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ABSTRACT

Hydrogen, which belongs to the group of the smallest elements, can freely penetrate the structure
of metallic materials and cause enormous damage. This phenomenon may occur due to various
conditions and may have different effects on the properties of materials. Understanding these
mechanisms is important in the era of changing to alternative energy sources. This situation may
occur in combustion engines powered by hydrogen-enriched fuel. The work analyzed the impact
of various hydrogenation processes on the properties of aesthetic steel, which is allergic to the
formation of carbides at the grain boundaries, such a microstructure is intended to simulate the
least favorable working conditions. The work was aimed at evaluating the effects of different
hydrogenation methods on changes in the properties of the AISI 310s steel membrane. In the
work, electrolytic hydrogenation and heat treatment procedures in a hydrogen atmosphere were
used. Investigations of changes in material properties included microhardness and in-situ strength
tests in a scanning electron microscope chamber. Research has shown that both processes
increase the hardness of materials and change the characteristics of stretching curves.
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Introduction

The problem of hydrogen embrittlement is quite
a dangerous phenomenon in the case of metals and
their alloys [[1], [2]]. In technological and metal
al., 2023), the
mechanical properties and corrosion resistance of
materials may deteriorate due to the impact of the
hydrogen environment [[4], [5], [6]]. The negative
impact of hydrogen on metallic materials affects a
industries such as

processing processes (Xi

wide range of different

the presence of hydrogen requires numerous
additional studies.

A very interesting issue related to alternative
methods of reducing the negative impact of
transport on exhaust emissions into the
environment is the use of combustion engines
powered by hydrogen-enriched fuel. Hydrogen
engines open up new perspectives for the
automotive sector but also pose new design
problems to solve [[9], [10], [11], [12], [13]]. A major
threat that may damage an engine operating in a
hydrogen environment is the phenomenon of

metallurgy, petrochemicals, aviation, and other
fields. The threats of hydrogen to metals include
hydrogen-induced  cracking, high-temperature
hydrogen corrosion [[7], [8]], hydride and hydrogen-
to-martensitic transformation, etc. Research on
hydrogen embrittlement has been ongoing for a
long time, but the mechanism of microstructure
interaction with hydrogen and damage caused by

hydrogen embrittlement of metallic materials. The
influence of hydrogen causes a weakening of the
structure of metallic materials and an increase in
susceptibility to brittle fracture. Hydrogen, which
belongs to the group of the smallest elements, can
freely penetrate the structure of the material. The
diffusion of hydrogen into the material causes
changes in the material's microstructure and
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permanently reduces the strength and plastic
properties of the material. The greatest threat is the
creation of conditions initiating brittle cracking of
materials after some time of exposure to loads.
Various materials are used to build engines, one
of the groups of materials used due to their high
strength and corrosion resistance is austenitic steel.
AISI 310s heat-resistant steel is an austenitic
chrome-nickel grade with increased nickel content,
characterized by high strength, ductility, resistance
to air and oxidizing atmosphere in the high-
temperature range up to 1050 °C. Steel is used for
mechanically loaded parts that operate at high
temperatures. Improper technological processes
and working conditions at elevated temperatures
may cause the formation of hard phases in austenitic
steels. Depending on the chemical composition of
the steel, M23Cs carbides may be formed, which
significantly weaken the properties of this material
[[12], [13]]. The work presents the influence of
various methods of the hydrogenation process on
the surface and properties of AISI 310s steel, which
is allergic to the formation of carbides M23Ce.
Research problem. As energy management
methods change to more ecological ones, hydrogen
will play a huge role in this topic. The topic of
hydrogen will be considered at many levels: new
mechanisms, new theories, new phenomena of
hydrogen embrittlement of metal, steel or light
alloy, research and development of hydrogen
removal process in metal, the interaction between

hydrogen, fatigue and crack growth, action laws of
other hydrogen-induced failure forms, corrosion
issues related to hydrogen and fatigue, fracture and
failure of hydrogen charging metals. This paper
presents the effect of various hydrogenation
processes, on surface changes and the strength of
ASIA 310s steel membranes sensitized by
intergranular corrosion. The study showed the
effect of this process on the strength of the material.

Material

The material in the form of commercially
available AISI 310s steel was selected for the tests
(jfs-steel.com). The tested steel showed a
microstructure, equiaxed alloy austenite grains with
precipitations of carbides forming a shell at the grain
boundaries (Fig. 1.). In the delivery state, according
to the supplier, the material was characterized by
the chemical composition given in tab. 1. and
showed the properties presented in tab. 2.
Membranes for the tests were prepared in the form
of plates with a thickness of 0.7 mm, dimensions
shown in Fig. 2. The area of interaction with the
electrolyte during electrochemical processes was
about 550 mm? and was the same for each sample.
The surface of the materials before the
electrochemical process was cleaned in an ultrasonic
scrubber in an acetone solution for 10 minutes.

Fig. 1 - Microstructure of alloyed austenite with evolved carbons at grain boundaries in AISI 310s steel in
the supply state. SEM

Table 1 - Chemical composition of steel AISI 310s

AlISI 310s C<0.2 Mn<1.5

V <0.2 W <0.5

Si<1.0

P<0.045 $<0.030 Cr22.0-25.0

Mo <0.5 Fe rest

Ni 17.0-20.0
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Table 2 - Mechanical properties of steel AISI 310s

tensile strength Rm Elongation A Hardness
500-700 MPa 33% 192HB
15
S N
20 5
35
Fig. 2 - Austenitic steel membrane dimensions
Method reactions and adsorption processes. It offers a rapid

The hydrogen charging process was carried out
using a Biologis SP50ze potentiostat/galvanostat.
Current waveforms were carried out in an
electrolyte with a concentration of 0.5 M H,SO,4 and
pH 1. Voltammetry (CV measurement) was carried
out in a three-electrode system, where the metallic
membrane was the working electrode. The
hydrogen charging process included two ranges: 25
cycles (1 hour) and 50 cycles (2 hours). The system
was cyclically loaded with current between a
potential of -0.200 V and -1.4 V, with a scanning
rate of 20 mV/s. The measurement procedure began
with a 10-minute open circuit measurement (OCV)
in the electrode system used, based on which the
open circuit potential Ewe was determined, which
was used to determine the range of the voltammetry
process. The open circuit voltage consists of the
period during which no potential or current is
applied to the working electrode. The cell is
disconnected from the power amplifier. Potential
measurements are available on the cell. Thus, the
evolution of the resting potential can be recorded.
This period is commonly used as a preconditioning
time or to equilibrate an electrochemical cell.

CV  voltammetry  measurements  were
performed in the range below the open circuit value
Ewe to eliminate the oxidation process and force the
hydrogen evolution process. Cyclic voltammetry
(CV) is the most widely used technique for acquiring

qualitative information about electrochemical
reactions. CV provides information on redox
processes, heterogeneous electron-transfer

location of the redox potential of the electroactive
species. A CV consists of scanning linearly the
potential of a stationary working electrode using a
triangular potential waveform. During the potential
sweep, the potentiated measures the current
resulting from electrochemical reactions. The cyclic
voltammogram is a current response as a function of
the applied potential.

Heat treatment tests were carried out in
resistance furnaces in an air atmosphere and a
furnace with a protective atmosphere (Czelok
furnace). Argon gas with a 5% hydrogen admixture
was selected for testing in a hydrogen atmosphere,
the flow was set at 3 dm3 per minute. The samples
were heated in a hydrogen atmosphere with an oven
from 20°C to a temperature of 900°C, at which the
samples were kept for 2 hours. After an appropriate
time, the samples were removed from the oven,
cooled in water and immediately subjected to the
tensile process in a Deben Microtest strain gauge
holder compatible with the Phenom XL scanning
electron microscope. The holder enables strength
tests up to 1000N and in-situ observations in
scanning microscope mode. Investigations of the
surface of the material after hydrogenation were
also carried out using scanning electron microscopy
methods on a Phenom XL microscope. Then,
microhardness measurements were carried out by
the PN-EN ISO 6507-1:2018-05 standard using the
Vickers method, using a Leco LM-248AT
microhardness tester. The measurements were
carried out with a load of 300 g, which is equivalent
to a force of 2.94 N.
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Research results

Electrochemical hydrogen charging of AlSI 310

Voltammetry measurements CV showed in all
cycles similar shape of the curves, during
observations the hydrogenation process showed an
increasingly intense and violet process of hydrogen
evolution in the lower parts of the graph. The most
intensive hydrogenation process took place in the
range below 0.5 Ewe, numerous hydrogen bubbles
were visible, concentrating on the surface of the
metallic membrane constituting the working
electrode. In subsequent hydrogenation cycles, the

<J>/mA/cm,

current values decreased in the range of -2.5mA/cm
to -3.5mA/cm for 25 «cycles (Fig. 3). For
hydrogenation in 50 cycles, the current values were
lower and oscillated from -3.0mA/cm to -6mA/cm
(Fig. 4). Differences in the initial values result from
differences in the closed-circuit measurement
values in a given electrode system. There is a clear
tendency to decrease the current values in
successive hydrogenation cycles. This proves the
changes taking place in the metallic membranes and
the change of their electrochemical potentials about
the material in the delivery state.

0,5 0

Ewe/V vs. NHE

Fig. 3 - Cyclic Voltammetry curve after 25 hydrogen cycles in 0,5MH>S04

<J>/mA/cm,
o

'
—

05 0

Ewe/V vs. NHE

Fig. 4 - Cyclic Voltammetry curve after 50 hydrogen cycles in 0,5MH2S04
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Fig. 5 - Tensile curves for delivery state and after hydrogenation proces

The samples after the hydrogenation process
were subjected to axial tensile testing at a constant
speed of 0.5 mm/s inside a scanning electron
microscope chamber equipped with a tensile holder
with a maximum measurement force of 1 kN. All the
tensile tests were conducted in a single setup,
creating geometric notches in the central part of the
samples. As a result of the tensile testing, the
maximum force and elongation were determined,
which were considered as comparative values due to
the identical geometry of the samples (Fig. 5). The
hydrogenation process after 25 and 50 cycles
resulted in a slight strengthening of the material,
increasing the maximum force value by 3%, which
represents a minor change. On the other hand, the
elongation value underwent a significant reduction,
decreasing by 9% after 25 cycles of hydrogenation
and 13% after 50 cycles of hydrogenation compared
to the reference state. This indicates a negative
impact of the hydrogen environment on AlSI 310S
steel.

Microhardness tests are one of the simplest
methods to determine changes in the form of
strengthening in the the
hydrogenation process. Hardness measurements

material  after

were carried out on the surface of the membranes,
on the undeformed elements of the sample after
both the hydrogenation process. Analysis of the
microhardness results showed that the H2
environment affects the surface hardening of AlSI
310s steel (Fig. 6).

An increase in hardness compared to the initial
state material was observed in all tested materials.
Hydrogen charging in electrolytic processes resulted
in an increase in hardness from 154HV0.2 to
162HVO0.2. A linear increase in this parameter was
observed when the number of cycles was increased
to 50, where the hardness increased to 169HV0.2.
The hydrogenation process at a temperature of
900°C also increased the hardness to 182HVO0.2 for
the membrane heated in an oxygen atmosphere and
to 179HV0.2 for the environment enriched with
hydrogen particles. The reduced hardness of the
material after heat treatment in a hydrogen
atmosphere seems puzzling, it may be related to the
presence of atomic hydrogen, which only changes to
a molecular form when the material is loaded and
results in increased brittleness.

In the electrochemical hydrogenation process,
an increase in hardness was found commensurate
with the increasing number of hydrogenation cycles.

—— 94 ——
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Fig. 6 - Averaged hardness measurement results for metallic membranes

Research discussion

The steel becomes brittle and more prone to
cracking after both treatments, which can result in
sudden and uncontrolled material fracture. This
effect is most intense in the first hours of
hydrogenation. In both cases, the strengthening of
the material was found to result from the absorption
of hydrogen into the material, independent of the
hydrogenation process. This mechanism is known
and described as hydrogen strengthening [[14], [15,
[16], [17], [18], [19], [20], [21]].

The process of strengthening the material
caused by the presence of hydrogen is visible in the
stretching curves and the obtained value of the
breaking force of the membrane and hardnes of the
material. Heat treatment in a hydrogen atmosphere
significantly increased the hardness of the material,
changed the nature of the tensile curves and
reduced the value of the breaking force, both for
membranes processed in a hydrogen atmosphere
and without.

Conclusions

Based on the conducted research, it was found
that AISI 310s steel in a state sensitive to the
formation of carbides at the grain boundaries is
susceptible to hydrogenation processes. Both during
electrochemical processes and heat treatment in a
hydrogen atmosphere. This is evidenced by changes
on the surface of hydrogenated metallic membranes
and the impact on the hardness and strength of this
material. The research has revealed very interesting
relationships, the results of which leave many new
questions to which we will need to know the
answers soon. The era of hydrogen technologies is
coming quickly.
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TYWIHAEME

EH, XeHin anemeHTTep TOBbIHA KaTaTblH CyTeri MeTann maTepuangapablH, KypblibiMblHA epKiH
€eHin, opacaH 30p 3uAH KenTipe anagbl. byn Kybbinbic apTypAi Kafaainapsa 6anaHbicTol 6onaabl
KOHe MaTepuangaphblH, KacueTTepiHe apTypAi acep eTyi MyMKiH. Byn mexaHusmaepai TyciHy
6anamanbl 3Heprua KesaepiHe Kelly KeseHiHAe MaHbI3apl. byn afaai cyterimeH HavibiTbinFaH
OTbIHMEH XKYMbIC iCTEWTIH WK KaHy KO3FaNTKblWTapbiHAA 601ybl MyMKiH. HymbicTa TyHipwik
lweKapacbiHaa KapbuaTepdid, TysinyiHe 6eiim 60naTTbiH,  KacueTTepiHe apTypai rugpney
NPOLLECTEPIHIH, 9cepi TanfaHFaH, MyHAAW MWKPOKYPLIIbIM €H, KOMal/bl KYMbIC *KafaannapbiH
mogzenbaeyre apHanfaH. *Mymbic AlSI 310s 6onaT membpaHacbiHbIH, KacueTTepiHiH, e3repyiHe
9PTYpAi rMapney aicTepiHiH, acepiH bafanayfa HarbiTTanFaH. Mymbicta cyTeri aTmocdepacbiHaa
INEKTPONUTTIK FMAPAeY XKaHe TepMUANbIK eHaey aaicTepi KongaHbngbl. MaTepuanaapabit,
KacueTTepiHaeri e3repicTepai 3epTTeyre CKaHep/eylli 3N1eKTPOHAbl MUKPOCKON KamepacbiHAa
MUKPOKATTbINbIKKA KaHe 3aTTblK OepiKTiKKe KacanaTblH CblHAKTap Kipeai. 3epTtreynep eki
NPOLECTIH, Ae MaTepuanaapAblH, KaTTblbIFbIH apTTbIPATbIHbIH YKHE CO3blY KUCbIKTAPbIHbIH
cuMnaTTamanapbiH e3repTeTiHiH KepceTTi.

TyiiiH ce30ep: cyTeri npoueci, meTanabik MembpaHanap, matepuan kacuerrepi
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BnnaHue npouecca ruapupoBaHUA Ha MUKPOCTPYKTYpY U
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AHHOTAUMA
Bofopoa, OTHOCAWMIACA K rpynne MenbyailumMx 3/71eMEeHTOB, MOMKeT CBOBGOAHO MPOHUKaTb B

CTPYKTYPY META/ZIMYECKUX MATEPMANOB U HAHOCWUTb OFPOMHbLIN Bpes. ITO ABNEHUE MOXKET
BO3HMKATb M3-3a Pa3/INYHbIX YCNOBUA M MNO-pasHOMY B/AMATb HA CBOWCTBA MaTepuanos.
MoHMMaHMe 3TUX MEXaHM3MOB BaXXHO B 3MOXY Nepexosa Ha a/fibTepHATUBHbIE UCTOYHUKMW IHEPrUK.
TaKana cuTyauusa MOMKET BO3HWKHYTb B ABUraTensx BHYTPEHHEero cropaHus, paboTtalolmx Ha
TonnMBe, obOraweHHOM BOAOPOAOM. B paboTe NpoaHa/sM3MPOBAHO BAUSAHWUE PA3/UYHBIX
NPOLLECCOB HABOAOPOXKMBAHWUA HA CBOMCTBA CTanW, CKNOHHOM K 06pa3osaHuio Kapbuaos no
rpaHMuam 3epeH. Takas MUKPOCTPYKTypa Npu3BaHa MOAENMPOBaTb HanmeHee BnaronpuaTHble
ycnoBus paboTbl. Llenbto paboTbl 6bl1a OLEHKa BAMAHUA PasIMYHbIX METOAOB MMAPUPOBAHUA Ha
M3MEHEHMEe CBOWCTB MembpaHbl u3 ctanu AISI 310s. B pabote MCnonb3oBanucb MeToapl
3/1EKTPO/IUTUYECKOTO T’MAPUPOBaHUA 1 TepmoobpaboTku B atmocdepe Bogopoaa. MccneaoBanus
M3MEHEHUA CBOMCTB MATepuanoB BKIKOYANM WUCMbITAHUA HA MUKPOTBEPAOCTb M HaTypHYIO
NPOYHOCTb B Kamepe CKaHWPYIOLLEro 3/1eKTPOHHOIO MUKpPOCKoNa. MccnenoBaHua nokasanu, Yto
oba npouecca MNOBbIWAKT TBEPAOCTb MaTEPUaNoOB U WM3MEHAIOT XapaKTepUCTUKU KPUBbIX
pacTAXKeHuA.

Knroyessbie cn0ea: BOLOPOAHDBIV MPOLECC, METALIMYECKME MEMBPaHbI, CBOIMCTBA MaTepuana.
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