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Response of hydrogen charging diffusion of the austenitic stainless steel AISI 310s 
 
ARTICLE INFO  The subject of hydrogen embrittlement seems to be more and more up-to-date and needed to be explored. World 

research teams working on this issue have not developed a clear method of preventing this process. The conclu-

sion is that this issue should be approached individually, depending on the type of material, its structure and 
operating conditions. The problem will escalate in the near future as a result of the planned replacement of the 

traditional energy sources used so far with hydrogen energy. The paper presents the method of electrochemical 

hydrogenation, which reflects the conditions of galvanic coating of metallic materials used in the automotive 
industry. The aim of the research was to determine the influence of the time of hydrogenation on the properties 

and microstructure of austenitic steel.   
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1. Introduction 
The presence of hydrogen in metallic materials may re-

sult in a decrease in plasticity and the formation of locally 

brittle damage, in a phenomenon called hydrogen embrit-

tlement (HE) [4, 5, 9, 13, 16, 17, 20]. This phenomenon, 

despite the huge amount of research devoted to it, has still 

not been fully explained. The mechanism of the negative 

impact of hydrogen on mechanical properties still requires 

precise explanations. Research and tests to determine the 

impact of the chemical composition and microstructure of 

steel on degradation caused by the presence of a corrosive 

environment will enable the correct selection of materials 

for specific hydrogen applications. Hydrogen embrittlement 

(HE) represents the deterioration of the mechanical proper-

ties of metals and alloys due to the presence of dissolved 

hydrogen in the lattice. The hydrogen embrittlement results 

in the loss of ductility, the decrease of fracture toughness, 

the increase in fatigue fracture growth rate, and brittle frac-

ture failure in steel at low or subcritical stress levels. The 

fatigue behavior of hydrogen embrittled steel, including the 

fracture toughness, fatigue crack growth rate, fatigue life, 

and fracture surface or crack morphology, has been studied 

extensively in many research centers. The source of hydro-

gen supply to the metal is mainly hydrogen, which can 

enter the steel as a result of exposure to a hydrogen-rich 

gaseous environment at high pressure or by cathodic charg-

ing. 

Nowadays, advanced research is being carried out on al-

ternative, innovative ways to reduce the negative impact of 

transport on exhaust emissions into the environment [15]. 

One of the researched solutions that is gaining more and 

more attention is the use of hydrogen-powered internal 

combustion engines. Hydrogen engines open new perspec-

tives for the automotive sector, but also pose new construc-

tion problems to be solved. A direct threat resulting in dam-

age to engine components operating in a hydrogen envi-

ronment is the phenomenon of hydrogen embrittlement of 

the material. This important issue results in a weakening of 

the material structure and an increase in susceptibility to 

cracking [12]. Especially this problem applies to metal 

materials. Hydrogen, which is the smallest known atom, has 

the ability to penetrate the metal structure. This is due to the 

diffusion of hydrogen into the material, which results in 

changes in the crystal structure of the material. As a result, 

the internally rebuilt material has a greater tendency to 

crack under load and brittleness. 

Various materials are used for the construction of mo-

tors, depending on the requirements of the characteristics of 

the elements and the working conditions of the motor [7, 

20–22, 25]. One of the groups of materials used due to their 

high strength and corrosion resistance are austenitic steels. 

The study of different grades of this stainless-steel aims to 

understand the influence of the hydrogen element on the 

structure and properties of the steel [1–3, 6, 8, 10–12, 14, 

18, 19, 22, 23, 28]. Hydrogen embrittlement in austenite 

steels causes a change in strength parameters, therefore an 

important aspect in designing is the appropriate study of 

materials that will be selected as materials cooperating in 

the H2 environment. AISI 310s heat resistant steel is an 

austenitic chromium-nickel grade with increased nickel 

content, showing high strength, ductility, resistance in air 

and oxidizing atmosphere to high temperatures up to 

1050℃. Steel is used for mechanically loaded parts that 

work at high temperatures. Incorrect technological process-

es and working conditions at elevated temperatures can 

cause the formation of hard phases in austenitic steels. 

Depending on the chemical composition of the steel, M23C6 

carbides may form [4, 10, 24–26]. 

Numerous literature items contain studies on the effect 

of heat treatment on the properties of materials made of 

austenitic steels. Long-term exposure to these steels at 

elevated temperatures (500–900°C) leads to the release of 

structural components by diffusion, which leads to a signif-

icant reduction in physical, chemical, and mechanical prop-

erties. Austenitic steels tend to form carbides along grain 

boundaries at elevated temperatures, this is called sensitiza-

tion of the steel. In such a material, the grain boundary zone 

is depleted in chromium and more susceptible to inter-

granular corrosion and deformation-induced martensite 

formation. 

http://orcid.org/0000-0003-2712-5914
http://orcid.org/0000-0002-6179-9771
http://www.combustion-engines.eu/
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This paper presents an analysis of the effect of the time 

of hydrogenation during electrolytic current processes on 

the microstructure, strength and hardness of metallic mem-

branes made of heat sensitized AISI 310s steel. The steel 

was sensitized to the possibility of the presence of an al-

loyed austenite structure with M23C6 carbide precipitates, 

intended to simulate the conditions of incorrectly conducted 

welding processes or unfavorable operating conditions. 

2. Materials and methodology 

2.1. Steel AISI 310s 

The material in the form of commercially available AISI 

310s steel was selected for the tests. The tested steel showed 

a microstructure, equiaxed alloy austenite grains with pre-

cipitations 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 Table 1. and showed the properties presented in 

Table 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
2
 and was the 

same for each sample. The surface of the materials before the 

electrochemical process was cleaned in an ultrasonic scrub-

ber in an acetone solution for 10 min. 

 

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 

AISI 310s C < 0.2 Mn < 1.5 Si < 1.0 

P < 0.045 S < 0.030 Cr 22.0–25.0 Ni 17.0–20.0 

Mo < 0.5 V < 0.2 W < 0.5 Fe rest 

 
Table 2. Mechanical properties of steel AISI 310s 

tensile strength Rm Elongation A Hardness 

500–700 MPa 33% 192HB 

 

Fig. 2. Austenitic steel membrane dimensions  

2.2. Methodology 

Electrochemical measurements were performed using  

a BioLogis SP50ze potentiostat/galvanostat. The current 

waveforms were carried out in an electrolyte with a concen-

tration of 0.5M H2SO4 acid and a pH of 1. Voltamperome-

try (CV measurement) was carried out in a three-electrode 

system, where the metallic membrane was the working 

electrode, the Ag/AgCl electrode was the reference elec-

trode, and the platinum electrode was the counting elec-

trode. The measurement procedure began with a 10-minute 

open circuit (OCV) measurement in the applied electrode 

system, on the basis of 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 precondition-

ing time or to equilibrate an electrochemical cell. 

Measurements of CV voltammetry were carried out in 

the range below the Ewe open circuit value to eliminate the 

oxidation process and force the hydrogen evolution process. 

Cyclic voltammetry (CV) is the most pitchfork used tech-

nique for acquiring qualitative information about electro-

chemical reaction. CV provides information on redox pro-

cesses, heterogeneous electron-transfer reactions and ad-

sorption processes. It offers a rapid location of re-dox po-

tential of the electroactive species. A CV consists of scan-

ning linearly the potential of a stationary working electrode 

using a triangular potential waveform. During the potential 

sweep, the potential measures the current resulting from 

electrochemical reactions. The cyclic voltammogram is  

a current response as a function of the applied potential. 

The paper presents the results for two ranges of hydrogena-

tion cycles in the voltammetry process, 25 (1 h) cycles and 

50 cycles (2 h), and their influence on the microstructure 

and properties of steel was determined. The system was 

cyclically charged between the potential of –0.200 V and  

–1.4 V, with a scan rate of 20 mV/s. 

After the hydrogenation processes, the samples were 

immediately tensile tested in a Deben Micro test strain 

gauge (Thermo Fisher Scientific), compatible with the 

Phenom XL scanning electron microscope. The holder 

enables strength tests up to 1000 N and in-situ observations 

in scanning microscope mode and all operating modes. 

Examination of the surface of the material after hydrogena-

tion was also carried out with the use of scanning electron 

microscopy methods from the Phenom XL company. Then, 

microhardness measurements were carried out in accord-

ance with PN-EN ISO 6507-1:2018-05, using the Vickers 

method and the Leco LM-248AT microhardness tester. The 

measurements were carried out with a load of 2.94 N. 

3. Results and discussion 

3.1. Voltammetry 

Voltammetry measurements CV showed in all cycles 

similar shape of the curves, during observations the hydro-

genation process showed an increasingly intense and violet 

process of hydrogen evolution in the lower parts of the 
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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 subse-

quent hydrogenation cycles, the current values decreased in 

the range of –2.5 mA/cm to –3.5 mA/cm for 25 cycles (Fig. 

3). For hydrogenation in 50 cycles, the current values were 

lower and oscillated from –3.0 mA/cm to –6 mA/cm (Fig. 

4). Differences in the initial values result from differences 

in the closed-circuit measurement values in a given elec-

trode 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 in rela-

tion to the material in the delivery state. 

 

Fig. 3. Cyclic Voltammetry (CV) curve after 25 hydrogen cycles in 
 0.5MH2SO4 

 

Fig. 4. Cyclic Voltammetry (CV) curve after 50 hydrogen cycles in 
 0.5MH2SO4 

3.2. Surface of membranes after hydrogenation 

Observation of the surface of the metallic membranes 

after the hydrogenation process did not show any changes 

in the form of local bubbles or dissolution of alloy austenite 

grain boundaries. Observations indicate the lack of process-

es of surface degradation of metallic materials at the as-

sumed potentiation parameters in the process of hydrogena-

tion. The surface of the membrane, as supplied shows  

a texture after the treatments of the grinding process, visible 

in the form of parallel lines (Fig. 5). Analysis of the surface 

of the membranes after the hydrogenation process also 

showed an analogous texture and the presence of parallel 

lines after the grinding process (Fig. 6 and Fig. 7). 

3.3. Stretch curves 

The samples, after the hydrogenation process, were sub-

jected 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 measure-

ment 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 maxi-

mum force and elongation were determined, which were 

considered as comparative values due to the identical ge-

ometry of the samples (Fig. 8). 

 

Fig. 5. Surface of AISI 310s metallic steel membrane in delivery state; 

 SEM 

 

Fig. 6. Surface of AISI 310s metallic membrane after 25 cycles of hydro-

 genation; SEM 

 

Fig. 7. Surface of AISI 310s metallic membrane after 50 cycles of hydro-

 genation; SEM 

  

The hydrogenation process after 25 and 50 cycles re-

sulted 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 AISI 310S steel. 
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The steel becomes brittle and more prone to cracking, 

which can result in sudden and uncontrolled material frac-

ture. This effect is most intense in the first hours of hydro-

genation [26, 27]. 

 

Fig. 8. Tensile curves for delivery state AISI 310s, hydrogenation after 25 

cycles and 50 cycles 

3.4. Fractographic observations 

Fractographic examination of the surface of the materi-

al, both in the initial state and after the hydrogenation pro-

cess, showed the characteristics of plastic fracture. No areas 

of hydrogen embrittlement are visible in any area. Due to 

the high degree of elongation of the sample, the observed 

fracture belongs to ductile fractures. The surface of the 

membrane in the area at the fracture focus shows the pres-

ence of numerous irregular plastic striations parallel to the 

crack front (Fig. 9, 11 and 13). The location of the stripes 

coincides with the texture after surface treatment and is  

a mirror image of the scratches from the abrasive papers, 

which are the places of their formation initiation. It has 

been observed that striations appear during the stretching of 

the membranes from the initial stages of strain. Fracto-

graphic examinations of fractures show clear changes, 

which indicate the formation of a plastic fracture. Dimples 

of various sizes are visible, and typical sliding cracks with 

fine scales are also visible (Fig. 10, 12 and 14).  

 

Fig. 9. Plastic breakthrough of the membrane in the state of delivery AISI 

 310s; SEM 

 

Fig. 10. Fractography breakthrough material in the state of delivery AISI 
 310s; SEM 

 

Fig. 11. Plastic membrane breakthrough after hydrogenation after 25 
 cycles; SEM 

 

Fig. 12. Fractography of material breakthrough after hydrogenation after 

 25 cycles; SEM 

 

Fig. 13. Plastic membrane breakthrough after hydrogenation after 50 

 cycles; SEM 

 

Grain boundaries and numerous micropores formed in 

places of stress concentration are clearly outlined. Crystal 

lattice defects, usually dislocations, which form clusters on 
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obstacles blocking their movement, play a large role in the 

formation of micropores. As the plastic deformation pro-

gressed, the micropores grew larger and closer together. 

Bridges were formed in these areas, which formed fibrils as 

a result of thinning, the resulting fractures have the charac-

teristics of fibrous fractures. 

 

Fig. 14. Fractography of material breakthrough after hydrogenation after 
 25 cycles; SEM 

3.5. Hardness measurements 

Microhardness tests are one of the simplest methods to 

determine changes in the form of strengthening in the materi-

al after the hydrogenation process. Hardness measurements 

were carried out on the surface of the membranes, on the 

undeformed elements of the sample after the hydrogenation 

process. Analysis of the microhardness results showed that 

the H2 environment affects the surface hardening of AISI 

310s steel (Fig. 15). The increase in the microhardness value 

is directly proportional to the cycles of electrolytic hydro-

genation. Before the hydrogenation process, the average 

hardness of the material as supplied was 154 HV0.2. The 

results of the hydrogenation showed an increase in hardness 

for the membranes after 25 cycles to an average value of 163 

HV0.2. The highest value increase was obtained with the 

longest exposure of the material to hydrogen, after 50 cycles 

the hardness increased to 170HV0.2. 

4. Conclusion 
The presented paper presents the process of hydrogen 

loading membranes of AISI 310s austenitic steel in order to 

assess the influence of hydrogen on the properties of this 

steel. Based on the test results, it was found that the materi-

al was strengthened by the process of electrochemical hy-

drogenation in 0.5M H2SO4 solution. The increase in 

strengthening is directly proportional to the amount of hy-

drogen supplied to the material (number of cycles), con- 
 

firmed by strength tests and hardness measurements. This 

indicates a negative impact of the hydrogen environment on 

AISI 310S steel. The steel becomes brittle and more prone 

to cracking, which can result in sudden and uncontrolled 

material fracture. This is likely due to the diffusion of hy-

drogen into the material, which causes changes in the mate-

rial's crystal structure and mechanical properties. As a re-

sult, the internally remodeled material has a greater tenden-

cy to strengthen and crack under load. The occurrence of 

the features of the form of hydrogen embrittlement known 

from the literature in the form of local brittle fracture zones 

was not observed in any of the materials. 

 

Fig. 15. Averaged results of material hardness in the delivery state, after 

 25 cycles and 50 hydrogenation cycles 

 

Based on the research, it was found that the process of 

cathodic hydrogen charging in the electrolytic process in  

a solution of 0.5MH2SO4 significantly affects the strength-

ening of AISI 310s steel, while maintaining the plastic 

character of the breakthrough. No areas of brittle fractures 

characteristic of hydrogen embrittlement were found in 

fractographic studies. Additively, the presence of carbides 

at grain boundaries can act as areas of stress concentration, 

which can increase susceptibility to hydrogen embrittle-

ment in these areas. Where carbides are present, hydrogen 

can accumulate more easily and lead to localized weaken-

ing of the material's structure. However, this mechanism 

was not confirmed in the study. 
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