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Abstract

To balance good strength and ductility, Medium Mn steels have been considered as the new
generation materials used in automotives. However, they show delayed fracture, which is
thought to relate to hydrogen. Therefore, in order to understand their mechanical properties
with various hydrogen contents, it is very important to assess their safety. In this study, the
effect of hydrogen on the mechanical properties of several medium Mn steels (MMSs) with
different Mn content and treatments were investigated. For medium Mn steels, the stability of
the retained austenite (RA) was examined and the hydrogen permeation test was performed.
Austenite, as a barrier to hydrogen diffusion, leads to a tortuous diffusion path, which reduces
the diffusion rate of hydrogen in MMSs. Increasing the Mn content increases the volume

fraction of RA in the specimen. The stress-strain curves of MMSs were divided into three
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parts, determined by the stability and content of RA. Slow strain rate tensile tests with
hydrogen charging were performed to investigate the behaviour of hydrogen diffusion and the
mechanism of hydrogen embrittlement (HE). After the tests, the hydrogen content was
measured and the fracture surface was observed and analysed. The phenomenon of HE in
steels has been mainly explained based on the mechanisms of hydrogen-enhanced localised
plasticity (HELP), hydrogen-enhanced decohesion (HEDE), and hydrogen assisted micro
ovoid coalescence (HDMC). Due to the existence of hydrogen, fracture morphology changes
from ductile mode to brittle mode. It was also found that under the same strain rate, tensile
strength and elongation decrease gradually as hydrogen concentration increases, resulting in

final failure.

Key words:

Medium Mn steel; Hydrogen embrittlement; Fracture morphology

1. Introduction

Nowadays, in the automobile industry, weight reduction, energy saving and safety
improvement are urgently required. Over the past decades, automobile manufacturers have
mainly considered the cost, formability and corrosion resistance of advanced high strength
steels (AHSSs) with typically multiphase microstructures. Tensile strength and total
elongation (PSE) were called in to value the mechanical properties of AHSSs. Generally, dual
phase (DP), martensitic (MART) and transformation-induced plasticity (TRIP) steels are
referred to as the first generation AHSSs with a PSE of 10~20GPa*%, while
twinning-induced plasticity (TWIP) steels, austenitic steels and lightweight steels with
induced plasticity (L-IP) are referred to as the second generation AHSSs with a PSE of
50~70GPa*%. Compared with the first generation AHSSs, higher manufacturing costs and
alloying levels severely limited the use of second generation AHSSs. Thus, a third generation

AHSSs, with a better strength—ductility combination and lower cost, are urgently needed.
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Miller developed the medium Mn steel with 4~10wt% Mn [1]. Mn [1, 2] promotes austenite
formation and increases the volume fraction of retained austenite in medium Mn steel at room
temperature. Thus, the microstructure of medium Mn steel has a dual phase of ferrite and
austenite (typically 20~40 vol%). Due to its good combination of strength and elongation,
many scientists have investigated the deformation mechanism and mechanical properties of
medium Mn steel [3]. The areas of focus were the tensile behaviours and deformation [3],
intercritical annealing conditions [4, 5], fracture characterisation [6], alloying elements [7, 8],
the influence of the initial microstructure of o’ martensite before intercritical annealing [9-11]

and the warm ductility [4] of medium Mn steel.

Hydrogen in high strength steels and alloys has a most common effect, hydrogen
embrittlement (HE) [12-14]. Generally, the higher strength materials are more susceptible to
HE [15, 16]. It is defined as the process by which strength and ductility of a material can
reduced significantly by introduction of hydrogen atom when working on hydrogen
environment [16]. Factors which are responsible for susceptibility of materials for HE can be
concluded as the synergistic action of materials (nature and surface condition), stress
(residual stress and applied strain rate) and environment (concentration of hydrogen,
temperature, pressure and solution react with metals) [15, 17, 18]. Liu [19] has explained
hydrogen influence on DP, QP and TWIP steels. Depover [20] has investigated the effect of
hydrogen charging on the mechanical properties of TRIP, Ferrite Bainitic (FB), DP and High
Strength Low Alloy (HSLA) steels, and Han [21] has examined hydrogen embrittlement
under intercritically annealed conditions, while hydrogen redistribution under stress-induced

diffusion was investigated in structural steel [22].

Medium Mn steel, with various advantages such as excellent strength and ductility, is easily
vulnerable to hydrogen embrittlement (HE) [23]. Koyama[24] has reported that the HE
susceptibility of medium Mn steels is particularly sensitive to their chemical composition and
alloying elements, which affect the stacking fault energy (SFE), austenite phase stability and
associated hydrogen segregation on the phase, grain, and twin boundaries. These factors
affect micro-stress concentrations and the local diffusible hydrogen content, which acts on the
hydrogen-enhanced localised plasticity (HELP) effect [25], on hydrogen-enhanced
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decohesion (HEDE) [26], on adsorption-induced dislocation emission (AIDE) [27], on
hydrogen assisted micro void coalescence (HDMC) [16], as well as on hydrogen-enhanced
and strain-induced vacancies (HESIV) formation[28, 29]. Sometime combination of these

mechanisms is responsible for degradation and embrittlement of material.

Some researchers studied that the influence of hydrogen content on the tensile properties and
fracture modes could be classified into two cases in the high Mn steel [30]. The samples with
low diffusible hydrogen content (e.g. 0.33 wt.ppm) showed a ductile fracture while the
samples with relatively high diffusible hydrogen content (e.g.1.24 wt.ppm) showed an
intergranular fracture. Due to the effect of hydrogen, material became brittle and crack
growth happened due to dislocation emission or microvoid coalescence (MVC) [16]. From
this view, combination of both dislocation emission and MVC may be responsible for crack

growth and ultimately fracture happened in material.

The interaction of hydrogen content, applied stress and fracture morphology for medium Mn
steels, however, are rarely reported in the literatures. The study of fracture mode is required
for knowledge of how the crack can grow in the material and how the fracture can be
influenced due to the effect of hydrogen. Therefore, in this paper, we investigated
systematically the role of hydrogen in influencing the fracture surface and mechanical

properties of medium Mn steels.

2. Experiment Materials and Methods

2.1 Materials

The medium Mn steels (MMSs) thin plates were supplied by Baoshan Iron & Steel Co., Ltd.
In this study, the mechanical properties and hydrogen-induced cracking of medium Mn steels
were investigated. The main differences between the three kinds of manganese steel are the

Mn content and heat treatment process [31].

The heat treatment detail involved hot-rolled, intercritically batch-annealed and cold-rolled
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treatment. After steelmaking, the slabs were heated to 1473 K for two hours and hot-rolled in
a temperature of 1153 K. Intercritical batch annealing was conducted at 893 K for 12 hours.
The thickness for hot-rolled sheets was 2.8mm, consisting of austenite and ferrite. Then, the
sheets were pickled and cold-rolled to a thickness of 1.4mm and the thickness conduction
was 50pct. The cold-rolled medium Mn steel sheets were heated to 893 K and held for three
minutes and 12 hours. The annealing time is relevant to the continuous annealing and

batch-annealing processes respectively.

Table 1 lists the chemical composition of the material. The samples prepared in these two
annealing conditions are designated as “M7B”, “M7C” and “MI10B” respectively, ‘M’
referring to Mn, ‘7’ or ‘10’ meaning the content of Mn, ‘B’ denoting batch annealing and ‘C’
continuous annealing. Transmission electron microscope (TEM) and scanning electron

microscopy (SEM) were used to observe the microstructure and fracture morphology.

Table 1 Chemical composition in wt. % of MMSs

Material/element C Si Mn Cr Al Fe
M7B 0.14 0.23 7.16 0.077  0.055 balance
M7C 0.14 0.23 7.14 0.082  0.056 balance
M10B 0.15 0.17 1040  0.073 1.49  balance

2.2 Hydrogen permeation tests

A double electrolytic cell for hydrogen permeation test was used in this study to investigate
the diffusion behaviour of hydrogen in MMSs. In this work, the sample shape was designed
like a coin with a diameter of 20mm. Prior to the permeation test, the specimen was ground
with SiC paper up to 5,000 grits and, then, ultrasonically cleansed in acetone. In order to
avoid the corrosion or passivation of the sample in the solution, nickel coating is usually
required on the surface of the sample. The Ni electroplating solution is
250gNiS04-7H20+45gNiClo-6H,0+40gH3BO4/L with a current density of 10mA/cm? for 60s.
The hydrogen-charging solution in the charging side was 0.2molL™' NaOH + 0.22 gL'

thiourea (HoNCSNH) with SmAcm 2 charging current density at room temperature,
gimng y p
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approximately 25°C, while the solution in the escaping side was 0.2mol L' NaOH [22].

2.3 Slow strain rate tensile tests

Slow strain rate tensile tests (SSRT) have gradually become a classical method for studying
susceptibility to hydrogen embrittlement (HE), which can be determined by measuring the
fracture stress drop, the reduction of the area and the elongation of the material before and
after hydrogen charging [22]. The specimen of MMSs used in this study was designed
according to ASTM ES, shown in Figure 1. The tensile specimens were 1.5mm thick, and
their surfaces were wet-ground with SiC paper up to 2,000 grit, and then ultrasonically
cleansed in acetone and ethanol. The strain was recorded from the cross-head displacement.

The test strain rate was 1x10° s!,

36

Fig. 1 Schematic diagram of MMSs tensile specimen (dimensions in mm) [32]

For three kinds of MMSs, electrochemical hydrogen charging was implemented in
0.2molsL ! sulphuric acid (H2SO4) and 0.22 geL! thiourea solution with a current density of
ImAecm 2. The specimen was the cathode and the Pt wire was the anode. According to the
coefficient of hydrogen diffusion, hydrogen charging time is three hours, eight hours and 24
hours respectively, and hydrogen charging current density is ImA/cm?. Only the gauge part
of the sample was charged, because other parts were sealed by silica gel. Fracture
morphology was observed by a Qyanta FEG 450 scanning electron microscope (SEM), and

hydrogen concentration was measured by G4 Phoenix DH at 800 Celsius for 20 min.
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Diffusible Hydrogen Analyser G4 PHOENIX, utilising the carrier gas hot extraction method,
enables the rapid and automatic determination of diffusible hydrogen in a wide variety of
matrices. The analyser is equipped with a rapid heating (and cooling) infrared-heated
clamshell furnace (up to 900 Celsius). The quartz tube diameter of 30 mm enables the
analysis of large samples like steel sheet strips, as well as weld coupons according to ISO
3690 and AWS A4.3. 800 Celsius was set as the analysis temperature because it can make all
hydrogen in the sample escape. Analysis time depended on sample material, weight and

analysis temperature, typically 15-20 min.

3. Results and discussion

3.1 Microstructure and tensile behaviour

Fig. 2 presents TEM images of test steels. Due to the ultrafine grained size of test steel, we
use the TEM to observe the grain and phase structure more clearly. As is known, MMSs have
a dual phase of ferrite and retained austenite. The convex and concave parts of MMSs
represent ferrite and retained austenite respectively. M7B is uniformly distributed with
globular-shaped ferrite and retained austenite, with a grain size of about 1-3 pum. The
microstructure of M7C is mainly distributed with lath-shaped austenite and ferrite, which is
mainly due to incomplete annealing. Lengthy batch annealing leads to the recrystallisation of
martensite. When it reverts to austenite, long-strip austenite can be combined into block
austenite. Continuous annealing for 1-3 minutes can promote the transformation of

martensite to austenite, but its microstructure still retains the characteristics of lath martensite.
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Fig. 2 TEM micrographs of (a)M7B and(b) M7C
oL and yL are lath-shaped ferrite and retained austenite, o and yL are
globular-shaped ferrite and retained austenite.

The engineering stress-strain curve of the MMSs after different annealing processes was
shown in Fig. 3. The strain rate in air is 1x10™*s™!. The steels exhibit an excellent combination
of high strength and ductility; M7B for example measures 745MPa for yield stress, 1133MPa
for tensile strength and about 31.3% of total elongation. The product of tensile strength to
ductility for M7B is about 35.5 GPa%, for M7C 34.3 GPa% and for M10B 56.1GPa%, listed
in Table 2.

Table 2 Mechanical properties of three kinds of MMSs

Steel Yield Tensile Ductility =~ The product of TS and
stress/MPa strength/MPa 1% ductility/GPa+ %
M7B 745 1133 31.3% 35.5
M7C 1113 1130 30.4% 34.3
M10B 794 1403 40.0 % 56.1
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Fig. 3 Engineering stress-strain curves of MMSs

For M7B and M10B, the tensile curve consists of three parts: (1) the elastic strain stage; (2)
the stress dropping and yield stage, showing plastic instability; (3) the work hardening stage,
whereby stress increases alongside strain. The reasons are as follows: the Cottrell atmosphere
leads to stress concentration in the stretching process, and the deformation is not uniform in
order to form the yield platform. The stress relaxation mechanism of austenite leads to
martensite transformation and produces stress relaxation during the strain process. The stress
of M7C reaches a higher level at lower strain, its yield strength is much higher than M7B and
MI10B, and then the stress is reduced, showing no obvious hardening. This is due to the poor
stability of austenite in M7C, which has been transformed into martensite at lower strain

conditions in M7C.

Fig. 4 shows the fracture surface of the specimen after SSRT in air. Without necking in the
fracture, it shows that uniform deformation mainly occurs within the gauge part. In the
MMSs fracture, there are many parallel tear edges, delamination and the distribution of some
holes[33]. Some researchers reckoned that during the tensile process delamination was
caused by the initiation of micro-cracks at non-metallic inclusions in the ferrite belt, where
the micro-cracks combined together and finally forming delamination at the fracture [34].
Others believed that the delamination fracture appeared at half thickness of the cross section,
where stress exceeded yield strength to accelerate the occurrence of the crack source in the

-9 .
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half thickness of the cross section of the specimen during tension test [35]. It is shown that
metastable austenite reduces stress concentration of the interface by the phase transformation

during the tensile test [36]. The ferrite alleviates stress concentration at the crack tip to delay

crack propagation by deformation.

Fig. 4 SEM observation of fracture surfaces (a) (b) (¢) for M7B; (d) (e) (f) for M7C; (g)
(h) (i) for M10B

3.2 Stability of retained austenite

It has been mentioned that work hardening behaviour is closely related to the martensitic
transformation of retained austenite during the tensile process in MMSs. Thus, it is necessary
to study the mechanism of phase transformation and the stability of retained austenite during
uniaxial tension. The volume fraction of retained austenite (RA) under different plastic strain
was measured. Austenite was characterised by an FCC structure and ferrite by a BCC

structure [21]. X-ray diffraction can be used to determine the volume fraction of RA in

- 10 -
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MMS:s. Fig. 5 shows the XRD spectra of MMSs specimens before the tensile test. Based on
the integrated intensities of (200),, (220)y, (331),, (211)s and (200) , diffraction peaks, the
calculation of the volume fraction of retained austenite (RA) was performed using the
following Eq. (1):

V, =141 /(I,+1.41)) (1)

where I, is the mean integrated intensity of two ferrite diffraction peaks, (211)q and (200)q; Iy
is the mean integrated intensity of the three austenite diffraction peaks, (200)y, (220), and
(331),. Fig. 6 shows the volume fraction of RA for those samples with different pre-strain of
0 (as received), 5, 10 and 15%.

The stability of RA is expressed in terms of the law of martensitic transformation based
on the OC model [37], shown as Eq.(2):

K:_ln(fr/fr())
&

@)

where fio is the volume fraction of RA before strain and f; is the volume fraction of RA after
strain of €. K is the stability coefficient of RA. The smaller the K value is, the more stable the
RA.

(220)_1 (211),

(200),
(200)7 31 1)Y
s&—___/]\__"\_L -
M7C

M7B

L L L L L
40 50 60 70 80 90 100
20/(°)

Fig. 5 X-Ray diffraction profiles of MMSs
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Fig. 6 The volume fraction and stability of RA in MMSs

The solid line and dotted line refer to the volume fraction and stability of RA,

respectively.

According to the analysis of the stress strain curve in Fig. 3, pre-strain of 0-0.05
corresponds to the elastic stage and the initial yielding stage, when a large number of RA
with poor stability induces martensitic transformation in M7B and M7C. Pre-strain of 0.05—
0.10 corresponds to the yielding platform, when the deformation mainly depends on the
Liiders strain in the ferrite matrix. M7B and M10B induce obvious work hardening, and
martensitic transformation occurs to reduce local stress concentration as pre-strain continues
to increase, with the stability coefficient of RA increasing synchronously. Due to the poor

stability of austenite for M7C, no obvious work hardening was observed.

The volume fraction and stability of RA under different strain conditions was analysed and
calculated by XRD. The stress-strain curve of MMSs can be divided into three stages, which
depends on the content and stability of RA. After a short period of continuous annealing
treatment, the stability of austenite in M7C is poor, while it has obviously transformed at the
beginning of strain. Therefore, no obvious work hardening was observed on the nominal

stress — nominal strain curves. The stability of RA in M7B and M10B is relatively high.

- 12 -
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3.3 Hydrogen permeation

Fig. 7 is the hydrogen permeation curve of MMSs at room temperature. As can be seen from
the curve, the anode current will rise with the hydrogen charging process until a steady state
is reached. to.63 was the corresponding time of 1./1..=0.63 to calculate the diffusion coefficient
using the following formula:
LZ
6t0.63

D=

3)

The hydrogen diffusion coefficient of MMSs was shown in Table 3. It can be seen that the
apparent hydrogen diffusion coefficient of M7B and M7C is similar, but M10B is lower than

M7B and M7C by one order of magnitude.

4
— M7B
- = M17C
©  M10B
8 ‘

» =B
t/10° (s)
Fig. 7 Hydrogen permeation curves for MMSs

According to microstructure observation and XRD analysis, the main reason for the different
hydrogen diffusivity of MMSs is the different volume fraction of austenite. The micrograph
of MMSs is characterised by a dual phase consisting of ferrite and austenite. The rate of
hydrogen diffusion in ferrite is 4-5 orders of magnitude higher than that in austenite, while

hydrogen solubility in austenite is 2—3 orders of magnitude higher than that of ferrite.

- 13 -
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Austenite, as a barrier to hydrogen diffusion, leads to a tortuous diffusion path [38], which
reduces the diffusion rate of hydrogen in MMSs. The volume fraction of austenite in M10B is

higher than that of M7B and M7C.

Table 3 Details of D and to.¢3 for MMSs

Material ~ f9.63(S) L(cm) D(cm?/s)
M7B 88658 0.128 3.08x108
M7C 101538 0.132 2.86x108
MI10B 73167 0.044 0.441x10°8

3.4 Slow strain rate test with hydrogen charging

Fig. 8 shows the nominal stress — nominal strain curves of MMSs under various hydrogen
pre-charged condition. The strain is not measured with a local extensometer but from the
cross-head displacement [22]. Therefore, the slope of the linear part of the curve does not
correspond to the elastic modules of the steel. The elongation and fracture stress decreased
with the increasing time of hydrogen charge from 3 hours to 24 hours. Although the hydrogen
charging did not affect the work hardening behaviour much even when the hydrogen
embrittlement occurred [30]. For M7B and M10B, due to the presence of a yielding plateau in
the strain process, the H-charged samples did not undergo a work-hardening process during
the tensile test, with the relatively low fracture stress. The product of strength and elongation

decreases rapidly with the increase of hydrogen charging time and hydrogen concentration.

- 14 -
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Fig. 8 Stress-strain curves for MMSs under various pre-hydrogen charging SSRT
(a) M7B (b) M7C and (c) M10B

The detailed data after SSRT was shown in Table 4, including fracture stress, the loss of
ductility and hydrogen concentration. The loss of ductility, one kind of Embrittlement Index

representing the sensitivity of HE, can be calculated by the following formula[39].

8=l0_l

gy — &
0 A 100%
&o

loss of ductility =

Where  lo: the length of gauge part before SSRT; 1I’: the length of the gauge part after SSRT;
e: the ductility of the specimen; €o: the ductility of the specimen in air; eu: the ductility of the

specimen under hydrogen pre-charged condition;

Fracture stress and elongation as a function of hydrogen content was plotted in Fig 9. Under

- 15 -
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the same strain rate, fracture stress and ductility decrease gradually with the increase of
hydrogen concentration. At the same hydrogen pre-charged condition, as shown in Fig 9,
M7C always exhibits highest loss of ductility and the lowest loss of fracture stress among the
MMSs. Compared with the hydrogen-uncharged samples, 3-hour hydrogen-charged samples
saw a significant degradation of the elongation. So SEM fractographs of MMSs after 3-hour
hydrogen pre-charging SSRT were observed as shown in Fig 10. The initiation of cracking
and shear lip area of each specimen were observed at high magnifications, exhibiting a brittle
fracture mode and secondary cracks observed at the same time. The HE mechanism of MMSs

was explained by experimental results and fractograph observations below.

Table 4 Mechanical properties and hydrogen content of the MMSs after SSRT under

different pre-charged condition

The product of
. Loss of Hydrogen
. Fracture Ductility/ . TS and
Steel condition ductility/ . content/wpp
stress/MPa % ductility/GPae
% m
%
No charged 1133 313 0 35.5 0.15
Pre-charged
830 114 60.9 8.8 1.34
3 hours
M7B  Pre-charged
760 10.2 67.4 7.8 3.67
8 hours
Pre-charged
709 51 83.7 3.6 4.42
24 hours
No charged 1130 30.4 0 34.3 0.21
Pre-charged
1130 7.9 74.0 9.0 2.56
3 hours
Pre-charged
M7C 1047 6.2 79.6 6.5 4.51
8 hours
Pre-charged
1022 4.3 85.9 44 4.98
24 hours
No charged 1403 40.0 0 56.1 0.25
Pre-charged
798 12.7 68.3 10.1 3.1
3 hours
M10 Pre-charged
793 8.6 78.5 6.8 5.8
B 8 hours
Pre-charged
780 5.9 85.3 4.7 24.2

24 hours

- 16 -
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Fig. 9 Tensile strength and elongation as a function of hydrogen content for (a)

M7B (b) M7C and (c) M10B

For M7B and M10B, after a lengthy batch-annealing process, the grain is uniformly fine
without defects and internal stress, ensuring the adequate diffusion of Mn and C. Due to the
entry of diffusible hydrogen, as shown in Fig.9 (a) and (c), the fracture stress and elongation
exhibited sharp drop at a certain hydrogen content. This certain content of hydrogen was
named ‘critical hydrogen concentration’, making the fracture transition from ductile
dominated fracture mode into brittle mode. The critical hydrogen concentration for M7B and
MI10B, in this study, is 1.34 wppm and 3.10 wppm respectively. The samples after
hydrogen-charging shown different fracture surface compared with no hydrogen-charging
samples. Compared with Fig.4, fracture surface is smooth without delamination for M7B and
MI10B in Fig.10 (a) and (i), while obvious delamination for M7C shown in Fig.10 (e). The

reason is that the occurrence of delamination is associated with the applied stress exceeding
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yield strength. But for M7B and M10B, the fracture stress is not big enough to occur plastic
deformation degraded by the entry of more hydrogen. According to HEDE mechanism,
hydrogen atoms diffuse inwards and enrich at grain boundaries of austenite and decrease the
cohesive strength of material at crack tip to form continuous weak bond zone and

intergranular fracture occurs in M7B and M10B [16], shown in Fig.10 (¢) (d) and (k) (1).

M7C shows different fracture mode from M7B and M10B due to different heat treatment and
hydrogen behaviour in material. The various fracture modes, for example, intergranular,
quasi-cleavage and dimple might be seen depending on the hydrogen concentration,
microstructure and stress intensity of crack tip [16]. The distributed lath-shaped austenite had
relatively low stability and it would deformed and transformed into martensite at lower strain
condition in M7C. As shown in Fig.3 and Fig.§, the stress of M7C reaches a higher level at
‘lower strain than that of M7B and M10B whether hydrogen-charging or not. Meanwhile, the
yield strength is close to tensile strength. The fracture stress of M7C did not decrease as
sharply as that of M7B and M10B after hydrogen-charging process, in Fig.9 (b). Under the
circumstances, stress has a dominated effect in fracture modes, consistent with discussion
about delamination occurring at stress concentration. It is generally acknowledged that the
delamination is the result of the coalescence of micro-cracks induced by stress. According to
red box Fig.10 (b) (f) (g), the amount of micro-cracks in M7C is much higher than that in
M7B and M10B. That explains that the delamination fracture appeared at half thickness of
cross-section in Fig.10 (e) and disappeared in Fig.10 (a) and (i). By fractography examination
of M7C after SSRT, shown in Fig.10 (h), it was concluded that the fracture showed the brittle
fracture mode at the edge of the specimen and ductile mode characterized with dimples in the
centre of the specimen. According to the adsorption-induced dislocation emission (AIDE) and
hydrogen assisted micro void coalescence (HDMC) mechanisms, the mixed fracture mode in
M7C after SSRT might be cause by the combination of hydrogen content and stress intensity
of crack tip. Firstly, hydrogen atoms are adsorbed at the region of stress concentration and
results in facilitating dislocation injection from a crack tip and then crack growth and

formation of microviods by HELP. The micro-cracks initiation and propagation happened
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after the joining of microvoids, as shown in Fig.10 (f). The micro-void coalescence dimple
produced due to the effect of hydrogen but they possess poor ductility. Final fracture occurs
due to shear stress so shear dimple presented, shown in Fig.10 (h). Brittle intergranular

fracture can be seen in Fig.10 (g) at the edge of the specimen due to the effect of hydrogen.

(a)
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Fig.10 Fracture surfaces of MMSs under 3-hour hydrogen pre-charging SSRT: (a)
the whole fracture surface of M7B;(b) (d) magnified image of the part marked in (a); (¢)
magnified image of the part marked in (b);(e) the whole fracture surface of M7C;(f) (h)

magnified image of the part marked in (e) and (g) magnified image of the part marked
in (f);(i) the whole fracture surface of M10B;(j) (1) magnified image of the part marked
in (i) and (k) magnified image of the part marked in (j);
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Retained austenite, as a strong hydrogen trap in MMSs, forces hydrogen to diffuse to the
boundary of ferrite and austenite or the interior of austenite. Austenite transforms into
martensite during plastic deformation induced by stress. The dissolved hydrogen in austenite
would diffuse into the stress concentration position of the matrix and promote the initiation of
a microcrack [34]. The fracture propagated quickly with the increase of stress. Observing the
fracture, it is found that some dimples filled with grains were generated by intergranular
cracking occurring along the boundaries of RA grains or the boundary of the dual phase. The
dissolved H in austenite diffuses to the interface during phase transformation, thus reducing
the cohesive bonding force between grains. Also, stress concentration at the crack leads to
intergranular cracking, which can be explained by the HEDE mechanism. The empty dimples
were generated by intragranular cracking occurring at grain boundaries. Hydrogen leads to
local deformation by facilitating dislocation emission, causing stress concentration in the

crack tip, showing the empty dimple in the fracture morphology.

4. Conclusions

In this paper, the effect of hydrogen concentration on the mechanical properties and fracture
behaviour and the interpretation of different HE mechanisms of medium Mn steels (M7B,
M7C, M10B) were studied through the hydrogen permeation test and slow strain rate tensile

test after hydrogen-charging. The conclusions drawn from this work include the following:

(1) Due to the different heat treatment conditions, the grain size of M7B and MI10B is
relatively uniform, with a size of 1-3 pum, and the microstructure of M7C retains long
strip characteristics. The increase of Mn content increases the volume fraction of RA in
the specimen, resulting in a higher fraction of RA in M10B than in M7B and M7C. After
a short period of continuous annealing treatment, the stability of austenite in M7C is poor,
clearly changing at the beginning of strain. Therefore, the yield strength of M7C is much
higher than that of M7B, and there is no work-hardening stage on the stress-strain curve.

The RA in M7B and MI10B is relatively stable and undergoes a continuous
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work-hardening process after the yielding platform.

Austenite content has a decisive influence on hydrogen diffusion rate. As the volume
fraction of austenite in M10B is two times that of M7B and M7C, austenite, as a block to

hydrogen diffusion, decreases the diffusion rate of hydrogen.

If hydrogen content is more than the critical level of hydrogen which is known as critical
hydrogen concentration (Hc), then HE happened in material and seriousness of HE is
depend on the amount of hydrogen concentration. The Hc of M7B and M10B was

provided based on this study.

The fracture morphology was determined by the combination effect of hydrogen content
and applied stress. For M7B and M10B, hydrogen plays a dominated role in determining
the brittle fracture after three-hour hydrogen-charging, while the fracture in M7C showed
the mixed fracture mode determined by the synergistic action of hydrogen content and

stress.

The variety of mechanisms are available and responsible for HE of a material such as
HEDE, HELP, AIDE and HDMC. The HE in M7B and M10B can be explained by HEDE
mechanism. More than one mechanisms are responsible for degradation and
embrittlement of material. To reduce HE phenomena and interpret it clearly, selection of a
material is very much important. Even in the same material, the HE mechanism could be
different regarding to the region. The fracture surface of M7C showed mixed modes with
brittle edge and ductile centre. Still the actual mechanism which causes embrittlement
occurs in a material is unclear and research will be going on to identify the main

embrittlement causes of a material.
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