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The effect of carbon redistribution during long-term operation of equipment operating in  

different hydrogenating environments and at different operating pressures is described. It was revealed 

that microstructural decarburization in damaged equipment was caused by carbon diffusion from 

the pearlite grain body and its accumulation along the grain boundaries. In this case, the average 

concentration of carbon did not change. This effect was confirmed by a complex of tests: optical 

emission analysis, optical and electron microscopy, energy-dispersive analysis of the structural 

components on polished metallographic sections, elemental mapping of surfaces obtained as a result 

of impact tests of the analyzed samples. It is shown that the pattern of the diffusive redistribution of 

carbon did not depend on the composition of the working medium (organic and inorganic substances and 

their mixtures), but resulted from industrial equipment operation time under external load. 

Keywords: hydrogen embrittlement, microstructure decarburization, equipment damage 

1. Introduction 

Decarburization of steels is considered to be one of the main symptoms of irreversible hy-

drogen brittleness [1–4]. This effect was described for the first time in 1941 [4] as a result of high-

temperature hydrogen attack on steel, which took place at high temperatures and pressures of a hy-

drogen-containing environment. Extensive studies of the effect of high-temperature hydrogen attack 

on steels conducted over the past 80 years have shown that hydrogen-induced decarburization is a 

part of the phenomenon of high-temperature hydrogen attack [2]. It was found that, at high tempera-

tures and pressures of hydrogen in the environment, the decarburization of steels occurs very quick-

ly. The safe maximum operating temperature curves versus hydrogen pressure in the environment 

(Nelson diagrams) were plotted and standardized (API 941 2016) for steel structures. 

mailto:pomazova@yandex.ru
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According to modern research, removal of carbon from steels or significant decrease in its 

concentration is one of the results of almost any saturation of steels with hydrogen [5–13]. This oc-

curs both at high [9, 11–13] and low [5, 6] temperatures and pressures of a hydrogen-containing 

medium. Dissolved hydrogen accumulated by steel is considered as the main carbon absorber [1, 2, 

4–15]. The main chemical reactions of decarburization are written as follows: 

 4H+ + Fe3C → CH4 + 3Fe  (1) 

 4H+ + C → CH4. (2) 

Hydrogen accumulation inside the steel leads to the decomposition of pearlite, resulting in 

the formation of voids that are filled with methane formed by the reactions of dissolved hydrogen 

with iron carbide and carbon (1)–(2). Accumulation of methane in the voids leads to methane dis-

ease of steel [1, 16, 17].  

In the works of E. Lunarska [14] it is indicated that voids are filled not with pure methane, 

but with a mixture of methane with water and molecular hydrogen. An independent study of the 

composition of gas released from cast iron, zinc, and iron samples after their saturation with hydro-

gen by cathodic polarization, described in [15], showed that, when hydrogen interacts with steel, not 

only methane is formed, but also a significant amount of other hydrocarbons (from ethane to hex-

ane). Methane and other gaseous substances formed during hydrogen decarburization inside steel 

lead to carbon removal from the internal microstructure (decomposition of microstructural ele-

ments) and a significant decrease in the average carbon concentration in a metal [1, 14, 15].  

It is known that decarburization also occurs during heating, tempering, and annealing of 

steels in air [18–22] due to structural transformations of martensite, decomposition of carbides and 

ferrites, diffusion of carbon to grain boundaries and its oxidation. It is known that breakdown of 

pearlites and decomposition of iron carbides, in their turn, increase the susceptibility of steels to 

dissolved hydrogen, too [18, 23–26]. Thus, the hydrogen decarburization process contains an addi-

tional feedback, which increases its destructive effect.  

The main contradiction of the generally recognized mechanism of hydrogen decarburization 

is the discrepancy between the values of initial carbon concentrations and the accumulated hydro-

gen concentration in steels. For methane formation, it is necessary that there be four times as many 

hydrogen atoms as carbon atoms. However, it was found experimentally and reliably that the max-

imum concentration of dissolved hydrogen in steels is hundreds of times less than the usual concen-

tration of carbon [5–10]. That is, the probability of chemical reactions (1)–(2) is low. Consequently, 

the loss of carbon and iron carbides due to the formation of methane will occur very slowly.        

All the effects associated with the loss and transformation of carbon in steels are of great 

practical importance since carbon is an element which determines the hardness, strength, creep, and 

ductility of carbon steels, and it is most often used in power and chemical equipment.  

When we investigated real cases of hydrogen-induced damage that occurred during opera-

tion of the equipment, the average carbon concentration did not change at all and corresponded to 

the steel grade composition [27].  

To determine the causes of destruction and to clarify its mechanisms, we studied samples cut 

out from the walls of equipment destroyed during long-term operation in a hydrogen-containing en-

vironment. 

2. Materials, equipment, and research methods 

Steel samples cut out from the walls of equipment damaged during operation in various hy-

drogen-containing media, the composition and parameters (temperature, pressure) of which are in-

dicated in Table 1, were used as test objects. The analysis of the fractures showed that the damage 

to the equipment occurred by the mechanism of hydrogen embrittlement. Data on damaged equip-

ment are shown in Table 1. At the same time, samples made of new metal of the same steel grades 

https://www.multitran.com/m.exe?s=breakdown&l1=1&l2=2
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were tested. The letters “D” and “N” were added to the marking of damaged and new samples, re-

spectively. The samples were made meeting the requirements imposed to the equipment compo-

nents during their manufacture. 

Table 1 

The analyzed samples 

Sample number Sample No 1D Sample No 2D Sample No 3D 
Medium Mixture 

Isobutylene + water 
Stable gas  

condensate 
Steam–water  

mixture 
Steel grade 09G2S 10G2S1 Steel 20 

Working medium parameters Т = 344 °C, 
Р = 0.05 MPa 

Т = 40 °C, 
Р = 0.6 MPa 

Т = 403 °C, 
Р = 15.7 MPa 

Operating time, thousand hours 85 595 171 

The chemical analysis of the samples was performed by the method for quantitative ele-

mental composition according to GOST R 54153-2010. A Foundry-Master Smart optical emission 

analyzer was used.    

Metallographic analysis was carried out on plates cut out from the walls of the equipment 

specially made with the help of the LaboTom-3 cutting machine and the LaboPol-2 grinding and 

polishing machine (Struers A/S). The presence of recirculation, spray cooling and the multi-stage 

system of polished specimen preparation allows one to avoid overheating, heat generation, and 

changes in the structure of a sample during cutting and grinding. The cut-out plates were subjected 

to cold pouring in epoxy resin, which prevents wrong geometry of edges in the process of grinding 

and ensures the necessary orientation of the samples. A 4% alcohol solution of HNO3 was used to 

identify the structural components of the samples. A metallographic analyzer of fragments of the 

microstructure of solids, including an inverted Olympus GX53 microscope with SIAMS Photolab 

software, was used for the morphological analysis of the structural components of steel and the as-

sessment of surface quality. The metallographic analysis examined the plates cut out in such a way 

that the entire wall thickness was analyzed.  

Electron microscopic images of the metal were obtained in secondary electrons on a JEOL 

JCM-5700 device equipped with a JED-2300 energy dispersion analyzer. The images were also ob-

tained by means of a Tescan Vega 3 LMN scanning electron microscope having an X-ray energy 

dispersion analysis system with a nitrogen-free X-act ADD detector, secondary electrons obtained 

using an ET-type detector (YAG crystal). Elemental mapping of the surface was carried out on the 

halves of impact test samples after impact bending according to GOST 9454-78. An IO-5003-0.3-

11 impact pendulum-type testing machine was used.   

The mass fraction of hydrogen in the samples was determined in accordance with GOST 

17745-90 by vacuum heating using an AV-1 mass spectrometric hydrogen analyzer at two extrac-

tion temperatures of 530 °C and 800 °C. 

3. The results of experimental studies and discussion 

The hydrogen concentration in the metal was measured by the vacuum heating method. 

Samples for determining the hydrogen concentration were cut out at a distance of ⁓100 mm from 

the edges of damage (fractures). Hydrogen concentration was measured also in new samples made 

of the metal in the state of delivery. The measurement results are shown in Table 2. The symbol ƩQ 

indicates the average (of two parallel measurements) total hydrogen content released at two extrac-

tion temperatures. The results obtained confirm that hydrogen accumulation in the metal of the 

damaged samples occurred during operation. The hydrogen concentration increased by factors of 

3.1, 6.7, and 6.5 in samples No 1D, 2D, and 3D, respectively.  

Table 2 

https://www.multitran.com/m.exe?s=isobutylene&l1=1&l2=2
https://www.multitran.com/m.exe?s=impact+pendulum-type+testing+machine&l1=1&l2=2
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The results of determining the mass fraction of hydrogen, wt% 

Sample marking ∑Q, M
−1 

Sample No 1D 0.3435 
Sample No 1N 0.1105 
Sample No 2D 0.9488 
Sample No 2N 0.1425 
Sample No 3D 1.3610 
Sample No 3N 0.2105 

The initial microstructure of the applied steel grades of the studied samples, corresponding 

to the metal in the state of delivery, is a ferrite-pearlite one [28]. Ferrite is a solid solution of carbon 

(up to 0.02%) in б-iron (б-ferrite). Pearlite is a conglomerate of alternating lamels of ferrite and 

cementite. Cementite (iron carbide) is a chemical compound of iron with carbon (Fe3C), with a 

maximum carbon concentration of 6.67%.   

Metallographic analysis showed that, during operation, decarburization of the internal struc-

ture of steel grains with varying degrees of intensity occurred under the influence of hydrogen. In 

sample No 1D the microstructure of the sample near the site of destruction of the reactor walls con-

sists of almost pure ferrite (Fig. 1 a), carbides being disintegrated completely. In samples No 2D 

(Fig. 1 b) and No 3D (Fig. 1 c) only partial decarburization of the microstructure occurred. The de-

cay of the carbide component of the steel within the boundaries of the former pearlite grains is 

clearly visible in these samples.  

All the metal underwent the same phase changes during operation. There is no difference be-

tween carbon distribution along the edges of the fractures and that at a distance from them. In sam-

ple No 1D microcracks and cracking around these cracks are present, at a distance from the damage 

(⁓100 mm), cracking along grain boundaries was not detected (Fig. 2 a). Cracking was detected at 

a distance from the damage in samples No 2D (Fig. 2 b) and No 3D (Fig. 2 c). It is more intensive 

in sample No 3D. 

As is known [1, 14, 15], when steels are saturated with hydrogen, the latter interacts with 

cementite to form methane gas, and this should lead to the formation of voids along the grain 

boundaries and the swelling of the metal. In the samples studied by us, metal swelling and the for-

mation of voids along the grain boundaries due to damage accumulation and accumulation of me-

thane were not detected. The width of the intergranular cracks in all the samples after operation was 

the same (Fig. 2 b, c). 

 

a ×500 

 

b ×500 

 

c ×500 

Fig. 1. The microstructures of the samples near the damage: sample No 1D (a);  

sample No 2D (b); sample No 3D (c) 
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а ×3000 b ×3000 c ×3000 

Fig. 2. The microstructures of the damaged samples at a distance from the damage: sample 

No 1D (a); sample No 2D (b); sample No 3D (c) 

The results of optical emission spectral analysis in comparison with the new samples are 

shown in Table 3. They indicate the absence of decarburization of the metal of the studied samples. 

This, on the one hand, contradicts the microstructural decarburization observed under a microscope 

and, on the other hand, explains the absence of symptoms of methane disease. It should be noted 

that the optical emission analysis inspected the entire wall thickness in every 2 mm. Thus, it was 

just the average carbon concentration throughout the wall thickness of the equipment that did not 

differ in the new and operated equipment, and it was at the upper permissible level for the studied 

steel grades (Table 1). There were no changes in the concentration of the other elements either.  

Table 3 

Mass fraction of the chemical elements, % 

Sample number С Mn Si Cr Ni S Сu Р V 

Sample No 1D 
0.110± 
0.016 

1.41± 
0.06 

0.64± 
0.05 

0.081± 
0.011 

0.031± 
0.008 

0.0053± 
0.0024 

0.016± 
0.005 

0.014± 
0.003 

0.0080± 
0.0024 

Sample No 1N 
0.112± 
0.016 

1.42± 
0.06 

0.64± 
0.05 

0.080± 
0.011 

0.029± 
0.008 

0.0052± 
0.0024 

0.016± 
0.005 

0.015± 
0.003 

0.0080± 
0.0024 

Norms for steel 

09G2S as per 

GOST 19281-2014 
≤0.12 1.3–1.7 

0.50–

0.80 
≤0.30 ≤0.30 ≤0.035 ≤0.30 ≤0.030 ≤0.12 

Sample No 2D 
0.122± 
0.016 

1.47± 
0.06 

1.07± 
0.08 

0.117± 
0.016 

0.082± 
0.012 

0.0048± 
0.0012 

0.128± 
0.020 

0.024± 
0.006 

0.0042± 
0.0016 

Sample No 2N 
0.124± 
0.016 

1.45± 
0.06 

1.01± 
0.08 

0.105± 
0.016 

0.090± 
0.012 

0.0051± 
0.0024 

0.115± 
0.020 

0.032± 
0.006 

0.0049± 
0.0016 

Norms for steel 

10G2S1 as per 

GOST 19281-2014 
≤0.12 

1.30–

1.65 
0.80–

1.1 
≤0.30 ≤0.30 ≤0.035 ≤0.30 ≤0.030 ≤0.12 

Sample No 3D 
0.232± 
0.024 

0.445± 

0.024 
0.26± 
0.03 

0.028± 
0.006 

0.008± 
0.003 

0.0042± 
0.0016 

0.012± 
0.005 

0.020± 
0.003 

– 

Sample No 3N 
0.222± 
0.024 

0.435± 

0.024 
0.28± 
0.03 

0.031± 
0.006 

0.007± 
0.003 

0.0032± 
0.0016 

0.015± 
0.005 

0.024± 
0.003 

– 

Norms for steel 20 

as per GOST 1050-

2013 

0.17–

0.24 
0.35-

0.65 
0.17–

0.37 
≤0.25 ≤0.30 ≤0.035 ≤0.30 ≤0.030 – 

There is a contradiction among the microstructural decarburization that we have discovered, 

the absence of symptoms of methane disease, and the absence of changes in the average carbon 

concentration.   
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To clarify this contradiction, an energy dispersive analysis was carried out along the bound-

aries of the decarburized grains of the samples. To do this, the boundaries between the grains were 

analyzed, which have a significant difference in thickness. As the published data show, energy dis-

persive analysis is effective for solving such problems. For example, in [29] this analysis was suc-

cessfully used to prove the restoration of cementite in the surface layer (up to 10 мm) after  

dehydrogenization, and in [30] the redistribution of carbides in the 12Cr1MoV steel after long-term 

high-temperature operation was proved. 

The area of energy dispersion analysis (EDS) went beyond the grain boundaries and covered 

the ferritic grains; therefore, only the lower concentration limit of the carbon content at the grain 

boundaries was determined. Electron microscopic images indicating the areas of analysis are shown 

in Fig. 3. The results of the analysis are summarized in Table 4.  
 

 

 

 

 

 

а ×10000 b ×3000 c ×10000 

Fig. 3. Electron microscopic images of the metal samples transmitted in secondary electrons,  

indicating the locations of EDS analysis: sample No 1D (a); sample No 2D (b); sample No 3D (c) 

Table 4 

Carbon concentration at grain boundaries, % 

Sample number Sample No 1D Sample No 2D Sample No 3D 
Boundary of three grains (area of analysis No 1) ≥11.5 ≥9.0 ≥9.9 

Thickened boundary of two grains (area of analysis No 2) ≥8.5 ≥7.9 ≥8.2 
Thin grain boundary (area of analysis No 3) ≥4.4 ≥4.8 ≥1.6 

According to the above photos and the data of Table 4, it can be seen that, during operation 

of the equipment, carbon atoms diffused from pearlite to grain boundaries. The maximum carbon 

concentration was recorded by us along the boundary of three grains, and it was 11.5, 9.0, and 9.9% 

for samples Nos 1D, 2D, and 3D, respectively. The concentrations obtained correlate with the mi-

crostructural studies, where the degree of grain decarburization was maximal in sample No 1D. 

Since carbon could get to the fractures of the walls of the equipment from the working me-

dium, during transportation, etc., in order to confirm the fact of carbon accumulation along the 

boundaries of the metal grains additionally, elemental mapping was carried out for the fracture sur-

faces formed after impact tests (according to GOST 9454-78) of the samples cut out from the walls 

of the equipment. These tests were carried out by us under “clean conditions”, which eliminate con-

tamination of the analyzed surface of the samples before, during and after destruction due to impact 

bending.  

The results obtained for the “destroyed” samples were compared with those for the “new” 

samples. 

The elemental mapping of the surfaces was carried out in the center of the fractures in 5 are-

as. The electron microscopic images of the surfaces of samples No 1D and No 1N are shown in Fig. 4. 

The values of carbon concentration in the analyzed fields are shown in Table 5. A good conver-

gence in carbon concentration at different control sites within the same sample was obtained. With 

https://www.multitran.com/m.exe?s=dehydrogenization&l1=1&l2=2
https://www.multitran.com/m.exe?s=dehydrogenization&l1=1&l2=2
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the initial equality in the carbon concentration in new and damaged samples No 1, the carbon con-

centration on the fracture surface in the damaged samples is 2.5 times as high. Similar results were 

obtained when comparing the results of the analysis of the fractures in damaged and new samples 

No 2 and No 3, where the carbon concentration along the grain boundaries in the damaged equip-

ment exceeded that in the new samples for certain.   

Carbon can diffuse in steels just under the influence of mechanical loads. In [31] the redis-

tribution of carbon atoms during deformation of steel 20 under load was demonstrated. Deformation 

leads to the destruction of cementite particles located at the boundaries of dislocation fragments and 

to the formation of carbides inside the fragments. Carbon from the destroyed cementite particles at 

the boundaries of the fragments finds its place in the formation of cementite particles inside the 

fragments, in defects of the crystal lattice, and in formation of carbides in new morphological struc-

tures. Similar results were obtained in [32], where the processes of redistribution of carbon atoms in 

the solid solution, cementite particles, and elements of defective substructure occurred under the 

influence of surface load.   

Carbon diffuses from the grain body and accumulates along the grain boundaries. Based on 

the close values of carbon concentration in the new and damaged samples, average throughout the 

entire wall section, the data obtained suggest that the redistribution of carbon under load during op-

eration of the equipment occurs under the action of loads as such rather than due to hydrogen dis-

solved in the steel. This effect is observed in all the three investigated cases of equipment damage 

despite their different media (organic and inorganic substances), as well as different operating pres-

sures and operating temperatures.  

  

a ×50 b ×50 

Fig. 4. Electron microscopic images of sample fractures after impact bending: 

sample No 1D (a); sample No 1N (b) 

Table 5 

Carbon concentration on fractures of samples, % 

Sample number Sample No 1D Sample No 1N 

Field No 1 1.66 0.66 

Field No 2 1.58 0.64 

Field No 3 1.59 0.67 

Field No 4 1.65 0.66 

Field No 5 1.60 0.63 

Average value 1.62 0.65 

It should be noted that decarburization of structural steels under thermo-mechanical load is a 

well-studied process [33–35]. With a single-step annealing or normalization, it occurs at a depth of 

about 40 мm [23, 26]. The mechanism of decarburization under load is associated with the thermal 

decomposition of pearlite, carbides, and martensite, followed by the diffusion of carbon atoms onto 
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grain boundaries and onto the free surface of the metal. This is facilitated by a relatively high diffu-

sion coefficient of carbon atoms in iron and external mechanical loads [20, 36]. 

The main chemical reactions of decarburization in this case are as follows [36]: 

 2C + O2 →2CO (3) 

 C + H2O →CO + H2 (4) 

 C + FeO →Fe + CO. (5) 

To protect steels from such carbon loss, gas-tight and heat-resistant coatings of workpieces 

are used before annealing or quenching, for example, aluminum-silicon compounds [13]. Heat 

treatment in a protective reducing environment is also used [20].   

Thus, the process of decarburization of steel grains under load proceeds precisely from  

inside the grains to the boundaries, followed by the formation of carbon monoxide and molecular 

hydrogen during the reactions of carbon with oxygen, iron oxides, and water molecules. It should be 

noted that in the cases studied we observed exactly the same carbon diffusion. Thus, it is not hydro-

gen that leads to decarburization, but the decomposition of carbon compounds in steels under ther-

mo-mechanical load and carbon diffusion lead to additional accumulation of hydrogen and further 

decarburization “on average” if oxygen enters these boundaries or if they are contaminated with 

iron oxides.  

With such a basic decarburization mechanism, there remains only one contradiction with the 

numerous observations of the consequences of a high-temperature hydrogen attack. Unclear is the 

mechanism of formation of methane and other hydrocarbons in defects in the microstructure of 

steels, which are often observed (see, for example, [14]). 

It is known from the general course of organic chemistry that even in the presence of cata-

lysts, the direct reaction of hydrogen with carbon does not occur. Well-studied coal gasification re-

actions can only be written in the most generalized form as a direct reaction of hydrogen with car-

bon [37]. The formation of methane occurs as a result of a chain of reactions occurring only in the 

presence of additional reagents, for example, carbon monoxide or an organic solvent [37]. Moreo-

ver, at high temperatures (above 1000 °C), methane is highly likely to decompose into carbon and 

hydrogen, and metal catalysts can reduce the decomposition temperature (pyrolysis of methane) to 

450–500 °C.  

Using well-researched methods of industrial production of methane, one can suggest that the 

following main reactions take place at the grain boundaries during the decarburization of steels: the 

direct reaction of carbon monoxide with hydrogen, known as a side reaction in the Fischer–Tropsch 

process [38, 39] (both gases are formed during decarburization), 

 CO + 3H2 → CH4 + H2O, (6) 

the formation of carbon dioxide from carbon monoxide and water molecules to form hydrogen,  

 CO + H2O → CO2 + H2, (7) 

and the subsequent Sabatier reaction [40, 41], which results in the synthesis of methane, 

 CO2 + 4H2 →CH4 + 2 H2O. (8) 

An important feature of these reactions, which lead to decarburization, is that hydrogen in-

volved in them accumulates and is consumed during chemical reactions at the boundaries of metal 

grains, and it is not adsorbed from the environment. This allows us to explain why, with a huge dif-

ference in the carbon concentrations observed in steels and the concentrations of absorbed hydro-
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gen, a significant portion of carbon is converted into methane and other more complex organic 

compounds. 

A careful study of the primary sources shows that, since the first work known to us [4], hy-

drogen-induced decarburization has been studied on isolated samples artificially saturated with hy-

drogen under high pressure or by cathodic polarization. Under these conditions, the Nelson diagram 

and other patterns related to the phenomenon of decarburization during high-temperature hydrogen 

attack and with the development of hydrogen brittleness were obtained. The presence of specific 

surface effects [42] during artificial saturation of metals with hydrogen, including the hydrogen skin 

effect, does not allow these data to be used for long-term operation of industrial equipment without 

additional research and testing. Ignoring this circumstance may cause the unpredictable develop-

ment of hydrogen brittleness and hydrogen-induced destruction of reactor walls, pipelines, and oth-

er industrial equipment.   

4. Conclusion  

Steel samples cut out from the walls of equipment damaged as a result of hydrogen embrit-

tlement during operation in various hydrogen-containing media and at different operating pressures 

and temperatures have been studied with the application of various techniques. Direct measurement 

of hydrogen concentration has shown that, compared with the metal in the state of delivery, hydro-

gen concentration increases many times during operation of the equipment, and this, according to 

generally accepted concepts, leads to decarburization of the internal microstructure of steel grains. 

At the same time, in all the investigated cases of operational damage to the steel walls of the 

equipment, there is no complete removal of carbon from the steels as a result of hydrogen embrit-

tlement. Besides, there is no decrease in the carbon concentration (average throughout the wall 

thickness), it is at the upper permissible level for all the studied steel grades. It has been found that 

carbon diffuses from the body of pearlite grains and accumulates along their boundaries. This effect 

has been observed in all the samples, despite a significant difference in the composition, tempera-

tures, and pressures of the working medium. The maximum recorded carbon concentration has been 

observed at the grain boundaries, and it amounts to 11.5%. At that, the value of carbon concentra-

tion along the grain boundaries corresponds to the level of decarburization of the pearlite grains of 

the studied samples.  

The analysis of the results allows us to make a reasonable assumption that the decomposi-

tion of pearlite and the diffusion of carbon under the influence of external thermo-mechanical loads, 

followed by its interaction with oxygen, iron oxides, and water at the grain boundaries, are an inter-

nal source of hydrogen ingress into the steel and methane formation with its participation. Thus, the 

methane disease of steels in the studied cases is a consequence of carbon diffusion to the grain 

boundaries rather than of hydrogen adsorption from the environment.  

The discovered mechanism of steel degradation allows us to explain many contradictions, 

for example, a large difference in the concentrations of dissolved hydrogen and carbon in steels and 

the possibility of the development of hydrogen brittleness at low pressures and concentrations of 

hydrogen in the working environment, at relatively low operating temperatures of several hundred 

degrees Celsius. The long service life under load, apparently, is the main reason for the differences 

found in the microstructure of the steels as compared to the well-known published data obtained in 

studies of hydrogen-saturated samples under laboratory conditions. 
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