
Chapter 10
Effect of Hydrogen Concentration and
Strain Rate on Hydrogen Embrittlement
of Ultra-Fine-Grained Low-Carbon Steel

Evgeniy D. Merson, Pavel N. Myagkikh, Gennadiy V. Klevtsov,
Dmitri L. Merson, and Alexei Vinogradov

Abstract During the last few decades, keen attention has been paid to the advanced
steels with the ultra-fine-grained (UFG) microstructure manufactured by severe
plastic deformation (SPD) techniques. Although these materials often demonstrate
prominent mechanical properties, the detrimental environmentally induced effects,
such as hydrogen embrittlement (HE), which may appear during their service life,
have been just scarcely studied. In particular, the influence of the hydrogen con-
centration and strain rate, which are among the main factors controlling HE, in
general, has not been considered in UFG ferritic steels as yet. Thus, the objective
of the present study was to examine the effect of these factors on the mechanical
behaviour and fracture mode of the low-alloy steel processed by ECAP in compar-
ison with the conventionally fabricated counterparts. The ECAPed and as-received
specimens of the low-alloy steel grade 09G2S were cathodically hydrogen charged
at different current densities and then subjected to tensile testing at two different
strain rates. The diffusible hydrogen concentration in the specimens before tensile
testing was assessed by the hot extraction method. After hydrogen charging both
as-received and ECAPed specimens demonstrate HE the extent of which increases
with the increasing hydrogen concentration and decreasing strain rate. It is found
that the ECAPed steel occludes much higher hydrogen concentration than the as-
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received one. At the given hydrogen concentration, the ECAPed specimens demon-
strate stronger hydrogen-induced ductility loss as well as a fundamentally different
fracture mode in comparison to the as-received counterparts.

Keywords Hydrogen embrittlement · Equal-channel angular pressing
Low-carbon steel

10.1 Introduction

Grain refinement is one of the most effective methods for strength enhancement
in metals, which can be achieved without significant compromising ductility and
fracture toughness [1, 2]. Severe plastic deformation (SPD) techniques, amongwhich
are equal-channel angular pressing (ECAP), high-pressure torsion (HPT) and many
others, have been devised to provide extreme grain size reduction down to the sub-
micrometre scale inmany bulkmetallic materials includingAl [3], Ti [4],Mg [5], Fe-
based alloys [6–8], etc. The ultra-fine-grained (UFG) materials obtained in this way
demonstrate tremendous strength and ductility balance due to which they received
keen attention from material scientists and engineers during the past few decades
[9, 10]. In particular, substantial efforts have been made to use the SPD methods
for improvement of mechanical properties of low-carbon and low-alloy steels [7, 11,
12].While the strength of thesematerials processed by conventional heat treatment is
limited to 600–650MPa, the SPD techniques can provide the increase of the ultimate
tensile strength of low-carbon iron up to 1500MPa which is a very remarkable result
[12]. Besides the mechanical properties, the critical factor determining the service
performance of structural steels is their resistance to environmentally induced effects
such as corrosion, stress corrosion cracking and hydrogen embrittlement (HE). The
latter is a well-known phenomenon referred to the deterioration of ductility and
other mechanical properties of metals caused by hydrogen, which dissolves and
diffuses easily in metals during service life. Fundamental mechanisms of HE are
considered and discussed elsewhere in great details [13, 14]. The high-strength steels
demonstrate a much higher susceptibility to HE than the mild steels. Therefore, the
effect of hydrogen on UFG steels is of substantial practical concern. Although some
limited data on HE of the UFG steels can be found in the literature [8, 12, 15, 16],
many important issues related to this phenomenon have been not considered as yet.
For example, the effect of hydrogen concentration and strain rate, which are best
known among the main factors controlling the HE extent, has not been quantified
and reported for UFG ferritic steels. Thus, the main objective of the present study
was to examine the effect of hydrogen concentration and strain rate on HE of the
low-alloy steel with the UFG microstructure processed by ECAP.
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10.2 Experimental

The hot-rolled bars of commercial low-alloy steel grade 09G2S with the chemical
composition represented inTable10.1were subjected to the thermo-mechanical treat-
ment including the following steps: (i) homogenising annealing at 810 ◦C followed
by quenching in water, (ii) tempering at 450 ◦C, (iii) cold severe plastic deforma-
tion by the “CONFORM” ECAP (equal channel angular pressing) [17] process to
four passes by the Bc route and (iv) annealing at 350 ◦C for residual stress remov-
ing. Using the electric discharge machine, the as-received and ECAPed bars were
longitudinally sliced into 2mm thick plates from which the specimens for tensile
testing with the 4×15mm2 gauge part, as well as small rectangular specimens for
gas analysis with 4×20mm2 dimensions, were cut out. The surface of all samples
was grounded with emery paper to the #240 grade.

The specimens were cathodically hydrogen charged in the 5% H2SO4 + 1.5g/l
thiourea solution with the platinum wire used as an anode. To vary the hydrogen
concentration, the current density was ranged from 0.3 to 400 mA/cm2 while the
charging time of 1h was the same in all tests. Within 5min after hydrogen charging,
the specimens were washed with running water and CCl4 and then subjected to the
gas analysis or mechanical testing.

Mechanical testing has been conducted using the screw-driven N50KT (Tinius
Olsen) testing machine. Two different nominal strain rates of 5 × 10−3 and 5 ×
10−2 s−1 were used (the corresponding traverse velocities were of 5mm/min and
50mm/min). After the tensile test, one half of the specimen was subjected to the gas
analysis to assess the residual hydrogen concentration, while the other half was used
for fractographic observations.

The gas analysis was performed by the hot extractionmethod using theGalileoG8
(Bruker) gas analyser. To analyse the diffusible hydrogen concentration in steel, each
specimen was inserted in the quarts tube of the gas analyser where it was heated up to
200 ◦C in N2 gas flux with the heating rate of 17 ◦C/min and held at the destination
temperature for 15min.

The fractographic and metallographic examinations have been conducted using
the scanning electronmicroscope (SEM)SIGMA(ZEISS) equippedwith the electron
backscattering diffraction (EBSD) facilities.

Table 10.1 Chemical composition of the steel grade 09G2S, w. %

C Si Mn P S Cr Ni Cu V Al Fe

0.091 0.722 1.358 0.016 0.011 0.097 0.072 0.235 <0.005 0.018 Base
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10.3 Results and Discussion

10.3.1 Microstructure

In the as-received state, the steel has a typical ferrite–pearlite microstructure repre-
sented by equiaxed coarse grains of 10 µm average diameter, Fig. 10.1a. The wide
assortment of non-metallic inclusions such asMnS is also observed in themicrostruc-
ture, see the inset in Fig. 10.1a.As can be seen onSEMimages presented inFig. 10.1b,
the ECAP results in distortion of the grain boundaries as well as in the stretching of
the initial grains in the shear direction at 45◦ to the extrusion direction. The stretch-
ing is more severe at the peripheral part of the ECAPed bar. When examined by the
EBSD technique, the microstructure of the ECAPed steel reveals small grains and
sub-grains separated by dislocation boundaries, see Fig. 10.1c. The average grain
size of the ECAPed steel assessed by EBSD for the grains separated by high-angle
boundaries with misorientation angles exceeding 15◦ is 0.6 µm.

After hydrogen charging, both kinds of specimens exhibit hydrogen-induced
defects in the microstructure and on the surface, c.f. Figure10.1d–f. Hydrogen-
induced cracks (HICs) and blisters (HIBs) are present in the microstructure and
on the surface of the as-received specimens, respectively, Fig. 10.1d, e. HICs are
primarily transgranular, Fig. 10.1d, although some intergranular ones are also can be
found, Fig. 10.1e. The number and size of HICs and HIBs in the as-received steel
grow with the increasing current density of hydrogen charging. The ECAPed speci-
mens surface reveals no HIBs, yet the HICs, which occasionally connected with the
specimen’s surface, are readily observed in the microstructure, see Fig. 10.1f. Most
of the HICs of the ECAPed steel have the same orientation, which coincides with the
grains stretching direction caused by the ECAP simple shear process. These HICs
are transgranular with respect to the initial ferritic grains. However, they likely can
propagate along with the dislocation sub-grains boundaries.

10.3.2 Gas Analysis

The gas analysis showed that diffusible hydrogen is absent in the uncharged speci-
mens of both kinds. As can be seen in the histogram in Fig. 10.2, the concentration
of diffusible hydrogen in the charged specimens increases with the increasing cur-
rent density. At given charging conditions, the ECAPed steel occludes much higher
hydrogen concentration than its as-received counterpart, that is obviously due to the
substantially higher density of dislocations and grain boundaries acting as hydrogen
traps. One can notice that the significant increase in the hydrogen concentration in
the ECAPed steels occurs at the current densities below 20mA/cm2, while the further
growth of current density up to 400 mA/cm2 does not affect the hydrogen content
considerably. In contrast, the hydrogen concentration in the as-received steel grows
significantly as the current density increases from 20 to 400 mA/cm2. The effect of
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Fig. 10.1 SEM images (a, b, d–f) and inverse pole figure (IPF) colored orientation map obtained
by EBSD from the microstructure of the as-received (a, d, e) and the ECAPed (b, c, f) specimens
of the low-alloy steel grade 09G2S before (a–c) and after (d–f) cathodic hydrogen charging

Fig. 10.2 Effect of cathodic
hydrogen charging current
density on the diffusible
hydrogen concentration in
the as-received and ECAPed
low-alloy steel 09G2S

current density on the hydrogen concentration and hydrogen-induced defects in the
samematerials has been considered in the dedicated paper in detail [16]. It was shown
in particular that the increase of the hydrogen concentration in the as-received steel
in the current density range of 20–400mA/cm2 is associated with intensive blistering
that does not occur in the UFG steel obtained by ECAP.
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Fig. 10.3 Stress–strain diagrams of the as-received and ECAPed specimens before and after hydro-
gen charging at low (a) and high (b) strain rate

10.3.3 Mechanical Testing

The results of the tensile tests showed that the hydrogen-free as-received specimens
demonstrate significant elongation to failure and moderate strength. The pronounced
yield plateau, strain hardening and necking regions are evident on the stress–strain
diagrams of these specimens at low and high strain rates as can be seen in Fig. 10.3.
After ECAP, the ultimate tensile strength (UTS) of the steel increases from 485 up to
840 MPa, while the elongation compromises from 40 down to 15%. Besides, the
yield plateau vanishes and the strain hardening region becomes hardly visible on the
stress–strain diagrams. The increase of the strain rate expectedly provides a slight
increase in strength and the decrease in elongation to failure of both as-received and
ECAPed specimens.

Hydrogen charging results in substantial ductility drop for the specimens of both
kinds. As can be seen in Fig. 10.4a, b, the hydrogen-induced ductility loss of the
as-received and ECAPed specimens increases with the increasing hydrogen concen-
tration and decreasing strain rate. At all conditions, the ECAPed specimens show
the much more significant ductility loss due to HE than their as-received counter-
parts. Regardless of the hydrogen concentration and strain rate, the hydrogen charged
conventional specimens always fracture after notable yielding, strain-hardening and
necking while the ECAPed specimens brake at the stress below the yield point,
Fig. 10.3. That is why the hydrogen charging results in significant drop of UTS in the
ECAPed steel, while the UTS of the as-received specimens even slightly increases
as the hydrogen concentration increases, c.f. Figure10.4c. For the same reason, the
effect of hydrogen concentration on HE of the ECAPed steel is better evaluated by
the change in UTS than by elongation or associated ductility loss, which are more
informative about the severity of HE in the as-received steel.
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Fig. 10.4 Effect of the diffusible hydrogen concentration on the ductility loss (a), elongation to
failure (b) and ultimate tensile strength (c) of the as-received and ECAPed specimens at low and
high strain rate of tensile testing

10.3.4 Fractography

The hydrogen-free specimens in the as-received and ECAPed states after tensile test-
ing have completely ductile fracture surface with dimples nucleated at non-metallic
inclusions and pearlitic grains, Figs. 10.5a, b, 10.6a, b and 10.7a, b. The fracture
surfaces of the hydrogen charged as-received specimens contain “fisheyes”—the
round-shape areas with quasi-cleavage morphology and non-metallic inclusions in
their centres, Figs. 10.5c–f and 10.7c, e. Depending on the current density and strain
rate, the total area of the fisheyes is about 40–50% of the fracture surface area,
while the rest is represented by the ductile dimpled relief. Fisheyes are produced
by the hydrogen-assisted growth of radial cracks nucleating at non-metallic inclu-
sions. Details of the formation mechanism of these defects and the nature of the
quasi-cleavage morphology have been considered elsewhere [8, 18–21].

The quantitative fractographic analysis showed that the increase of both the hydro-
gen concentration and the strain rate results in the growth of the number of fisheyes
as well as in the reduction of their mean area and diameter, Figs. 10.5c–f and 10.8.
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Fig. 10.5 Full-scale views of the fracture surfaces of the as-received specimens of the low-alloy
steel grade 09G2S tested at 5 (a, c, e) and 50mm/min (b, d, f) traverse velocity in the hydrogen-free
state (a, b) and after hydrogen charging at 20 (c, d) and 400 mA/cm2 (e, f). Backscattering electron
contrast images obtained by SEM

It is known that the presence of hydrogen at stress risers such as non-metallic inclu-
sions or HICs in steel is a prerequisite for the fisheyes formation [20]. As was shown
above, hydrogen charging at the higher current density provides both the increased
hydrogen concentration and the greater number of HICs. Since the HICs at the same
time act as the points of high hydrogen and stress concentration, and, thus, as the
favourable nucleation sights for the fisheyes cracks, the increase of the HICs number
should cause the rise of the number of fisheyes. It is reasonable to suppose that during
the tensile test, the fisheyes nucleate more readily at the sights with the highest stress
and hydrogen concentration. Initiation and propagation of the fisheye crack provide
the increase of triaxial stresses ahead of its tip. The regions with high triaxial stresses
attract hydrogen, which can diffuse from the neighbouring areas. On the one hand,
the supply of extra hydrogen to the crack tip maintains the propagation of this crack
and, hence, the further increase of triaxial stress which attracts more hydrogen. On
the other hand, the consumption of hydrogen in the neighbouring areas restricts the
nucleation of new fisheyes in those areas. However, when the strain rate is high, there
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Fig. 10.6 Full-scale views of the fracture surfaces of the ECAPed specimens of the low-alloy steel
grade 09G2S tested at 5 (a, c, e) and 50mm/min (b, d, f) traverse velocity in the hydrogen-free
state (a, b) and after hydrogen charging at 20 (c, d) and 400 mA/cm2 (e, f). Backscattering electron
contrast images obtained by SEM

is less time for hydrogen diffusion, while the stress increases quickly so that more
fisheyes have a chance to initiate. The aforesaid provides a plausible explanation for
the increase in the number of fisheyes and the decrease of their mean dimensions at
the increasing strain rate as is observed in the present study.

Regardless of the hydrogen concentration and strain rate, the fracture surfaces of
the hydrogen-charged ECAPed steel are entirely brittle, Fig. 10.6c–f. In this case, the
fracture surface is seen as a mixture of true cleavage, Fig. 10.7d, and specific tearing
morphology, Fig. 10.7f, which is believed to be produced by the hydrogen-assisted
cracking along dislocation boundaries of the UFG microstructure of the ECAPed
steel [8]. Nevertheless, the exact formation mechanism of the tearing morphology is
to be revealed.
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Fig. 10.7 SEM images demonstrating characteristic features of the fracture surfaces of the as-
received (a, c, e) and ECAPed (b, d, f) specimens tested before (a, b) and after (c–f) hydrogen
charging: (a, b) dimpled relief, (c) fisheye, (d) true cleavage, (e) fisheye’s quasi-cleavage, (f) tearing
morphology

10.4 Summary and Conclusions

It is shown in the present study that the microstructure refinement by the ECAP pro-
cess provides substantial strengthening of the low-alloy steel grade 09G2S, whereas
the ductility and the susceptibility to HE are significantly compromised. Moreover,
ECAP fundamentally changes the fracture mode of hydrogen-assisted cracking and
strongly affects the HE features in the low-alloy steel. The main findings of the
present study are as follows.
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Fig. 10.8 Effect of cathodic hydrogen charging current density (diffusible hydrogen concentration)
and strain rate on themean area (a) and number (b) of fisheyes in the fracture surfaces of the hydrogen
charged as-received specimens of the low-alloy steel grade 09G2S

1. At given cathodic hydrogen charging conditions, theECAPed steel occludesmuch
higher hydrogen concentration than its as-received hot-rolled counterpart that is
apparently due to the increased dislocation density and the volume fraction of
grain boundaries serving as hydrogen traps.

2. At given hydrogen concentration and mechanical testing conditions, the ECAPed
steel demonstrates more severe ductility loss than its conventional counterpart.

3. The hydrogen charged UFG low-carbon steel obtained by ECAP exhibits HE
features which are inherent for most of the high-strength steels embrittled by
hydrogen. Specifically, (i) it fractures in the quasi-elastic strain region of the
stress–strain diagram, (ii) it shows an entirely brittle fracture surface, (iii) the HE
is enhanced at the increasing hydrogen concentration and decreasing strain rate
(the latter is also common for other hydrogen embrittled steels and alloys).

4. The fracture surface of the hydrogen charged as-received low-alloy steel is
composed of ductile dimpled relief and round-shaped quasi-cleavage regions—
fisheyes, which number increases but mean area decreases with increasing hydro-
gen concentration and strain rate. The fracture surface of the hydrogen embrittled
ECAPed steel does not contain fisheyes. However, it is wholly composed of true
cleavage and tearing fracture morphology, which formation mechanism is still
unknown and is to be revealed.
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