phases in AHSSs.

Phase Crystal structure Space group Lattice parameters A
y-FCC Cubic Fm-3 m a=b=c= 3.6599
a-BCC Cubic Im-3 m a=b=c= 2.866

Cro3Ce Cubic Fm-3m a=b=c= 10.6595
Cry,B Tetragonal 14/mmc a=b=5.185, c=4.316

hydrogen charging. In situ hydrogen charging had significant effect on
elongation to fracture. After H-charging at 30 mA/cm?, elongation
changed from 97% to 83% for AHSS1, and from 8.7% to 5.9% for
AHSS2. The hydrogen embrittlement index (Iyg) used to evaluate the
hydrogen induced elongation loss is described as Eq. 9 [29], where
Euncharged @nd Echargeq Tepresent strain to failure of uncharged and
charged specimens, respectively.
I[—[E _ EUnc/zarged - ECharged % 100 (9)

Evucharged

Significant losses were detected in total elongation with hydrogen
charging, as shown in Table 3; the losses were 14% and 32% for AHSS1
and AHSS2, respectively. This means that AHSS2 is more prone to
hydrogen embrittlement than AHSS1. The mechanical properties of the
stress-strain curves are summarized in Table 3.

3.3. Indentation Test to Determine Fracture Toughness

Load-displacement plots for both charged and uncharged indenta-
tion test samples are shown in Fig. 3. Hydrogen pre-charging decreased
the maximum indentation forces for each displacement.

Graphs of the Ln (E)-Ln h are shown in Fig. 4a, c. Critical value of
E =109.2 GPa was extrapolated to its corresponding depth (hp*) for
this calculation. Fig. 4b, d presents the F-hp curves for both uncharged
and charged specimens. Once the force equation and h, * are known, the
fracture toughness (Kic) and the fracture energy (G) were calculated.
Fig. 5 displays the Kic and G value difference between reference and
charged samples. The fracture toughness calculated decreased from 245
to 232 MPa.m®> for AHSS1 and from 225 to 208 MPa.m®> for AHSS2.

Fig. 1. Microstructure of AHSS1 and AHSS2. a, e) SEM, b, f) IPFs, ¢, g) Phase maps, d, h) EDS map.
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Fig. 2. Engineering stress-strain curves with and without hydrogen charging, a) AHSS1, b) AHSS2.

Table 3
Stress-strain curves results for all samples in air and H-charged at 10, 20, and 30 mA/cm?.
Specimen designation Environment Current density YS (MPa) UTS Elongation Hydrogen embrittlement
(mA/Cm?) (MPa) (EI %) Index (Iyg)
S1 Air n/a 272+ 7 610 +£ 8 97 £ 2 n/a
S1 NaOH 10 270 £ 5 586 + 2 85+1 12
S1 NaOH 20 270 £ 3 574+ 6 84 +2 13.5
S1 NaOH 30 269 + 6 568 + 6 83+3 14
S2 Air n/a 993 +£ 8 1169 + 9 87+1 n/a
S2 NaOH 10 889 +7 1111 + 14 6.5+0.3 25
S2 NaOH 20 897 + 4 1059 + 8 6.2 +0.1 28
S2 NaOH 30 759 + 4 1011 +£ 11 59+0.2 32

Fig. 3. Diagrams illustrating the load-displacement of specimens: a, ¢) uncharged, b, d) charged.

3.4. Microstructure evaluation

EBSD was performed in order to reveal the effect of hydrogen on the
deformation microstructures. Figs. 6, 7 illustrate IPFs and Kernel
average misorientation (KAM) of interrupted tensile test samples for

both uncharged and charged condition. KAM maps can be used to
determine the dislocation density of the samples. The KAM values were
computed using the EBSD points of the first neighbor. As a result, the
local plastic strain was qualitatively evaluated, where a high value de-
notes a considerable degree of deformation or a high density of defect
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Fig. 4. Ln (E~)-Ln (h) curves of specimens a) AHSS1, c) AHSS2, and F-h diagrams of samples b) AHSS1, d) AHSS2.

Fig. 5. Comparison of fracture energy and fracture toughness for uncharged
and H-charged specimens.

[30]. Eq. 10 [31,32] can be used to compute the average KAM:
1 N
KAM (po intj) =5 2 gj> 10)
K=1

where N is the total number of nearby EBSD points that meet the
threshold misorientation value, often 5°, and (g;, g;) is the misorienta-
tion angle, or the difference between the orientations of the neighboring

point (g;) and point j itself (g;). Software developed by Channel 5 was
utilized to process the EBSD findings that were used in Eq. 10. The
average KAM distribution of the uncharged and charged samples in
AHSS1 was 1.9° and 2.65° on the other hand, the average KAM value for
uncharged and charged samples was 0.65° and 0.95° for AHSS2. The
KAM,y, of H-specimens are higher than those H-free samples according
to the KAM distribution maps. It can be deduced that the dislocation
density increased after hydrogen charging at the same level of
deformation.

The EBSD maps of crack nucleation of hydrogen charged sample for
AHSS] after tensile test is shown in Fig. 8. Fig. 8c portrays that The KAM
around the crack is high, while the other regions exhibit homogenous
KAM distribution, revealing the greater local deformation near the crack
compared to far field areas. In addition, it can be seen that cracks are
initiated from Cry3Cg phase.

Fig. 9. presents the crack morphology of AHSS2 after hydrogen
charging by EBSD. It can be seen that the crack growth propagated
through y/Cr,B interface as shown in Fig. 9b. In addition, the sample has
much greater KAM value near the crack, causing strain localization.

3.5. TDS analysis

Fig. 10 shows the TDS curves of the AHSS1 and AHSS2 at a heating
rate of 20 °C/min for both current densities of 10 and 30 mA/cm?. Both
steels exhibited three distinct peaks. The initial peaks of both steels show
in the 100-200 °C range, indicating reversibly trapped hydrogen with
hydrogen contents of 4.26 and 4.98 wppm, respectively. Meanwhile, the
second peaks of two steels appear at temperatures between 350 and
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Fig. 6. IPF maps and KAM maps obtained from EBSD analysis on interrupted tensile test at strain of 83% for AHSS1 (a, b): uncharged, (c, d): H-charged.

Fig. 7. IPF maps and KAM maps obtained from EBSD analysis on interrupted tensile test at strain of 6% for AHSS2 (a, b): uncharged, (c, d): H-charged.

400 °C, corresponding to 0.21 and 0.13 wppm of irreversibly trapped
hydrogen after hydrogen charging of 30 mA/cm?, respectively. The
graphs show the second peak in AHSS2 with lower hydrogen intensity
than the second one in AHSS1. Furthermore, the third peak found in
both samples at 500 °C shows an irreversible hydrogen trapping site.
The hydrogen concentrations of third peak in AHSS1 and AHSS2 were
0.17 and 1.2 wppm, respectively. It is obvious that the intensity of the
third peak in AHSS2 is greater than that of the third one in AHSS1.

4. Discussion

In this study, in order to acquire understanding of the mechanisms of
hydrogen embrittlement and the effect of boron on mechanical char-
acteristics in the presence of hydrogen, AHSS1 (B=0%wt) and AHSS2
(B=2%wt) have been subjected to pre-charging and in-situ hydrogen
charging. The ductility of tensile samples and the fracture toughness of
both steels were significantly affected by hydrogen charging, Figs. 2, 5.

The level of property deterioration was a substantial function of
composition. The hydrogen embrittlement of steels could be caused by a
variety of processes, including as the creation of hydride, adsorption
induced dislocation emission (AIDE), the hydrogen enhanced decohe-
sion mechanism (HEDE), and the hydrogen enhanced local plasticity
model (HELP) [33,34]. This points to the importance of H in the mate-
rial’s microstructural development. The indentation test results
demonstrated a 5% and 7.5% decrease in fracture toughness after
hydrogen charging for AHSS1 and AHSS2, respectively (Figs. 3, 4 and 5).
Hydrogen diminishes the material’s atomic bonding, decreasing its
ductility and encouraging brittle fracture behavior. This can reduce the
material’s fracture resilience, making it more susceptible to sudden and
calamitous failure. It was reported [35] that fracture toughness was
measured using the indentation method following hydrogen
pre-charging of samples, and the results were in good agreement with
those measured using other common methods. Numerous studies [36,
37] additionally determined fracture toughness through the indentation
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Fig. 8. EBSD IPF map, phase map, KAM, and EDS map of cracked area of AHSS1 in the H; environment.

Fig. 9. EBSD IPF map, phase map, KAM, and EDS maps of cracked area of AHSS2 in the H; environment.

technique and reported a high degree of concordance between the re-
sults obtained using this method and those obtained using other prev-
alent techniques.

By shielding the elastic stress field created by dislocations, hydrogen
surrounding dislocations lowers their contact with impediments,
enabling dislocations to move under lower stress and facilitating

dislocation migration [38-40], as described by the hydrogen-enhanced
localized plasticity (HELP) mechanism. Therefore, during plastic
deformation, Hydrogen atoms inside grains would rapidly and contin-
ually migrate with dislocations to high-stress concentration areas like
fracture tips and grain boundaries, leading to a massive buildup of
hydrogen atoms at these regions, Figs. 6, 7. The hydrogen-enhanced
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Fig. 10. Hydrogen desorption curves of a) AHSS1, b) AHSS2 pre-charged at 10 mA/cm?, and ¢) AHSS1, d) AHSS2 pre-charged at 30 mA/cm?.

decohesion (HEDE) mechanism implies that hydrogen atoms weaken
atomic bonds, which in turn increases the possibility of cracking under
high stress concentrations caused by external forces, Figs. 8, 9. The
HEDE mechanism was raised to interpret the load relaxation and
intergranular failure caused by hydrogen. As shown in the Figs. 8, 9.
intergranular cracks in the presence of hydrogen are observed in two
steels. Similar findings have been reported in the literature [41,42].
These findings suggest that both HELP and HEDE mechanisms are the
causes of the delayed fracture of two steels. Motion dislocations move
hydrogen atoms inside grains, where they eventually aggregate on grain
borders and contribute to the localized stress concentrations that
develop at these locations. According to Martin et al. [43], hydrogen is
thought to accelerate the interaction and development of dislocations,
so that if hydrogen concentrations are high enough at grain boundaries,
the work hardening associated with hydrogen-enhanced plastic pro-
cesses would result in an increase in local deformation, which will cause
intergranular cracking when grain boundaries reach the fracture
strength, as can be seen in Figs. 8, 9. In a detailed analysis of the
hydrogen-induced quasi-cleavage facet in 22MnBs steel, Cho et al. [44]
showed that dislocation movement causes the quasi-cleavage fracture
mode. Increasing dislocation density efficiently strengthens the matrix
and produces high local stress, allowing hydrogen to accumulate at the
preceding austenite grain boundaries and lowering the cohesive energy
of the boundaries, Figs. 6, 7.

The findings under hydrogen charging revealed that the B content
addition to AHSS increased the susceptibility to HE. The HE properties of
steel would be clearly dependent on the microstructure, such as volume
fraction and morphology. The only difference between AHSS1 and
AHSS?2 is the boron content. In other words, the boride phase is present
in the morphology of AHSS2 as compared to AHSS1 as shown in Fig. 1. It

was reported that the second hard phase dispersed in the soft matrix
phase might influence fracture formation [45]. The plate-shaped M2B
phases stay elastic, whereas the soft grains yield during deformation and
near the crack tip. Internal stresses are increased at the y/plate-shaped
M;B interfaces due to plastic strain incompatibility [15]. As a conse-
quence, the interfaces decohere, and the crack growth route follows the
v/plate-shaped M5B interfaces, as illustrated in Fig. 9. In other words, it
was reported that the addition of boron led to the strain incompatibility
between the austenite grains and boride phases [15,18]. However,
hydrogen could enhance the localization of deformation and in-
compatibility at the austenite/M,B interface due to higher dislocation
density as shown in Fig. 9. This could be implied by HELP mechanism,
accelerating the nucleation of micro-voids. The plastic instability caused
by the occurrence of boride precipitates in the hydrogen-charged spec-
imen, leading to crack propagation. Consequently, it can be interpreted
that the greater susceptibility of AHSS2 to HE than in AHSS1 could be
attributed to boride precipitates (CryB phase) at the grain boundaries.
TDS provides information about trapping and is a mix of numerous
elements, making interpretation difficult, Fig. 10. Moreover, for pre-
cipitates, even minor changes in composition or the nature of their
interaction with the matrix can have a significant impact on their ability
to trap hydrogen. The first, second, and third peaks for two steels are
recognized to represent dislocations, austenite phase, and precipitates,
respectively, based on the experimental work given in this paper and
previous research [46]. There is a difference between the two steels in
the dislocation density and volume percentage of austenite. It seems that
AHSS1 had more dislocation than AHSS2, resulting in increased trap-
ping at these locations and hence a bigger TDS peak. On the other hand,
AHSSI1 had a larger proportion of austenite than AHSS2, indicating that
more hydrogen was trapped in the second peak. Another significant
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finding from the current research based on the combined microstructure
and TDS analysis is that the addition of boron and the presence of CryB
resulted in an increase in the amount of trapped hydrogen in third peak
for AHSS2. It is well known that dislocation is assigned to reversible
trapping of hydrogen, whereas, austenite and precipitates are believed
to irreversible trapping sites. It is evident from the obtained results that
the irreversible-to-reversible trap ratio of AHSS2 is higher than that of
AHSS1. Nonetheless, AHSS2 exhibited higher HE susceptibility than
AHSS1. Needless to emphasis the role of precipitates as an irreversible
trap in mitigating HE susceptibility [47]; However, crack initiation and
propagation were clearly surrounding precipitates (CraB and Crp3Cg) in
the presence of hydrogen, as shown in Figs. 8, 9. It can be concluded that
the competitive effects of precipitates in the presence of hydrogen and
the crucial role of precipitate type on the HE susceptibility need to be
further investigated.

the fracture behavior induced by hydrogen is heavily influenced by
the interplay between hydrogen and lattice defects, with particular
emphasis on the interaction between dislocations and hydrogen
[48-50]. The hydrogen charging significantly enhanced the dislocation
density in both steels (Figs. 6, 7), similar result has been reported in the
literature [51]. Dislocations were often anchored by precipitates and in
some areas after hydrogen charging; they were grouped in tangles to
create primitive cell structures [52]. Hydrogen accumulations are
crucial to failure, and it is likely that the increase in dislocation density
after hydrogen charging in the present study may be correlated to the
increase in strain in the strain field surrounding precipitates, providing a
local source of hydrogen [52]. Therefore, the difference in embrittle-
ment between AHSS1 and AHSS2 seems reasonable.

The Taylor factor mappings offer an approximation of the yield
response for each grain orientation ascertained by the EBSD scan con-
cerning the applied stress state direction [53]. Grains with a decreased
Taylor factor (indicated by the color blue) are deemed to possess
appropriate orientations for slip, whereas grains with a higher Taylor
factor (red color) are more challenging to deform plastically and may
serve as initiation sites for cracks. Consequently, the development of
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cracks and undesired fractures are expected [54]. Figs. 11 and 12 show
the Taylor factor maps of AHSS1 and AHSS2 samples following an
interrupted tensile test. The hydrogen-charged samples were found to
have a higher number of grains with a greater Taylor factor. The larger
proportion of high Taylor factor grains produced in the
hydrogen-charged specimen is highly susceptible to plastic instability,
promoting fracture propagation. Similarly, several studies [55,56] have
observed that grains with high Taylor factors are prone to crack
propagation.

Fig. 13. displays the Taylor factor images acquired via EBSD from
two locations where cracks occurred during tensile testing. The red re-
gion, which constitutes a significant portion, indicates the presence of
intense plastic deformation and a high density of dislocations, leading to
the formation of highly stressed grains that have a greater impact on
fracture development. The Taylor factor exhibits a uniform distribution
of damaged grains in both locations. Additionally, regions with a high
Taylor factor correspond to areas with a significantly elevated stored
energy in the specimens. While the plastic deformation resulting from
the tensile test was influenced by the Taylor factor analysis, the areas
that fractured exhibited more robust plastic behavior. The study’s
findings suggest that local high strain is prevalent near grain boundaries,
particularly in the vicinity of fractures. It is important to highlight that
greater misorientation is associated with a higher strain field. The Taylor
factor was observed to be larger in the locations where cracks occurred
(Fig. 13b, d), but many grains in non-cracked regions exhibited signs of
being well-suited for slip deformation. In non-cracked areas, significant
mismatches in Taylor factor values between neighboring grains were
identified as potential sites for the susceptibility of intergranular
cracking as a result of localized strain incompatibilities [57]. The find-
ings of the study demonstrate that significant local strain fields raise
either at or in proximity to grain boundaries as a result of dislocation
accumulation during plastic deformation. Cracks were observed in both
specimens near grains with high Taylor factor values, indicating fracture
nucleation and propagation due to increased internal stress/energy
caused by higher misorientation. The grains in the vicinity of the crack

Fig. 11. Taylor factor maps of interrupted tensile test at strain of 83% for AHSS1, a) uncharged, b) H-charged, c) Taylor factor values.
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Fig. 12. Taylor factor maps of interrupted tensile test at strain of 6% for AHSS2, a) uncharged, b) H-charged, c) Taylor factor values.

Fig. 13. SEM and distribution of Taylor factor maps in cracked areas after hydrogen charging: a, ¢) AHSS1, b, d) AHSS2.
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paths in both regions had high Taylor factors, implying that energy was
stored within the grains, and that additional straining resulted in
increased plastic straining. Intergranular fracture occurs when a crack
reaches a grain and spreads to the next high Taylor factor grain ac-
cording to loading direction and crystal orientation [58]. Furthermore,
fractures that propagated favorably along grains with high Taylor factor
exhibited a reduced resistance to crack growth.

5. Conclusions

In the current study, the hydrogen embrittlement of FeCCrNiBOSi
(AHSS1) and FeCCrNiB2Si (AHSS2) alloy systems has been evaluated
through the mechanical properties, EBSD analysis, and TDS curves. The
main conclusions are as follows:

1-Hydrogen charging deteriorated the mechanical properties of both
steels. The hydrogen embrittlement index (Iyg) was 14 and 32 for AHSS1
and AHSS2, respectively. In addition, fracture toughness estimated by
micro indentation reduced after hydrogen charging by 5% and 7.5% for
AHSS1 and AHSS2, respectively.

2- Hydrogen charging resulted in a rise in the density of dislocations,
thereby enhancing the local plasticity. In the other hand, the addition of
boron in AHSS resulted in an increase in plastic strain incompatibility at
the CroB/y interface, which cause interfaces decohesion and enhanced
the propagation of crack.

3-The Taylor factor analysis showed the hydrogen charged speci-
mens had higher volume fraction of grains with great Taylor factor value
compared to uncharged samples. Furthermore, it was found that grains
with a high amount of the Taylor factor were prone to the initiation and
propagation of cracks when exposed to hydrogen.

4- TDS analysis showed the dislocation as a reversible trap while the
austenite phase and precipitates were considered as an irreversible
hydrogen trapping site. In addition, the ratio of irreversible to reversible
traps was greater for AHSS2 than AHSS].
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