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Owing to the outstanding mechanical properties, the steels and other metallic materials with the ultra-fine grained (UFG)
microstructure obtained by severe plastic deformation (SPD) techniques such as equal channel angular pressing (ECAP) have
been in the spotlight of the material science and engineering community over the last few decades. Nevertheless, the data on
environmental effects such as stress-corrosion cracking and hydrogen embrittlement (HE) on the performance of the UFG
ferritic steels is still limited and is awaiting for clarification and thorough comprehensive examination. In the present study,
the effect of the current density of cathodic hydrogen charging on the hydrogen concentration and state in the ECAPed and
as-received low-carbon steel grade 09G2S has been investigated by the hot-extraction gas-analysis. It is found that due to
the increased dislocation density and the total length (or volume fraction) of grain boundaries the ECAPed steel occludes
much more hydrogen than its as-received counterpart at the same hydrogen charging conditions. Besides, the hydrogen
concentration in the ECAPed steel is significantly changed at current densities below 20 mA/cm? only and is not affected by
hydrogen-induced cracking. In contrast, the non-monotonous growth of the hydrogen concentration in the as-received steel
occurs at the increasing current density up to 340 mA/cm? and is controlled by the extent of hydrogen-induced damage.
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bnaromapsa ux BBIJarOmuMcA MeXaHMYECKMM CBOVICTBAM, CTalny M APYyTMe MeTa/UIMYecKye MaTepHasbl C yabTPaMenKo-
3epHucroit (YM3) MUKpOCTPYKTYpOIl, IONTy4eHHbIe MEeTOLaMV MHTEHCYBHO IacTideckoit gedopmarym (MIIIT), Takumm
KaK, paBHOKaHa/jbHOe yrmoBoe Impeccoanue (PKVII), HaxomsATca B LieHTpe BHUMAaHUA COOOIecTBa MaTepuasioBeloB
B TeYeHIe MOCIeTHNX AecATineTni. TeM He MeHee, JaHHbBIE O HOC/IENCTBUAX BO3JENCTBIA OKPY)KaloIlel Cpembl, TaKMX
KaK KOPPO3VOHHOE pacTpecKuBaHye Mof HanpspkeHneM 1 BX, Ha xapakrepuctuky YM3 GeppUTHBIX CTajlell OrpaHNYeHbI
B JIUTEpAType U TPeOYIOT HOIOTHUTEIbHBIX UCCIeloBaHNIL. B HacToAmIell paboTe Py IOMOLIY Ta30BOT0 aHA/IM3a METOOM
ropsadesi 9KCTpakumy OBUIO VICCTIE[OBAHO BJIMSAHME IUIOTHOCTM TOKAa KaTOJZHOTO HAaBOJOPOXKMBAHVA Ha KOHIL[EHTPALIO
Y COCTOsIHNE BOZOPOJa B HUSKOYIIepoancToit cTamt Mapku 09I'2C B cocrosanuu nocrasku u nocite PKYIL. O6uapyskeHo,
YTO BCJIE[CTBUE MOBBIIIEHHON IVIOTHOCTYU JUCIOKALMI U o01elt jinHbl rpanut 3eped nocie PKYII cramp mornomjaer
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3HAYMTENBHO 6OJiee BBICOKYIO KOHI[EHTPALMI0 BOJOPONA, YeM B COCTOAHUM IIOCTaBKM NPY JAHHBIX YCIOBMAX HAaBO-
mopoxxusaHusA. Kpome Toro, KoHI[eHTpalusa BOfOpofia B cTany, nofaseprayToit PKYII, sHaunTenbHO M3MeHAETCA TOMBKO
IpY IVIOTHOCTAX TOKa Hipke 20 MA/cM? U He 3aBMCHUT OT BOJOPOJO-UHAYLIMPOBAHHOIO pacTpecKuBaHus. B To e Bpems,
B CTa/I B COCTOSHMM IIOCTaBKM HEMOHOTOHHBIN POCT KOHI[EHTPAIUY BOJOPO/A IPONCXOAUT IPY YBEINYeHNN TITIOTHOCTH
TOKa 710 340 MA/CM? ¥ KOHTPOJIMPYETCS CTENIeHbI0 BOAOPONO-MHAYLIMPOBAHHBIX TOBPEXICHUIL.

KiroueBble cTOBa: MHTEHCUMBHASA T/TACTUYECKAs ne<bopMauM;1, PaBHOKaHa/IbHOE YITIOBOE IIPECCOBAHNE, KOHIIEHTPpal A BOJOPO/IaA, CTa/lb,

BOAOpOAHAA XPYIIKOCTD.

1. Introduction

A large group of deformation processing techniques
collectively termed as severe plastic deformation (SPD)
methods have been devised in materials science and
engineering community in the last few decades for the
fabrication of materials with enhanced properties [1,2].
An extreme grain refinement achieved in the course of
SPD serves as a prerequisite for the significantly increased
strength and fatigue resistance along with retaining
reasonable ductility in many materials [3,4]. In particular,
the SPD approach is of great importance when the desired
strengthening effect cannot be achieved by conventional
thermo-mechanical treatment, e.g. in low-alloy steels.
For example, a five-times rise of the ultimate tensile strength
up to 1500 MPa has been reported for the Fe-0.01%C
alloy processed by high-pressure torsion [5]. However,
high-strength steels are known to be highly susceptible
to environmentally-assisted cracking and hydrogen
embrittlement (HE) (the reader is referred to the recent
review covering experimental and modelling aspects of
the hydrogen effects in steels and highlighting existing
challenges and open issues by Barrera et al. [6]). Concerning
the HE phenomenon in iron-based alloys with the ultra-
fine grain (UFG) microstructure produced by SPD, the
attention has been paid mostly to austenitic steels whose
resistance to HE was either improved or not affected by SPD
processing [7-9]. Mine et al. [9] demonstrated no change
in the tensile strength of the SPD-processed specimens of
310S austenitic stainless steel after high temperature gaseous
charging up to 40 mass ppm concentration of hydrogen.
The mitigation of hydrogen-induced ductility loss by
ultrafine grain refinement has been found in 304 metastable
austenitic stainless steel [7]. Astafurova et al. [8] concluded
that the highly defective grain-subgrain microstructure
with the high dislocation density alleviates hydrogen
embrittlement effects in UFG Cr-Ni-Mo and Cr-Ni-Ti steels.
A few publications concerning HE of UFG ferritic steels
highlighted the detrimental effect of SPD grain refinement
on their HE resistance [5,10,11], though some guidelines for
improvement have been proposed too [5]. Tareda et al. [11]
found a significant increase in the HE susceptibility of
ultra-low carbon interstitial free steel after SPD processing
by accumulative roll-bonding. Merson et al. [10] showed
that the ECAPed low-alloy steel grade 09G2S was much
more susceptibility to HE than its as-received counterpart.
Mine et al. demonstrated that the reduced HE resistance
of the Fe-0.01% C alloy processed by SPD can be entirely
recovered by annealing which results in the decrease of the
dislocation density and low-angle grain boundaries serving
as hydrogen traps [5]. Despite the importance of the results

of these studies, the data on HE in UFG steels is still scarce
and the development of UFG steels with low susceptibility to
hydrogen damages is still challenging.

The conventional approach to the investigation of the
materials susceptibility to HE relies upon the assessing of the
effect of hydrogen concentration on mechanical properties.
The most popular and convenient laboratory way to vary
the hydrogen concentration inside the steel specimens is
cathodic charging under different electrolysis parameters
such as current density, time, the chemical composition of
an electrolyte, etc. To the author’s best knowledge, the effect
of cathodic hydrogen charging conditions on the hydrogen
concentration and the state as well as on hydrogen-induced
defects in UFG ferritic steels has not been studied as yet,
albeit this information can provide a deeper insight into HE
of these materials. The objective of the present experimental
study was to assess the effect of the cathodic charging current
density on the hydrogen concentration and the hydrogen
state in the UFG low-alloy steel. Besides, the effect of the
current density on hydrogen trapping the as-received
counterpart of the present steel is of self-interest to gain a
better understanding of the hydrogen trapping process and
the nature of HE in steels.

2. Experimental

Commercial low-alloy steel grade 09G2S was received as
hot-rolled bars of 20 mm diameter. Some of the as-received
bars were subjected to thermo-mechanical treatment
through the following procedure: (1) homogenizing
annealing at 810°C followed by quenching in water,
(2) tempering at 450°C, (3) cold severe plastic deformation
by the “CONFORM” ECAP (equal channel angular pressing)
[12] process to 4 passes by the Bc route and (4) annealing
at 350°C for residual stress removing. The chemical
composition and mechanical properties of these as-received
and ECAPed steels before and after hydrogen charging
have been recently reported in [10] and are not discussed
in the present paper. The flat rectangular specimens with
20x4x2.1 mm’ dimensions were cut from the as-received
and ECAPed bars by the electric-discharge machine and
grounded by emery paper to the #240 grade.

Cathodic hydrogen charging was performed in the
5%H.SO,+1.5 g/l of thiourea solution at current densities
ranging from 0.3 to 600 mA/cm?* for 1 hour. A platinum
wire was used as an anode. Within 2 minutes after hydrogen
charging the specimens were washed in running water, dried
by hot air, rinsed in CCl, and subjected to thermal desorption
analysis.

The concentration and desorption kinetics of diffusible
hydrogen was investigated by the carrier gas hot-extraction
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method using the gas-analyzer Galileo G8 (Bruker) with the
99.999% pure nitrogen carrier gas. During the gas-analysis,
each specimen was heated up to 200°C in N, gas flux with
the heating rate of 17°C/min and held at the destination
temperature for 15 min. The extraction curves representing
the desorption rate of hydrogen as a function of time were
recorded during the test.

The metallographic examination of the specimen’s surface
and microstructure was carried out by using the confocal
laser scanning microscope (CLSM) Lext OLS4000 (Olympus)
and the scanning electron microscope (SEM) SIGMA (Zeiss)
equipped with the EDAX/TSL electron backscattering
diffraction (EBSD) detectors and software.

3. Results
3.1. Microstructure

The metallographic study showed that the as-received steel
had a typical ferrite-pearlite microstructure with coarse
grains of 10 um average diameter and various non-metallic
inclusions including elongated MnS, Fig. la. The ECAP
results in the substantial grain refinement down to 0.6 pm
as is evidenced by the inverse pole figure (IPF) map, which
was obtained by the EBSD technique and is shown in Fig. 1b.
The dislocation cell substructure and the fine grains separated
by low and high angle boundaries are clearly visible on this
image. It is also established that the microstructure is much
more distorted in the regions close to the side surface of the
ECAPed bars.

Fig. 1. (Color online) SEM (a) and EBSD inverse pole figure (IPF)
maps (b) images representing microstructure of the as-received (a)
and the ECAPed steels (b).

3.2. Hydrogen-induced damage

In the as-received steel, hydrogen charging produces typical
hydrogen-induced cracks (HICs) and blisters (HIBs) which
are represented in Fig. 2a and 3a-d. As can be seen in
Fig. 3a-d, the number of HIBs on the as-received specimen’s
surface strongly depends on the hydrogen charging current
density. Few small HIBs are observed on the specimens
which were hydrogen charged at the current densities
below 280 mA/cm? Fig.3a. After charging at higher
current densities, the number and the size of HIBs increase
progressively, Fig. 3b,c, until the extent of hydrogen-
induced damage becomes unchanged at current densities
above 340 mA/cm?, Fig. 3¢,d.

Regardless of the applied current density, no HIBs are
found on the surface of the ECAPed specimens, c.f. Fig. 3 e,f.
Nevertheless, some of the ECAPed specimens contained
thin and sharp HICs demonstrating the overall more brittle
appearance in comparison to those in the as-received
specimens. Besides, in contrast to the as-received steel, the
number and size of the HICs in the ECAPed steel were not
dependent on the hydrogen charging current density, Fig. 2b.
Presumably, the presence of the HICs was related to the strong
heterogeneity of the microstructure of the ECAPed steel.

3.3. Hydrogen concentration
The gas-analysis showed that the concentration of diffusible

hydrogen in the as-received steel grows from 1.7 to 12 ppm as
the current density increases from 20 to 340 mA/cm?, Fig. 4a.

Fig. 2. SEM images representing the hydrogen-induced cracks (HICs)
and blisters (HIBs) in the microstructure of the as-received (a) and
ECAPed steels (b).
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Fig. 3. Panoramic CLSM images representing the surface of the as-received (a-d) and the ECAPed (e, f) specimens after hydrogen charging
at different current densities: 260 (a), 280 (b), 340 (c), 600 (d, ), 200 mA/cm?(e). The arrows on the images indicate the hydrogen-induced

blisters.

However, as follows from Fig. 4a, the dependence of
the hydrogen concentration on the current density is
non-monotonous. After thelinear steadyincrease ofhydrogen
content from 1.7 to 4.5 ppm in the 20-260 mA/cm? range,
the growth of hydrogen concentration is steeply enhanced
until it reaches 12 ppm at 340 mA/cm? At the current
densities between 340 and 600 mA/cm? the significant
scattering of the hydrogen concentration is observed though,
on average, it is only slightly changed. It is important to note
that both the intensive blistering and intensive growth of the
hydrogen concentration in the as-received steel occur in the
same current density range.

As follows from Fig. 4a, the ECAPed steel occludes
much higher concentration of hydrogen at a given current
density than the as-received one. In the ECAPed steel, the
pronounced increase in the hydrogen concentration from
6 to 16 ppm occurs in the current density range from 0.3 to
20 mA/cm? while the further increase of the current density
up to 600 mA/cm? results in only negligible growth of the
hydrogen concentration.

3.4. Hydrogen evolution kinetics

The extraction curves for each as-received and ECAPed
specimen exhibit one asymmetric desorption peak indicating
desorption of hydrogen in the temperature range from 25 to
200°C with the maximum desorption rate at the temperature
varying from 90 to 150°C. It can be seen in Fig. 5a that for
the as-received specimens the increase of the current density
results in the increase of the peak height and area as well as
in the growth of the high temperature “hump” visible on the
right-hand side of the extraction curve. The appearing of this
concave “hump” results in the shifting of the desorption peak
centroid towards the higher temperature. It is obvious from
Fig. 4b that for the as-received steel the dependence of the

centroid temperature on the current density is quite similar
to that of the hydrogen concentration, Fig. 4a. Just as the
hydrogen concentration behaves, the centroid temperature
monotonously and relatively slowly grows with the increasing
current density up to 260 mA/cm? Then, it steeply rises in
the range from 260 to 340 mA/cm?® and, finally, reaches a
saturation level at 340-600 mA/cm?® current densities.
The centroid temperatures of the hydrogen desorption peaks
for the ECAPed steel are mostly higher than those for the
as-received steel, particularly, at low current densities, Fig. 4b
and 5b. However, significant scattering of the experimental
points does not allow establishing any firm dependence
between the centroid temperature and the current density.

4, Discussion

It follows from the obtained results that the hydrogen
concentration in the as-received steel correlates with the
extent of hydrogen-induced damage represented by HICs
and HIBs. Apparently, at some critical current density, which
in the present study is about 260 mA/cm? the pressure of
the hydrogen gas, accumulated inside some discontinuities
of the as-received steel, becomes high enough to activate
intensive hydrogen-induced cracking and blistering [13],
which, in turn, cause the substantial increase in the hydrogen
trapping capacity of this steel. Indeed, the formation of
a HIB, associated with the underlying HIC implies the
creation of a new free internal volume that can be filled with
molecular hydrogen. Besides, plastic deformation of the
metal surrounding the HIC provides the increasing density
of dislocations, which are known as effective hydrogen
traps for diffusible hydrogen. In particular, the presence of
hydrogen inside HICs as well as in the 50 pm radius zone
around them has been evidenced by neutron tomography in
pureiron [14]. Another fact witnessing for hydrogen trapping
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at HICs in the as-received steel is the increase of centroid
temperature of the hydrogen desorption peak with the
increasing hydrogen concentration and the current density.
According to the literature data, the hydrogen desorbing
from low-carbon steel in the temperature range between
25 and 200°C can be coming from ferritic grain boundaries,
ferrite-cementite interfaces and dislocations [15,16]. During
heating of a hydrogen charged specimen, the evolution of
hydrogen from all of these traps results in overlapping
desorption peaks on the extraction curve. Superposition
of such individual peaks gives the asymmetric shape of the
resultant peak such as those observed in the present study,
Fig. 5. It is known that the evolution of hydrogen from
dislocations occurs at a higher temperature than from ferrite-
ferrite and ferrite-cementite interfaces [15,16]. Thereby,
providing that grain and phase boundaries in the as-received
steel are not affected by hydrogen charging, the increasing
fraction of hydrogen trapped at dislocations around the
HICs should shift the centroid of the entire desorption peak
towards higher temperatures. The observed in the present
study relationship between the hydrogen concentration and
the centroid temperature indicates that hydrogen trapping
at dislocations surrounding the HICs is probably the key
process controlling the hydrogen concentration in the
as-received steel in the wide current density range, i.e. at
least from 20 to 600 mA/cm?.

The ECAPed steel has much finer grain size and the
substantially larger dislocation density than the as-received

one. Thus, at low current densities, at which the extent
of hydrogen-induced damage in the as-received steel is
negligible, the ECAPed steel can uptake much higher
hydrogen than the as-received one. The high centroid
temperature of the desorption peak of the ECAPed steel can
be explained by the large portion of hydrogen being trapped
at dislocations, which might be produced during SPD.
On the other hand, due to the high strength and the initially
extremely high plastic strain imposed onto the ECAPed steel
bar, apparently, hydrogen-induced cracking does not produce
any significant increase in the dislocation density in this steel.
Thus, the hydrogen concentration is only slightly changed
as the current density increases from 20 up to 600 mA/cm?.
Large scattering of the centroid temperature of the desorption
peak can likely be explained by the strong heterogeneity of
the ECAPed steel microstructure.

The obtained results update the existing experimental
database with new information about the hydrogen
behaviour in the fine-grain ferritic steel processed by ECAP.
It is documented that the effect of the current density on the
hydrogen concentration in the ECAPed steel is significantly
different from that in its coarse-grain counterpart. It is
plausible to expect a qualitatively similar dependence of
hydrogen concentration on the current density for the
ferritic steels processed by other SPD techniques. However,
the quantitative characterization and, most importantly,
modelling of such dependencies requires additional
investigations and will be considered in further studjies.
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5. Conclusions

1. The low-alloy steel grade 09G2S subjected to equal
channel angular pressing (ECAP) occludes more diffusible
hydrogen than the same steel in the as-received hot-rolled
state at the same cathodic hydrogen charging conditions.
The high hydrogen-uptake capacity of the ECAPed steel
is due to the increased density of grain boundaries and
dislocations — both serving as traps for diffusible hydrogen.

2. Hydrogen-induced cracking and blistering caused by
cathodic hydrogen charging in the as-received steel grade
09G2S are accompanied by significant plastic deformation
increasing the dislocation density and, thus, rising the
hydrogen trapping capacity. In contrast to the as-received
steel, the hydrogen-induced damage in the ECAPed steel
does not produce a significant rise in the dislocation density
and the corresponding hydrogen trapping capacity.

3. The dependence of the diffusible hydrogen
concentration in the as-received steel grade 09G2S on the
current density of cathodic hydrogen charging has a nonlinear
sigmoidal shape featuring by three distinct parts: (i) the
linear steady growth of the hydrogen concentration between
20 and 260 mA/cm? followed by (ii) the steep increase in
the hydrogen concentration from 260 to 340 mA/cm? and
(iii) the saturation plateau from 340 to 600 mA/cm? As
opposed to the as-received steel, the significant change in
the hydrogen concentration in the ECAPed steel occurs at
current densities below 20 mA/cm? only.
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