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a  b  s  t  r  a  c  t

This paper discusses the avoidance of hydrogen embrittlement (HE) in a medium man-

ganese stainless steel X20CrNiMnVN18-5-10. We  adopted a HE-mitigation strategy that relies

on  improving its intrinsic resistance to hydrogen by adjusting an ultrafine microstructure

(∼1.3 �m) containing a significant amount of nano-sized V- and Cr-based precipitates in the

size  range of 20 - ≥200 nm. The precipitation state was characterized using a high-resolution

scanning transmission electron microscope. Slow strain rate tests at a strain rate of 10−6 s−1

were conducted on specimens with/without hydrogen pre-charging to evaluate the HE

susceptibility. Thermal desorption analysis was applied to explore the hydrogen trapping

behavior in cold-rolled, annealed and hydrogen pre-charged states. Hydrogen uptake and

hydrogen desorption behaviors show a dependence on the size of precipitates. It is remarked

that the large precipitates trap a larger amount of hydrogen and show a higher temperature

desorption peak than the small precipitates do. The high-temperature hydrogen desorp-

tion  peaks (>400 ◦C) indicate that the observed nano-sized precipitates provide irreversible

trapping sites, where hydrogen uptake occurs. The investigated steel X20CrNiMnVN18-5-10

demonstrates an enhanced intrinsic resistance to HE in comparison to medium and high

manganese as well as stainless steels. The findings suggest that microstructure engineer-

ing  with sufficient number of hydrogen traps in an ultrafine-grained microstructure is an

appropriate HE mitigation strategy that allows designing hydrogen-resistant advanced high
strength steels.
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.  Introduction

n recent years, high manganese steels (HMnS) with austenitic
icrostructure have attracted much research interests due

o their excellent combination of strength and formability
ver other single phase or multi-phase structural steels [1,2].
heir extraordinary formability makes them promising candi-
ates as cold deformable material in the design of light-weight
tructural applications. Such exceptional strength and forma-
ility properties of HMnS are attained through transformation

nduced plasticity (i.e. martensitic transformations) and/or
winning induced plasticity (TWIP) effects, which can be con-
rolled by the intrinsic factor of stacking fault energy (SFE)
1,3]. Although the formation of martensite and twins enables
chieving a high work hardening rate for HMnS, it can lead to
ocal inhomogeneity [4,5] that significantly increases their sus-
eptibility to hydrogen embrittlement (HE) [3,5]. Consequently,
his limits the ultimate utilization of their excellent formabil-
ty in service environment.

Several studies have been dedicated to improve the rela-
ively poor wet corrosion resistance of HMnS resulting from
he high dissolution rate of Mn [6] by utilizing various addi-
ions of alloying elements such as Al and Cr [7–10]. Nitrogen
as demonstrated as an effective element in raising the pit-

ing corrosion resistance [11,12]. Furthermore, it significantly
tabilizes austenite phase allowing the tuning of alloy design
f HMnS by partial substitution of Mn  and C in HMnS, and
imilarly in alloy design of stainless steel by reducing Ni and

 contents [12–18]. Consequently, the development of Fe-Cr-
n-N TWIP stainless steels have recently received a great

ttention, since they have the potential to maintain the excep-
ional mechanical properties of HMnS along with enhanced
orrosion resistance of stainless steels [14]. The addition of Mn
nd N stabilizes the austenite phase, however, adding Cr to the
ystem stabilizes austenite phase at lower N contents, and sta-
ilizes h.c.p. phase at higher N content. This was explained by
he thermodynamic description of h.c.p. phase as Cr2N nitride
15].

Regarding the HE in HMnS, several investigations have been
onducted to understand its behavior with respect to alloy
esign, stress states, and microstructural features [3–5,19,20].
he high solubility of diffusive hydrogen in the austenite
icrostructure and hydrogen enrichment at stress concen-

rated regions are found to be the major factors that lead
o poor HE resistance. These stress concentrated regions are
nduced by the twin-twin or twin-grain boundary intersec-
ions [20,21], segregations or unfavorable inclusions at grain
oundaries [22]. Among the suggested methodologies to alle-
iate HE in HMnS are addition of substitutional alloying
lements such as Al and Cu, grain refinement, or introduc-
ng hydrogen traps. Al and Cu, were found to be effective in
aising the SFE and in suppressing the formation of defor-

ation twins [2,20,23–25]. Moreover, the improved corrosion
esistance due to the passivation effect by Al and Cu lim-
ts the hydrogen ingression and enhances the HE resistance
7,19]. The suppression of deformation twins and the result-

ng stress localization by grain refinement has been proven to
e effective in enhancing the HE behavior [26,27]. The grain
efinement in HMnS was demonstrated by utilizing various
9(x  x):13524–13538 13525

micro-alloying elements such as V, Nb and Ti to control the
grain size through precipitation-induced grain boundary pin-
ning effect [1]. In addition to the indirect role of precipitates in
improving HE behavior (due to grain refinement), their direct
role as hydrogen traps is still a matter of research [28–30].
The role of k-carbides as hydrogen trapping sites in HMnS
was investigated [31]. Moreover, the Cr-based and V-based pre-
cipitates were reported to act as traps for mobile hydrogen
and consequently can reduced the susceptibility to HE in high
strength ferritic and martensitic steels [32–36]. It was found
that the hydrogen trap ability depends on type and coherency
of the precipitates to the matrix as well as their surface area
[34,36].

In spite of the developments to improve the material-
related issues of HMnS such as low yield strength and poor
corrosion and HE behaviors, the technological challenges
related to their processing limit their applications. Recently,
there has been a growing academic and industrial interest
in medium manganese steels (MMnS) due to their excellent
mechanical properties and reduced production costs com-
pared to HMnS [37–40]. Furthermore, medium manganese
stainless steels (MMnSS) with austenitic microstructures have
been developed utilizing the various alloy design considera-
tions namely, grain refinement, precipitation hardening, TWIP
effect, and pitting and corrosion resistance. Hamada et al.
[41] designed a 8Mn-16Cr-3Ni-Mo-V-N austenitic steel and
demonstrated its excellent yield, tensile strengths and elon-
gation of 700 MPa, 1100 MPa and 30 % respectively. In a further
study [42], they investigated the effect of low and high Si con-
tent on the hot formability of X20CrNiMn(Si)VN18-5-10 steels.
Most recently, Allam et al. [43] demonstrated the enhanced
mechanical and corrosion properties of X20CrNiMnVN18-5-
10 steel by adjusting an ultrafine grain microstructure with a
significant amount of nano-precipitates. However, the impact
of the nano-precipitates on the HE behavior of this newly
developed X20CrNiMnVN18-5-10 MMnSS grade has not been
reported yet. Hence, the current study introduces a compre-
hensive characterization of the hydrogen trapping behavior
in the presence of a significant amount of nano-precipitates
using the thermal desorption spectrometry (TDS). The HE sus-
ceptibility of the X20CrNiMnVN18-5-10 steel was investigated
by performing slow strain rate tests (SSRT) under different
hydrogen charging conditions and was compared with those
of conventional TWIP and stainless reference steels. The sus-
ceptibility to HE and the hydrogen trapping behavior of the
X20CrNiMnVN18-5-10 MMnSS were further discussed with
respect to the nanoprecipitation state characterized using
high-resolution scanning transmission electron microscope
(STEM).

2.  Material  and  methods

2.1.  Materials

The investigated steel X20CrNiMnVN18-5-10 was produced

through induction melting and ingot casting processes.
A 50 Kg melt was casted in ingots of 170 × 160 × 60 mm3.
The ingots were homogenized at 1200 ◦C for 4 h and hot-
forged down to 12 mm thick slabs, which were further
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Fig. 1 – Laboratory processing route of the investigated steel X20CrNiMnVN18-5-10.

Table 1 – Chemical composition in wt.% of the X20CrNiMnVN18-5-10 steel.

Materials C Si Mn P S Cr Ni V N

X20CrNiMnVN18-5-10 0.17 0.43 10.4 0.014 0.009 17.7 4.7 0.9 0.267

Fig. 2 – Electron backscatter diffraction (EBSD) analysis of the X20CrNiMnVN18-5-10 steel after recrystallization annealing at
1000 ◦C for 3 min. (a) Inverse pole figure in the rolling direction (RD). (b) Phase fraction map.  c) Grain size distribution profile.

Reproduced from [43].

hot and cold rolled to a final thickness of 1.5 mm as
illustrated in Fig. 1. The chemical composition was mea-
sured by optical emission spectrometer and is listed in
Table 1.

The required specimens were manufactured from the cold-
rolled sheets and subjected to a recrystallization annealing
heat treatment at 1000 ◦C for 3 min. The applied heat treat-
ment was adopted from a previous study [43] to adjust
an ultrafine recrystallized austenitic microstructure with a
significant amount of precipitates. The initial as-annealed

microstructure and the corresponding grain size distribu-
tion are depicted in Fig. 2, which shows a fully recrystallized
austenite grains with a random orientation relationship and
an average grain size of 1.3 �m.
2.2.  Characterization  of  size  and  chemical  composition
of the  different  precipitates

Carbon extraction replica method was applied to prepare
the electron transparent specimens required for character-
izing the state of precipitates in the as-annealed condition.
The bright field images of the extracted precipitates were
captured using a FEI Tecnai F20 transmission electron micro-
scope (TEM) operated at 200 kV [44]. Furthermore, a detailed
analysis of size distribution and chemical composition of

the different precipitates was performed through high angle
annular dark field (HAADF) imaging and energy disper-
sive X-ray (EDX) spectral mapping, respectively, using a FEI
Titan G2 80–200 high-resolution Cs probe corrected scan-
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Fig. 3 – STEM HAADF images and the corresponding EDX-spectral maps of the carbide and nitro-carbide precipitates
extracted from the bulk annealed X20CrNiMnVN18-5-10 steel on the carbon-supported TEM replicas. (a) a representative
HAADF micrograph of the all precipitates. (b), (c) and (d) represent HAADF micrographs of the white rectangles in (a), (b) and
(c) at high magnification, respectively. (b1), (c1) and (d1) are the EDX-spectral maps of the corresponding HAADF
micrographs. The blue circles show the large Fe-rich Cr(C) precipitates ∼200 nm.  The yellow circles represent the largest
Cr-rich V(N,C) precipitates >200 nm.  Light-green circles refer to Cr-rich V(N) and V-rich Cr(N) with an average size of
∼ ipita

n
2
p
t
s
i
i

100 nm.  The red circles show the smallest Cr-rich V(N) prec

ing transmission electron microscope (STEM) operated at
00 kV [45]. With the help of ESPRIT software of Bruker Com-
any the acquired EDX spectral maps were analyzed, while
he size of the precipitates was measured using Image  J®
oftware on the HAADF STEM micrographs of an arbitrar-
ly selected areas of extraction replicas (each of 6 �m × 6 �m
n size).
tes of ∼20 nm.

2.3.  Galvano-static  hydrogen  charging

Diffusive hydrogen was introduced into the specimens by
electrochemical charging in 0.05 M H2SO4 at a constant cur-

rent density of 5 mA/cm2 and a temperature of 40 ◦C for 24 h.
1.4 g/l CH4N2S was added to the charging solution to suppress
the re-combination of H atom into H2 and to promote the
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Table 2 – The size and chemical composition analysis of the identified precipitates using EDX spectral maps in STEM.

Precipitation period Size group Precipitate type Relative contents of alloying elements in at. %
without C

Avg. diam. (nm) Calculated Experimental V Cr Fe N
ThermoCalc [43] STEM/EDX maps

During casting and
rolling

(G–I) ≥200 MN Cr-rich V(N,C) 50−55 10 <0.5 34−40
M23C6 Fe-rich Cr(C) 3−6 70−75 20−24 0

During
anneal-
ing

(G–II)
∼100

M2N V-rich Cr(N) 20−30 37−55 1−4 10−30
MN Cr-rich V

(G–III) ∼20 MN Cr-rich V

Fig. 4 – Size distribution analysis of the observed
precipitates showing the frequency of different size groups

and corresponding cumulative fraction.

hydrogen ingression. Before charging, the specimen surfaces
were mechanically grinded up to grit 1200 and subsequently
polished using 6 �m polishing clothes. After charging, the
specimens were ultrasonic cleaned and stored in liquid N2 for
further hydrogen measurement or mechanical testing.

2.4.  Slow  strain  rate  tests

The susceptibility to hydrogen embrittlement was investi-
gated by performing slow strain rate tests (SSRT). Annealed
specimens with and without pre-charging are tested in SSRT.
The pre-charged specimens were tested in a cleaned and a
dried state immediately after their removal out of the liquid N2

storage. A constant extension machine (Company Fritz) was
used to carry out the SSRT at a strain rate of 10−6 s−1 until
fracture. The applied specimens (3 for each conditions) were
manufactured in the rolling direction with a gauge length of
25 mm,  width of 5 mm and a thickness of 1.5 mm.

2.5.  Hydrogen  measurements

The thermal desorption spectrometry (TDS) was utilized to
study the hydrogen trapping behavior using TDS-System
Bruker Galileo 8. The TDS measurements were conducted

on specimens in different conditions, namely, cold-rolled,
annealed and pre-charged (in annealed condition) states.
The corresponding hydrogen desorption rate curve for each
state was recorded during heating at a constant heating rate
(N) 43−46 8−9 <0.5 45−48
(N) 40−60 6−14 «0.5 40−50

of 20 ◦C/min from room temperature to 800 ◦C for the pre-
charged state and to 900 ◦C for the cold-rolled and annealed
states. The desorption peaks were further fitted using Origin®

according to the Lorentzian peak function to analyze and fit
the different diffusive/trapping hydrogen desorption peaks.

2.6.  Characterization  of  fracture  surfaces

The influence of hydrogen pre-charging on the fracture
characteristics was investigated by examining the fracture
surfaces of the SSRT specimens using a Zeiss Sigma field emis-
sion scanning electron microscopy (FE-SEM) at an operating
voltage of 15 kV.

3.  Results

3.1.  Characterization  of  the  precipitation  state

Understanding the hydrogen trapping behavior in the
X20CrNiMnVN18-5-10 steel requires a detailed identification
of the existing precipitates. The TEM-observations demon-
strated the presence of various precipitates with different
sizes and chemical compositions. In general, they can be clas-
sified into three distinguished groups based on the size: (G-I)
largest precipitates with an average diameter of ≥200 nm,  (G-
I I) relatively large precipitates with an average diameter of
about 100 nm and (G-I II) that represents the smallest pre-
cipitates with an average diameter of 20 nm.  In Fig. 3, the
STEM HAADF micrographs and the corresponding EDX spec-
tral maps of the precipitates extracted from the bulk material
on carbon-supported TEM replicas. Fig. 3a shows a represen-
tative HAADF micrograph of the replica area where the three
precipitate groups were observed. The regions inside the white
rectangles in Fig. 3a, b and c are represented in higher magnifi-
cations in Fig. 3b, c and d, respectively. The columns of images
in Fig. 3b1, c1 and d1 depict the corresponding EDX  maps of
the above HAADF micrographs in Fig. 3b, c and d, respectively.

The chemical compositions of the precipitates, identi-
fied with STEM/EDX analysis of the extraction replicas, are
summarized in Table 2, which additionally provides the
corresponding size group, formation stage and the thermody-
namically calculated types of precipitates. The given chemical
compositions represent the relative ratios of the atomic con-

tent for the respective elements without considering carbon.
The carbon content was omitted during the analysis, since the
signal from the background with carbon replica of an irregular
thickness influences the accuracy of the carbon content.
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Fig. 5 – (a) Thermal desorption spectroscopy (TDS) curves without hydrogen charging for the cold-rolled and annealed
states. (b) and (c) corresponding peak fitting analysis according to Lorentzian peak function for the cold-rolled and annealed
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tates, respectively.

The observations from STEM/EDX maps and the cor-
esponding chemical analysis confirmed the formation of
N-type precipitates in the form of Cr-rich V(N,C) with a large

verage size of >200 nm (yellow circles below Fig. 2b1) and Cr-
ich V(N) with a very small average size ∼20 nm (red circles
n Fig. 2d1). The Fe-rich Cr(C) that corresponds to M23C6-type
as found only with a large average size of ∼ 200 nm (blue

ircles in Figure 2b1). Furthermore, the thermodynamically
nstable M2N-type (at 1000 ◦C) was observed in the form of
-rich Cr(N) besides, the Cr-rich Vr(N) with a relatively large
verage size of 100 nm (light-green circles in Fig. 2c1). The
ize distribution analysis of the observed precipitates is repre-
ented in Fig. 4. It is clear that more  than 50% of all precipitates
s ≤ 20 nm in size, whereas the large precipitates with sizes of
200 nm resemble a small relative fraction of around 2% of all
recipitates.

.2.  Hydrogen  trapping  behavior

.2.1.  Thermal  desorption  spectroscopy  without  hydrogen
re-charging
ig. 5a shows the TDS curves (hydrogen desorption rate

gainst temperature) in the cold-rolled and annealed states.
hese curves were obtained for corresponding specimens
ithout hydrogen pre-charging. For the cold-rolled state, the
DS curve starts showing a visible increase in the hydrogen
desorption rate at temperatures higher than 700 ◦C repre-
sented in a single broad peak near 800 ◦C. However, the TDS
curve of the annealed state indicates three distinguished
broad peaks over a wide temperature range, which become
prominent at temperatures above 400 ◦C. In general, for the
two states without hydrogen pre-charging, the visible desorp-
tion peaks account for the irreversibly trapped hydrogen at
various groups of precipitates of different sizes.

To explore the hydrogen trapping behavior and to identify
the different hydrogen irreversible traps in X20CrNiMnVN18-
5-10 steel, peak fit analysis was further performed on the
obtained TDS curves. The fitted TDS curves for both cold-rolled
and annealed states are shown in Fig. 5b and c, respectively.
Two separate peaks appear for the cold-rolled state, which
are arising out of the hydrogen desorption at 790 and 851 ◦C
and accounting for a total hydrogen content of approximately
1.68 ppm trapped by G-I of the precipitates. The TDS  curves of
the annealed state is deconvoluted in five peaks as depicted in
Fig. 5c. All of the hydrogen desorption peaks are fitted in the
high temperature range (400–800 ◦C), and they correspond to
a total hydrogen content of approximately 11.13 ppm trapped
by all groups of the precipitates. The trapped hydrogen by
the largest size precipitates (G-I ≥200 that formed during pro-

duction) is desorbed in the high temperature range at 769 ◦C
(peak 4) and 811 ◦C (peak 5) similar to that is observed in the
cold-rolled state. Interestingly, the precipitates formed dur-
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Table 3 – A summary of the hydrogen contents, which are calculated from fitted peaks of the obtained thermal desorption spectroscopy curves for the cold-rolled,
annealed and pre-charged states.

State Diffusive H [ppm] Trapped H [ppm] desorbed at different T [◦C] Total diffusive H [ppm] Total H [ppm]

Reversible Irreversible

Lattice defects G–III ∼ 20 nm G–II ∼ 100 nm G–I ≥200 nm

H T H T H T H T H T H T H T

Cold-rolled – – – – – – – – – – 1.10 790 0.58 851 – 1.68
Annealed – – – – 1.74 440 0.88 558 1.81 650 3.24 769 3.46 811 – 11.13
Pre-charged* 11.5 260 0.83 371 1.94 443 6.99 609 0.38 770 – – – – 11.50 21.64

∗ The hydrogen desorption rate curve was recorded from room temperature up to 800 ◦C.
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Fig. 6 – Thermal desorption spectroscopy curves of the
pre-charged state after testing in SSRT with peak fitting
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X20CrNiMnVN18-5-10 steel was evaluated by means of

F
a
c

nalysis according to Lorentzian peak function.

ng annealing and represented by relatively large precipitates
G-I I ∼ 100 nm)  and small precipitates (G-I II ∼ 20 nm)  are
eleasing hydrogen at relatively lower temperatures. It is to
e additionally remarked that the amount of desorbed hydro-
en from G-I precipitates in the annealed state (∼6.7 ppm) is
arger than its counterpart in the cold-rolled state. The aver-
ge hydrogen contents associated with the fitted peaks for all
he cold-rolled, annealed and pre-charged states as well are
ummarized in Table 3.

.2.2.  Thermal  desorption  spectroscopy  with  hydrogen
re-charging
he hydrogen desorption behavior for the pre-charged state
as analyzed based on the thermal desorption spectra

ecorded during heating at a constant heating rate of 20 ◦C/min
rom room temperature up to 800 ◦C. The resultant TDS curve
nd the corresponding peak fit analysis are superimposed and
epresented in Fig. 6. In contrary to the uncharged states repre-

ented in the previous section, the pre-charged state shows a
rominently large peak at relatively low temperature of 260 ◦C,
hich is regarded as a diffusive hydrogen peak.

ig. 7 – Susceptibility of X20CrNiMnVN18-5-10 steel to hydrogen
nnealed and pre-charged states. (a) stress-strain curves recorde
orresponding mechanical strength and ductility values.
9(x  x):13524–13538 13531

The superimposed peak fit analysis indicates the presence
of 5 desorption peaks until 800 ◦C. The prominent peak at
260 ◦C accounts for a total diffusive hydrogen of 11.50 ppm.
A further hydrogen desorption peak is identified within the
relatively low temperature range at 371 ◦C, which represents
the reversibly trapped hydrogen with a hydrogen content
of 0.83 ppm. The diffusive and reversibly trapped hydrogen
can be desorbed at low temperature intervals (of 260 and
371 ◦C, respectively), if located at the lattice defects of low
hydrogen desorption energies, such as interstitials, disloca-
tions and grain boundaries. On the contrary, the irreversibly
trapped hydrogen shows its desorption peaks at higher tem-
perature intervals of 443, 609 and 770 ◦C, as this irreversible
hydrogen is captured at the sites of relatively high desorp-
tion energies, such as the different size-groups of precipitates
found in the investigated material. The third peak, observed
at 443 ◦C, is attributable to the hydrogen desorbed from the
smallest size-group of precipitates G-I II (∼20 nm)  of around
1.94 ppm. Up to 800 ◦C, additional two peaks are fitted at 609
and 770 ◦C and they supposedly account for the hydrogen
released from the relatively large-size precipitates G-I I (∼
100 nm)  of 7.37 ppm. Accordingly, the total irreversibly trapped
hydrogen by G-I I and G-I II of precipitates in the pre-charged
state was calculated to be 9.31 ppm, while the total hydrogen
content desorbed during heating up to 800 ◦C is analyzed to be
21.64 ppm. Based on the analysis of TDS curve and the hydro-
gen contents listed in Table 3, It is readily discernible that
the desorbed hydrogen from G-I II precipitates in pre-charged
state (1.94 ppm) is not significantly higher than that desorbed
from the same precipitates in the annealed state (1.74 ppm).
Whereas, the hydrogen desorbed from G-I I precipitates in the
pre-charged state (7.37 ppm) is considerably higher than that
in the annealed state (2.69 ppm).

3.3.  Susceptibility  to  hydrogen  embrittlement

The susceptibility to hydrogen embrittlement of
SSRT applied at a strain rate of 10−6 s−1. Fig. 7a shows the
recorded stress-strain curves for the annealed and pre-
charged states. The susceptibility to hydrogen embrittlement

 embrittlement evaluated by slow strain rate tests (SSRT) in
d at strain rate of 10−6 s−1. (b) bar chart for the
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Fig. 8 – FE-SEM micrographs of the fracture surfaces for annealed and pre-charged states. (a-a2) and (b-b2) different regions
ged s
of fractures surface for the annealed and hydrogen pre-char

represented by the changes in yield strength (YS), ultimate
tensile strength (UTS) and uniform elongation (Au) is shown
as bar chart in Fig. 7b. A relatively remarkable reduction in Au
value can be observed for the pre-charged state containing
a significant amount of diffusive hydrogen (11.5 ppm), as
it decreases from 38.6% in the annealed state to 25.7 %.
With respect to strength level, the annealed state exhibits
a YS and an ultimate UTS of 616 and 944 MPa,  respec-
tively. In spite of the large amount of diffusive hydrogen,
the pre-charged state still exhibits satisfactory mechan-
ical strength values compared with the annealed state,
as the YS decreases to 553 MPa,  whereas the UTS reveals
868 MPa.

3.4.  Fracture  surfaces

Investigating the fracture surfaces after conducting SSRT
allows to reveal the influence of hydrogen pre-charging on
the fracture characteristics. Fig. 8 shows FE-SEM micrographs
of fracture surfaces for the annealed as well as the hydro-
gen pre-charged states. In Fig. 8a, an overview of the fracture
surface for the annealed state is represented. More detailed
views of the near surface and center regions are depicted in
Fig. 8a1 and a2, respectively. Both regions are featured with
very fine dimples which indicate a ductile fracture mode.
The general overview of the fracture surface for the hydro-
gen pre-charged state is shown in Fig. 8b. Near the surface, the
hydrogen pre-charged state shows a sheared layer, which indi-
cates the prevailing of a trans-granular brittle fracture mode
near the surface. The sheared layer is relatively deep in the
hydrogen pre-charged state as can be seen in Fig. 8b1. How-
ever, the central fracture region depicted in Fig. 8b2 display
the characteristic dimples of ductile fracture mode similar to

that observed for the annealed state without hydrogen pre-
charging.
tates, respectively.

4.  Discussion

4.1.  Precipitates  and  hydrogen  trapping  behavior

The MN-type and M23C6-type are the equilibrium precipitates
at 1000 ◦C (annealing temperature), however, the precipitation
kinetics calculations indicated the suppression of M23C6-type
and the promotion of M2N-type at the same temperature
within three minutes (annealing time), as indicated in Fig. 9.
Interestingly, the STEM/EDX maps and the compiled chemical
analysis demonstrate the presence of the three precipitate-
types with different sizes in the recrystallized-annealed
state. It seems that the applied hot-rolling schedule, which
involved a relatively longer time than applied for precipitation
kinetics calculations, promoted the formation of M23C6-type
precipitates. Combining the thermodynamic and kinetics cal-
culations with the STEM/EDX observations and analysis, it
turns out that the formation of Cr-rich V(N,C) and Fe-rich Cr(C)
precipitates (G-I) with a particle size of ≥200 nm and small rel-
ative fractions of around 0.02 is inevitable during production
due to the considerable amounts of Cr, V and N. While, the
smallest Cr-rich V(N) precipitates (G-I II) with particle size of
∼20 nm and the relatively large Cr/V-rich V(N) precipitates (
G-I I) with particle size of ∼ 100 nm are induced by recrystal-
lization annealing. Owing to the presence of this considerable
amount of various precipitates with around 80% smaller in
size than 50 nm a superior strength-ductility balance (yield
strength of 600 MPa, tensile strength of 975 MPa and total elon-
gation of 45%) as well as a high initial work hardening rate (∼
3.4 GPa) was established [43].

The role of precipitates in X20CrNiMnVN18-5-10 steel is
not limited to adjustment of mechanical properties, rather,

it extends to enhancement of its hydrogen trapping behavior,
which is introspected as follows. In Fig. 5, the TDS analysis of
the annealed state without hydrogen pre-charging reflects dif-
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Fig. 9 – Thermodynamic calculation and precipitation
kinetics. (a) ThemoCalc calculations (TCFE9) representing
the fraction of equilibrium phases vs. temperature
indicating that the austenite (FCC A1) is in equilibrium with
M23C6 and MN (FCC A1#2) type of precipitates at the
applied annealing temperature of 1000 ◦C. (b) MatCalc
calculations (version 6.02) showing the precipitation
kinetics and revealing the formation of M2N type of
p
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external environmental sources [54]. In the current study,
recipitate (HCP A3#2). BCC A2 stands for ferrite.

erent desorption behaviors for the observed three size-groups
f precipitates, which can be easily decipherable in terms of
eights of the three broad peaks and their corresponding des-
rption temperatures. These behaviors demonstrate different
apping abilities (amount of desorbed hydrogen) and ener-
ies (related to desorption temperature), which is supposedly
ttributable to the differences in their type and size groups.

 further observation from the TDS curve is that the hydro-
en desorption from all precipitates happens within the high
emperature range (>400 ◦C), indicating high energy barriers
f strong [46] and irreversible [47] trapping sites. Moreover,
he sequence of desorption peaks with respect to tempera-
ure suggests that the larger the precipitate size, the higher
he activation energy and the amount of trapped hydrogen, as
eported by Lee et al. [48], who related the increase in trapping
ctivation energy of hydrogen with increasing particle size.
urthermore, Koyama et al. [49] demonstrated that the differ-

nces in coherency due to the elastic strain field induced by
isfit dislocations around the precipitates can be a reason for

he variation in activation energies and the corresponding des-
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orption temperatures. This is in line with our results obtained
for the cold-rolled state material, that includes only the largest
size of precipitates, which desorb the trapped hydrogen at the
highest temperatures. However, determination of the activa-
tion energy for each individual precipitate still requires further
TDS analysis at different heating rates to develop Kissinger
plots [50].

Technically, the short annealing heat treatment cycle is
considered to promote fine V-based precipitates with high
degree of coherency, since long time heat treatment at high
temperature can promote coarsening of the precipitates and
eventually lead to a loss of coherency and a subsequent
degradation in mechanical properties [51]. The G-I of pre-
cipitates that formed during production steps are relatively
large (≥200 nm)  and most probably incoherent with a con-
siderable number of misfit dislocations to accommodate the
resulting elastic strain field around the precipitates. However,
those formed during the short annealing heat treatment are
assumed according to their sizes to be coherent (G-I II) or semi-
coherent ( G-I I) with a smaller number of misfit dislocations.
Accordingly, the observed Fe-rich Cr(C) and Cr-rich V(N,C) pre-
cipitates of large sizes are considered deep irreversible traps
for hydrogen that can be desorbed only at high temperatures
(770–800 ◦C). Although the high fraction of the Cr-rich V(N)
precipitates, their small average sizes (∼20 nm)  and assumed
coherent character account for the observed lower hydro-
gen desorption temperatures (440–485 ◦C) and the relatively
weaker trap ability. The Cr/V(N) precipitates exhibit a moder-
ate hydrogen trapping ability as their sizes are intermediate
between the other two types. It seems that size-dependent
coherency of different observed precipitates is more  signifi-
cant than their relative fractions with respect to desorption
energy and trapping ability. A quantitative analysis of hydro-
gen trapping and kinetics of Fe-Ti-C alloys showed that the
coherent TiC hydrogen traps are not as effective as incoherent
ones, and the large TiC precipitates are characterized by a long
hydrogen de-trapping time [52,53]. It is still hard to conclude
whether the hydrogen is likely to be residing in the vicinity or
inside the trapping precipitates without calculating the energy
barrier between the matrix and the precipitates interface [54].
The first-principles calculations using density function the-
ory of hydrogen interaction with TiC precipitates showed the
possibility of trapping hydrogen at different types of interfaces
between the TiC particle and matrix, at misfit dislocations and
also at the carbon vacancies inside TiC [55].

4.2.  Hydrogen  uptake

Hydrogen uptake in steel can occur during its production
(metallurgical hydrogen), its manufacturing (hydrogen ingres-
sion, especially during annealing and galvanizing) and in
service (environmental hydrogen). In spite of the various mea-
sures that can be taken to limit the quantity of metallurgical
hydrogen during steel making [56], hydrogen ingression is
unavoidable during processing, manufacturing (blanking, cut-
ting, forming and joining) [57] and in service from other
the production processes till cold-rolling resulted in hydrogen
uptake with a total hydrogen of 1.68 ppm, which increased to
11.13 ppm after annealing and subsequent water quench as
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Fig. 10 – Comparison of the hydrogen uptake induced by Fig. 11 – Strain loss at different total hydrogen contents of
the investigated X20CrNiMnVN18-5-10 steel compared with
other HMnS (X60Mn22, X60MnAl17-1 and X30MnAl22-1
[60]), MMnS  (X5MnAl12-3 [63]) and stainless steel
(X10CrNi17-7 [65,66]).
pre-charging at both of G-II and G-III types of precipitates.

identified by TDS analysis in Fig. 5 and Table 3. Such increase
in the hydrogen content in annealed state is attributable to
the hydrogen ingression at high temperature from the salt
bath at the significant number of precipitates formed during
annealing, as well as during the subsequent water quench.
This adsorbed level of hydrogen is considerably high and even
much higher than that bearings for off-shore can accumulate
over their lifetime (∼3 ppm) [54]. On the one hand, the further
occurrence of two broad peaks due to annealing (in addition to
the one observed in the cold-rolled state) emphasizes the role
of formed precipitates in the increase of hydrogen uptake and
hydrogen trapping ability, as it is affirmed from the increase
in hydrogen content. On the other hand, the conjecture that
the hydrogen ingress during annealing is irreversibly trapped
at the formed significant number density of V- and Cr-based
precipitates is confirmed by the observed high temperature
desorption peaks (>400 ◦C).

The TDS curve and hydrogen analysis of the pre-charged
state reveal that the microstructure is still able to trap more
hydrogen up to 9.31 ppm in the irreversible trapping sites (at G-
I I and G-I II precipitates up to 800 ◦C), besides 0.83 ppm in the
reversible sites. The diffusive and reversibly trapped hydro-
gen is assumed to be accommodated at the normal interstitial
lattice sites, at the dislocations as well as at the large grain
boundary areas owing to the ultrafine grained microstructure
with an average grain size of 1.3 �m.  It is worth noting that the
hydrogen uptake induced by pre-charging at G-I I precipitates
(from 2.69 to 7.37 ppm) is significantly higher than that occurs
at G-I II precipitates (1.74–1.94 ppm) as indicated in Fig. 10,
attributable to the size effect as it is already discussed in the
previous section.

4.3.  Hydrogen  embrittlement  behavior

The accumulated knowledge of HE mitigation emphasizes
the prime importance of controlling the amount of diffusible

hydrogen within the microstructure, as the trapped hydrogen
does account for the degradation in the mechanical properties
[58]. Furthermore, the susceptibility to HE becomes more  seri-
ous as the basic strength is increased [59]. In order to conclude
on the HE resistance of the developed X20CrNiMnVN18-5-
10 MMnSS, a comparison with other previously investigated
steels such as HMnS (X60Mn22, X60MnAl17-1 and X30MnAl22-
1), MMnS (X5MnAl12-3) and a metastable stainless-steel 301
grade (X10CrNi17-7) is conducted and represented in Fig. 11.
The percent of strain loss is considered as an indicator for
the HE resistance. The main characteristics of the steels used
for comparison are shown in Table 4 including the initial
hydrogen content, which represents the metallurgical hydro-
gen measured after melt production. The comparison reveals
that X20sCrNiMnVN18-5-10 steel with relatively high mechan-
ical strength demonstrates an enhanced HE resistance. It
exhibits a slightly better HE behavior to that of unsuscep-
tible Al-modified HMnS but a superior one to that of other
HMnS, MMnS and a metastable stainless steel. In Al-modified
HMnS, the enhanced HE resistance was ascribed to postpon-
ing the formation of deformation twins (through increasing
the SFE by Al-alloying), since deformation twin boundaries
were found to act as favorable sites for crack initiation and
enable crack propagation [21]. Additional feature that makes
this X60MnAl17-1 steel resistant to HE is its fine microstruc-
ture (9 �m)  that suppresses the early onset of deformation
twinning and accommodates hydrogen at the large avail-
able grain boundary area [60], although the accumulation of
hydrogen within the grain boundaries can lower the critical
strain required to fracture [61]. The deformation induced �’-
martensite controlled by the SFE is found to be detrimental
to the HE resistance in metastable austenitic stainless steel at
the similar strength level as the investigated steel [62]. More-
over, the large number of interfaces between �-�/ �’ phases
in MMnS provides fast diffusing paths assisting in hydrogen
damage [63], which could be improved by adjusting the state

of the interfaces and the relative phase fractions [64].

In contrast, the X20CrNiMnVN18-5-10 MMnSS in this study
possesses a significantly high density of hydrogen irreversible
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Table 4 – Material characteristics that are relevant to hydrogen embrittlement behavior of the steel grades represented in
Fig. 11.

Steel grade Microstructure Average GS Tensile strength SFE Initial H content
[�m] [MPa] [mJ/m2] [ppm]

X20CrNiMnVN18-5-10 Austenitic 1.3 975 22.2 1.68
X60MnAl17-1 [60] Austenitic 9 1011 25 1.6
X30MnAl22-1 [60] Austenitic 19 633 24 5.9
X10CrNi17-7 [65,66] Austenitic 24 923 11.2 1.1
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X60Mn22 [60] Austenitic 19 

X5MnAl12-3 [63] 55% Austenite 1.5 

rapping sites within a stable austenitic microstructure with
espect to hydrogen uptake, thus it demonstrates a superior
ntrinsic resistance to HE. The hydrogen irreversible trapping
ites are owning to the nano-sized V- and Cr-based precip-
tates induced during short annealing. In addition to, the
ltrafine recrystallized microstructure with an average grain
ize of 1.3 �m provides a large grain boundary area that limits
he local hydrogen concentration, and subsequently hinders
he premature fracture, despite the high hydrogen content
hat reaches 21.64 ppm. Moreover, the profound effect of grain
efinement on suppressing deformation twins formation [43]

aintains the microstructural stability and reduces the local
nhomogeneities that can facilitate crack initiation. It is thus
lear from the observed fracture mode near the surface of
he pre-charged state that the progressive hydrogen uptake
n the irreversible trapping sites, particularly those related to
he large precipitates induced during production, promotes
he hydrogen-enhanced localized plasticity (HELP) mecha-
ism [67].

Hydrogen charging was found to cause phase transforma-
ion in the surface layer of charged specimens [68,69], such
s martensitic transformation in austenitic steels, which is
nown as hydrogen-induced martensitic transformation [54].
his effect can explain the observed transition in fracture
ode from fully ductile at the middle to trans-granular brit-

le near the surface of the pre-charged specimens (Fig. 8b and
). Furthermore, we  pointed out in a previous report [43] that
he local chemical changes in the vicinity of observed precip-
tates, in particular N and C contents, caused a decrease in
FE, which led to the formation of <1% �-martensite and <2%
’-martensite at the fracture strain. Similar observation was
eported in the Fe-15Cr-6Mn-3Ni-0.5Si-0.2N-0.1C containing
N precipitates, which caused in a grain boundary ductile frac-

ure driven by strain-induced martensitic transformation due
he local depletion of V and N in the vicinity of grain bound-
ries [70]. The formation of strain-induced �’-martensite,
riven by either presence of precipitates or hydrogen pre-
harging, of higher diffusivity than the austenite matrix [71]
ill provide fast transportation channels for hydrogen, which

ccounts for the increase in susceptibility to HE. However,
n the deformed microstructure of this investigated steel,

artensite is dilute decorated in the microstructure and does
ot lead to apparent degradation of the mechanical properties.

The investigated X20CrNiMnVN18-5-10 steel containing a
ignificate amount of V- and Cr-based precipitates is origi-

ally developed considering a number of technological and
aterial challenges related to processing as well as mechan-

cal, corrosion and hydrogen embrittlement behaviors. It
1087 30 1.7
811 11-13 –

exhibits balanced mechanical and corrosion properties com-
pared with other benchmark steels such as X60MnAl17-1 and
X10CrNi18-8 [43]. The enhanced mechanical properties are
achieved through the adjusted ultrafine grain microstructure
with nano-precipitates, while the high corrosion resistance
is owing to its designed chemistry with high Cr and N con-
tents. The current study gives additionally an insight into
utilizing this adjusted microstructure (ultrafine grains con-
taining a high number density of nano-precipitates) as a
HE-mitigation strategy, which can be applied to optimize the
design of new HE-resistant advanced high strength MMnSS.
Indeed, the observed different types of precipitates alleviate
the HE by providing irreversible trapping sites, which makes
the microstructure of X20CrNiMnVN18-5-10 steel insensitive
to hydrogen uptake even at higher hydrogen levels than that
can take place over service lifetime in some harsh applica-
tion environment (∼3 ppm). From the authors’ point of view,
there are still a number of open questions that remain for
further studies regarding the fundamental physical under-
standing of hydrogen trapping by precipitates. For example,
the determination of binding energies and quantification of
number densities for different trapping sites, which allows
a better prediction of HE susceptibility. Moreover, utilizing
advanced high-resolution techniques with spatial elemental
analysis capabilities e.g. atom probe tomography that can
provide an insight into hydrogen distribution in different trap-
ping sites. This will eventually lead to optimize the proposed
HE-mitigation strategy by precipitates, and will open real
opportunities in designing new HE-resistant steels.

5.  Conclusions

In this study, the precipitation state was analyzed for an
ultrafine grained (∼1.3 �m)  V-alloyed medium-manganese
austenitic stainless steel X20CrNiMnVN18-5-10. The impact
of precipitates on the hydrogen embrittlement behavior was
investigated and discussed. Accordingly, the following conclu-
sions can be drawn:

1 Three different size-groups of precipitates were identified,
which correspond to different periods of precipitation. G-I
(≥200 nm)  comprises Fe-rich Cr(C) and Cr-rich V(N,C) par-
ticles, which formed during the casting and hot rolling
processes. G-I I (∼ 100 nm)  and G-I II (∼ 20 nm)  consist of

V/Cr(N) and Cr-rich V(N) particles, respectively, and they
formed during the annealing heat treatment.

2 The observed precipitates with different sizes act as irre-
versible hydrogen trapping sites. The analysis of thermal
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desorption spectroscopy (TDS) curves showed a size-
dependent hydrogen desorption behavior and hydrogen
uptake. The desorption peaks around and beyond 800 ◦C
are attributed to the trapped hydrogen by large Cr(C) and
V(N,C) precipitates. While, the desorption peaks at relatively
lower temperatures (still >400 ◦C) correspond to the trapped
hydrogen by the relatively large V/Cr(N) and small V(N) pre-
cipitates. The TDS analysis up to 800 ◦C for the pre-charged
state indicated that the hydrogen uptake at the relatively
large V/Cr(N) precipitates is larger than that occurs at the
small V(N) precipitates.

3 The pre-charged state with a significant amount of diffu-
sive hydrogen (11.50 ppm) exhibits a mild degradation in
strength and ductility values compared with the annealed
state without pre-charging. Yield strength, ultimate tensile
strength and uniform elongation decrease from 616 MPa,
944 MPa and 38.6 % to 553 MPa,  868 MPa and 25.7 %, respec-
tively.

4 The investigated X20CrNiMnVN18-5-10 steel in the
annealed state exhibits a low sensitivity to hydrogen
uptake during charging and demonstrates an enhanced
intrinsic resistance to hydrogen embrittlement (HE) com-
pared with X60MnAl17-1, X30MnAl22-1, X10CrNi17-7,
X60Mn22 and X5MnAl12-3 steels. This enhanced resistance
to HE is owing to the ultrafine-grained microstructure
that contains a significant amount of precipitates, which
provide a high density of irreversible trapping sites.

The current work gives an insight into improving the intrin-
sic resistance of steels against hydrogen embrittlement by
adjusting an ultrafine-grained microstructure containing a
significant amount of precipitates that acts as irreversible
hydrogen trapping sites, given that the mechanical properties
will not be deteriorated and satisfy the application require-
ments.
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