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Abstract. A lot of emphasis is currently being paid to research into how hydrogen affects the 
mechanical properties of advanced high-strength (AHS) steels. The use of AHS steels in the 
chemical industry and nuclear technology is heavily influenced by the mechanical properties that 
result from the impact of hydrogen. Hydrogen, an interstitial element, alters fracture behavior and 
causes the material to fail earlier than it should. The greatest danger occurs after hydrogen has 
been absorbed when it diffuses and accumulates into defects such grain boundaries, dislocations, 
and phase boundaries. The crystal structure of the steel enlarges due to tensile stresses, which 
increases hydrogen diffusion. Cold forming creates a multitude of components, and even a small 
amount of hydrogen absorption could result in significant residual stresses in the material. The 
steel can experience a significant reduction in mechanical properties, strength, and ductility up to 
fracture at a critical hydrogen concentration level. It is impossible to preventively remove 
components that have been harmed by hydrogen before they are utilized, which is the primary 
issue with hydrogen embrittlement from a safety perspective. 
Introduction 
Hydrogen embrittlement is a phenomenon that occurs in high strength structural steels, when 
atomic hydrogen is introduced into the material. Numerous procedures, such as electroplating, 
welding, and hydrogen gas exposure, might cause this. The hydrogen atoms can diffuse into the 
steel and become trapped at defects in the microstructure, such as dislocations and grain 
boundaries. After becoming trapped, the hydrogen atoms can make the steel brittle and susceptible 
to cracking. This can lead to catastrophic failure of the structure and is a major concern in the 
design of construction of high strength steels [1,2]. The susceptibility to hydrogen embrittlement 
can be influenced by various factors such as the chemical composition, microstructure, and 
mechanical properties of the steel, as well as the environmental conditions to which the steel is 
exposed. Therefore, the material selection, manufacturing processes, and post-treatment 
procedures such as hydrogen bake-out and stress relief are critical in reducing the risk of hydrogen 
embrittlement [3,4]. 

Despite the efforts to reduce the effects of hydrogen embrittlement, it remains a complex and 
not fully understood phenomenon. There are several theories that attempt to explain the 
mechanisms of hydrogen embrittlement, such as the decohesion theory, the hydrogen-induced 
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dislocation emission theory and the hydrogen-induced cracking theory, but none of them provide 
a complete explanation [5-7]. 

Furthermore, the susceptibility to hydrogen embrittlement can vary depending on the type of 
steel and the specific application. For example, high strength steels like S960MC are more 
susceptible to hydrogen embrittlement than lower strength steels due to their high strength-to-
weight ratio and high hardness. 
Experimental Material  
The material used for this research was thermomechanically rolled advanced high-strength steel 
S960MC in the form of sheet with a thickness of 3 mm. The chemical composition and mechanical 
properties are presented in tables Table 1 and 2.  

The microstructure of steel was studied in polished and etched condition using Olympus IX70 
inversion metallographic light microscope (LM). The investigated material was microalloyed steel 
with a low carbon content and an increased chromium contend. Grain refinement was also caused 
by thermomechanical treatment, which resulted in tensile strength values up to 1150 MPa. As a 
result, a fine martensitic microstructure was created (Fig. 1 and 2). 

 
Table 1. Chemical composition of advanced high-strength steel S960MC [wt. %] 

C Si Mn P S Al Nb V Ti Mo B 
0.085 0.205 1.09 0.011 0.009 0.028 <0.004 0.014 0.018 0.122 0.002 
Cu Cr Ni N        
0.019 1.17 0.055 0.014        

 
Table 2. Mechanical properties of advanced high-strength steel S960MC 

Yield Strength 
[MPa] 

Tensile Strength 
[MPa] Ductility [%] 

1014 1162 4 
 

 
Fig.1. Microstructure of S960MC steel (LM, 

100x, Nital etch.). 

 
Fig.2. Microstructure of S960MC steel 

(LM, 1000x, Nital etch.). 
Hydrogen Charging  
The samples from experimental material were electrolytically hydrogen charged in their as 
received state (AR) with the oxide layer, after grinding the oxide layer (G) and with a blasted 
surface (B). The sample was connected as a cathode, platinum-plated wolfram mesh as an anode. 
The electrolyte was a solution of 0.05 M sulfuric acid (H2SO4) with the addition of 1 g of potassium 
thiocyanate (KSCN) per one liter. The hydrogenation process was carried out for 4 hours at a 
current density of 1mA·cm-2 at the temperature 20±2°C. After hydrogenation, the samples were 
dried and quickly transferred to the tensile testing machine. The tensile tests were performed using 
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a multifunctional LFV 100 kN servo-hydraulic test machine. The mechanical properties of the 
samples in the initial state and in the state after hydrogen charging are shown in Table 3 and Figs. 
3, 4 and 5.  
Results and Discussion 
Due to the diffusion and recombination of hydrogen atoms into experimental steel, there was a 
significant decrease of ductility and tensile strength (Table 3). The effect of hydrogen on the yield 
strength was different for the different state of surface condition. The highest decrease of yield 
strength was measured for samples G, while the lowest decrease was measured for samples B. 
However, changes in mechanical properties are very well evident from the tensile diagrams of 
each state of samples surface (Figs. 3, 4 and 5). 

 
Table 3. Results of mechanical properties in the initial state and after hydrogen charging 

of samples with every surface condition 

Sample Test conditions Yield Strength 
[MPa] 

Tensile 
Strength 
[MPa] 

Ductility [%] 

AR 
Initial state 988.05 1157.32 4.11 

After hydrogen charging 936.11 928.97 0.19 

G 
Initial state 1398.90 1570.73 5.07 

After hydrogen charging 1038.71 1056.39 0.92 

B 
Initial state 976.72 1056.84 9.31 

After hydrogen charging 975.85 985.18 1.89 
 

 

 

Fig.  3. Tensile diagrams of samples in their 
as received state (AR) in initial state and after 

hydrogen charging (AR-H). 

Fig.4. Tensile diagrams of samples after 
grinding the oxide layer (G) in initial state 

and after hydrogen charging (G-H). 
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Fig. 5. Tensile diagrams of samples with a blasted surface (B) 
in initial state and after hydrogen charging (B-H). 

 

Similar results were obtained by Váňová and her coworkers [8], for TRIP 800 and TRIP 780 
steels, which were also exposed to hydrogen in the same way and in the same environment as in 
our case. 

 

Fig. 6. The sample fracture surface in the initial state without hydrogen charging,  
transgranular ductile fracture with dimple morphology. 

 

  



Quality Production Improvement and System Safety: QPI 16 - CZOTO 10 Materials Research Forum LLC 
Materials Research Proceedings 34 (2023) 62-67  https://doi.org/10.21741/9781644902691-8 
 

 
66 

  

Fig. 7. The sample fracture surface in the state after hydrogen charging; a) and b) fish-eyes 
accompanied by quasi-cleavage fracture around inclusions, c) quasi-cleavage fracture,  

d) intergranular ductile fracture. 

The fracture surfaces of the samples after tensile test were subjected to fractographic analysis. 
The fractographic analysis was carried out using the JEOL 6490LV scanning electron microscope 
(SEM) in secondary electron mode. Samples that were not subjected to hydrogen charging shows 
signs of transgranular ductile fracture with a dimple morphology.  

From Fig. 6 and 7 it is possible to see how the presence of hydrogen in microstructure 
influenced the fracture mechanism during the tensile test. Hydrogen embrittlement typically 
manifest itself by the occurrence of the quasi-cleavage fracture and by large secondary cracks at 
the fracture surface for materials with a bcc crystal lattice [9-11]. In our case, hydrogen 
embrittlement was manifested by the formation of fish-eyes (Fig. 7a and b). Each of these fish-
eyes were represented by the area of quasi-cleavage failure, which initiates on a non-metallic 
inclusion [12]. The inclusions observed in the center of the fish-eyes were identified as elongated 
sulphide inclusions or as complex globular oxysulphide inclusions. Quasi-cleavage facets are 
visible on the edge of the samples and around elongated non-metallic inclusions (Fig. 7c). Locally, 
especially on the edge of the samples, is also possible to see the intergranular ductile fracture (Fig. 
7d). 
Summary 
The study of hydrogen embrittlement of advanced high-strength steel S960MC using tensile tests 
after hydrogenation confirmed the significant tendency of this steel to hydrogen embrittlement. 
Even though the electrolytic method of hydrogenation took place at a low current density, 
compared to structural steels of usual quality, embrittlement due to hydrogen in the S960MC steel 
during the tensile test was manifested by a more significant reduction in ductility [13]. Therefore, 
in production processes in which S960MC steel is processed (especially galvanic surface 
treatments, etc.), where there is a potentially high risk of interaction of atomic hydrogen with the 
material, it is necessary to pay extra attention to the ingress of hydrogen into the material in order 
to avoid hydrogen embrittlement. 

In conclusion, hydrogen embrittlement is a significant concern in the design of the construction 
produced from high-strength structural steels. The proper material selection, manufacturing 
processes, and post-treatment procedures are critical in reducing the risk of hydrogen 
embrittlement. Despite of the efforts to understand and mitigate the effects of hydrogen 
embrittlement, it remains a complex and not fully understood phenomenon. Further research is 
needed to fully understand and reduce the effects of hydrogen embrittlement on high strength 
structural steels. 
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