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Аннотация. Для оценки стойкости к водородному охрупчиванию, вызванному присутствием водорода в транспортируемом продукте, 

и, соответственно, пригодности труб для транспортировки водорода был исследован основной металл труб большого диаметра класса 
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Abstract. In order to assess the resistance to hydrogen embrittlement caused by the presence of hydrogen in the transported product, and, accordingly, 

the suitability of pipes for transporting hydrogen, we studied the metal of large-diameter X52 strength class pipes manufactured by JSC “ChelPipe” 
(a TMK Group company). The work included the study of pure gaseous hydrogen effect under pressure up to 10 MPa on change in mechanical 
characteristics of the base metal of large-diameter pipes (LDP) during preliminary hydrogen charging for various periods in a stationary autoclave 
under pressure, and during simultaneous loading with a slow strain rate (SSRT) under expected operating conditions. Results of the X52 LDP metal 
study show that there is no significant impact on the effect of gaseous hydrogen under pressure for up to 144 hours on mechanical characteristics 
of the base metal determined by static uniaxial tension (decrease in ductile characteristics does not exceed 9 %). During SSRT at a rate of not more than 
1·10–6 s–1 in a pure gaseous hydrogen environment under a pressure of 10 MPa, the change in strength and ductile characteristics does not exceed 13 % 
in comparison with the reference tests in a nitrogen environment under the same pressure. The results obtained allow us to consider that the base metal 
of low-alloy pipe steel with ferrite-perlite microstructure of X52 strength class is sufficiently resistant to hydrogen embrittlement. Final confirmation 
of the possibility of using LDP made from steel under study will be the results of further qualification tests, including the study of the weld metal 
and heat-affected zone properties. 
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 Introduction

One of the current challenges is the transition 
to hydrogen energy. There is extensive research to support 
the development of hydrogen transportation and storage 
infrastructure and the use of existing gas pipeline grids 
to deliver hydrogen. One important issue is the properties 
of materials which come into contact with pure gaseous 
hydrogen under pressure1 [1].

For this reason, the Scientific and Technological Comp-
lex «New Technologies and Materials» at St. Petersburg 
Peter the Great Polytechnic University initiated a project 
to study the changes in structure and properties of pipe 
steel grades after hydrogen charging in a pure gaseous 
hydrogen environment under pressure [2 – 5]. According 
to several studies [6 – 10], the advanced steel grades used 
in main pipelines are promising for hydrogen transporta-
tion.

The structural strength, microstructure, and other 
properties may vary greatly in hydrogen, air, or inert 
environments. As indicated by tensile tests with stan-
dard and extremely slow strain rates, the elasticity is 
affected the most when the fracture pattern is changed. 
The purpose of this study is to estimate the degradation 
of the large-diameter pipe (LDP) material properties. 
The pipes are made of ferrite-perlite plate steel when 
exposed to gaseous hydrogen at high pressure equal 
to the operating pressure in today’s long-distance gas 
transportation grids.

 Material Properties

We studied the samples of LDP (diameter: 1420 mm; 
wall thickness: 14 mm) 17G1S-U low-alloy tube steel 
grade (GOST 19281, X52 strength class). The EU analog 
is Fe52CFN. The chemical composition (as indicated in 
the quality certificate) in % is as follows: 

С Mn Si Cr Cu Ni P S

0.110 1.460 0.490 0.040 0.040 0.010 0.010 0.001

V Nb Al Ti Nb + V + Ti S + P

0.006 0.032 0.031 0.017 0.055 0.011

Metallographic analysis showed that the steel has 
a ferrite-perlite structure. The average grain diameter is 
7.61 µm (Fig. 1).

The pipe was manufactured from hot-rolled plates 
after controlled rolling. The pipe is made by cold gra-
dual forming of rolled plates with a press. The pipe has 
one longitudinal double-sided (outer and inner) weld 
made by the automated flux-cored arc welding process. 
The pipe quality is compliant with the pipe specifications.

 Test Methods

In order to evaluate the changes in the mechanical 
properties after preliminary hydrogen charging, the sam-
ples were kept for 72 and 144 h in pure hydrogen gas in 
in a stationary autoclave with a working part volume of 
0.5 liters (Fig. 2, a).

Before the test, the autoclave was repeatedly purged 
with helium and then with hydrogen. After the pure gase-

1 Hydrogen Certified Pipes. A new era for hydrogen transportation. 
Available at URL: https://www.cpw.gr/userfiles/news/2020/CPW-H2-
CPW-newsletter-final.pdf. (Accessed 01.09.2022)

прочности X52 производства АО «Челябинский трубопрокатный завод» (входит в группу компаний ПАО «Трубная металлургическая 
компания»). В работе изучено влияние чистого газообразного водорода под давлением до 10 МПа на изменение механических 
характеристик основного металла труб большого диаметра (ТБД). Исследование проводилось при предварительном наводороживании 
в стационарном автоклаве под давлением, а также при одновременном нагружении с малой скоростью деформации (SSRT) в ожидаемых 
условиях эксплуатации. Результаты исследования металла ТБД Х52 показывают отсутствие существенного влияния воздействия 
газообразного водорода под давлением в течение 24 – 144 ч на механические характеристики основного металла, определяемые при 
статическом одноосном растяжении (снижение пластических характеристик не превышает 9 %). При испытании SSRT со скоростью не 
более 1·10–6 с–1 в среде чистого газообразного водорода под давлением 10 МПа изменение прочностных и пластических характеристик 
не превышает 13 % в сравнении с контрольными испытаниями в среде азота под тем же давлением. Полученные результаты позволяют 
считать основной металл низколегированной трубной стали с феррито-перлитной микроструктурой класса прочности X52 достаточно 
устойчивым к водородному охрупчиванию. Окончательным подтверждением возможности применения ТБД из исследуемой 
стали будут служить результаты дальнейших квалификационных испытаний, включающих изучение свойств металла шва и зоны 
термического влияния. 

Ключевые слова: сталь трубопроводная, водородное охрупчивание, испытания при малой скорости деформации, транспорт водорода, трубо-
провод большого диаметра, Х52, испытания на растяжение, автоклав для испытаний в среде водорода
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ous hydrogen pressure reached 10 MPa, the samples were 
held for the required period. Then for 10 – 15 min, they 
were tested for uniaxial tension with an Instron tes ting 
machine.

The smooth cylindrical samples 6 mm dia. were 
tested for static uniaxial tension according to GOST 1497 
and ASTM G142. The samples were cut along the main 
direction of strain. Two samples for each holding time 
were used. We compared the tested mechanical properties 
with that of the reference samples.

The slow strain rate testing (SSRT) complied with 
ASTM G129 and NACE TM0198 using a UME-10T 
tensile testing machine: a customized autoclave that 
can apply loads to the sample in a gaseous environ-
ment pressure (Fig. 2, b). The tests were performed in 
pure gase ous hydrogen and nitrogen (for the reference 
samples) at a slow strain rate of 8.5∙10–7 s–1. It complies 
with the NACE TM0198 requirement that the strain 
rate should be less or equal to 1∙10–6 s–1. The samples 
were smooth cylinders 6.35 mm dia. cut in the longitu-
dinal direction. Two samples were used for each envi-
ronment. After pla cing the samples, the autoclave was 
repeatedly purged with helium and then with hydro-
gen (for the hydrogen environment tests) or nitrogen 
(for the refe rence sample tests). The gas pressure was 
raised to the required value (10 MPa), and the strain was 
applied at the specified rate.

We evaluated the tensile test results (also for the SSRT) 
by analyzing the average values of the measured struc-
tural strength and elasticity. The property changes were 
expressed as a percentage [6 – 8]. The strength and elas-
ticity ratios are the ratios of the property values in a pure 

Fig. 1. Microstructure of base metal 
of the studied steel, ×500

Рис. 1. Микроструктура основного металла 
исследуемой стали, ×500

Fig. 2. Autoclaves used: stationary autoclave with the possibility to control and regulate pressure (a);
tensile testing machine with an installed autoclave for tensile test of the samples in a gaseous environment (b)

Рис. 2. Используемые автоклавы: стационарный автоклав с возможностью контроля и регулирования давления (а); 
машина для испытания на растяжение с установленным автоклавом для растяжения образцов в газообразной среде (b)
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hydrogen environment to the property values of the refe-
rence samples.

The changes in the strength and elasticity ratios were 
expressed as the decrease in value relative to 100 %. 
When a value is close to 100 %, we may claim that 
the respective material property is not affected by hydro-
gen under the test conditions. The lower the strength and 
elasticity ratios, the greater the effect of the holding time 
in pure hydrogen at 10 MPa on the metal’s mechanical 
properties.

We examined the fracture surface of the samples using 
a Tescan MIRA3 scanning electron microscope.

 Test Results

The static uniaxial tension tests of the hydrogen 
charged samples show a weak effect of the hydrogen 
charging conditions used on the elasticity properties 
(Fig. 3, a). The decrease in the plasticity ratios does not 
exceed 9 %. No significant degradation of the structural 
strength after such tests was found (the strength ratios are 
about 100 %). According to Tröger M. et al. [7], elasti city 
ratios above 80 % indicate high resistance to hydrogen 
embrittlement.

As the results show, longer exposure to gaseous hydro-
gen leads to a slight decrease in the elasticity properties 
of the metal. This has also been reported in many stud-
ies [6; 9 – 11]. Despite this trend, the key properties of 
the sample metal after holding it in pure hydrogen gas for 

72 and 144 h changed insignificantly relative to the refe-
rence samples.

The fracture surfaces of the samples have pits. The sur-
face pattern does not change significantly after hydrogen 
charging (Fig. 4, a, b).

All of the above indicates no significant effect of pure 
gaseous hydrogen at 10 MPa, a well as the high resistance 
(no changes in the strength and elasticity) of the studied 
metal during pre- hydrogen charging at up to 144 h hold-
ing time.

When testing the X52 pressure rating steel at slow strain 
rates in a hydrogen environment, there is a slight decrease 
in the strength and elasticity compared to the refe rence 
tests in a nitrogen environment. The changes in strength 
and elasticity of the samples tested in a hydrogen environ-
ment relative to that of the reference samples in a nitro-
gen environment under identical conditions do not exceed 
13 %. The strength and elasticity ratios are above 80 %, 
which indicates the resistance of the investigated steel 
to loads applied in a hydrogen environment [7].

The results are consistent with other SSRT studies 
of hydrogen embrittlement in pipe steels in a hydrogen 
environment [6; 12; 13]. The tensile curves for the tested 
samples are shown in Fig. 3, b.

The SSRT samples tested in a nitrogen environment 
showed a viscous fracture pattern. The fracture surface 
has pits (Fig. 4, c). The slow strain rate tests in pure 
gase ous hydrogen produced microcracks and brittle frac-

Fig. 3. Tensile test diagrams of the samples at a strain rate of 10–2 s–1 (а) and 10–6 s–1 (b):
1 – reference tests; 2 – test after preliminary exposure to hydrogen for 72 h (Epr = 95.23 %); 

3 – test after preliminary exposure to hydrogen for 144 h (Epr = 91.09 %); 4 – SSRT in nitrogen environment; 
5 – SSRT in gaseous hydrogen environment (Epr = 86.59 %)

Рис. 3. Диаграммы растяжения образцов со скоростью 10–2 с–1 (а) и 10–6 с–1 (b):
1 – контрольные испытания; 2 – испытание после предварительной выдержки в водороде в течение 72 ч (Eпр = 95,23 %); 

3 – испытание после предварительной выдержки в водороде в течение 144 ч (Eпр = 91,09 %); 
4 – SSRT испытание в среде азота;  5 – SSRT испытание в среде газообразного водорода (Eпр = 86,59 %)



Izvestiya. Ferrous Metallurgy. 2023; 66(1): 35–42.
Pyshmintsev I.Yu., Gizatullin A.B., etc. Preliminary assessment of X52 large-diameter pipes suitability for transportation of pressurized ...

39

ture areas (Fig. 4, d).The results we obtained are simi-
lar to the fractography results presented in [11; 14; 15]. 
The fracturing is attributed to the accumulation of hydro-
gen in defects both in the surface layer of the metal and 
below. This can lead to high internal stress at the hydro-
gen concentration areas and the formation of micro- and 
macro-cracks. Hydrogen embrittlement requires the con-
tinuous diffusion of hydrogen from inside the metal to its 
surface. Thus any factors which contribute to the increase 
of the hydrogen volume diffusing to the crack inten-
sify hydrogen embrittlement [16]. With a significantly 
lower strain rate, hydrogen has enough time to diffuse 
into the sample material and redistribute at the critical 
points of the microstructure (e.g., at the tops of cracks 
formed during testing) [8]. It facilitates the formation of 
embrittlement areas and leads to small cracks during tes-
ting (Fig. 4, d).

A decrease in the strain rate from ~10–2 s–1 (for 
the hydrogen charged sample testing according 
to GOST 1497) to ~10–6 s–1 (for SSRT in hydrogen) 
leads to a more noticeable, but not critical change in the 
plasti city ratios from 95 to 85 % on average. A similar 
decrease in elasticity with virtually unchanged strength 
was found in gaseous hydrogen SSRT tests of X80 pres-
sure rating pipe steel [6; 11], while the loss of elasticity 
increases with decreasing the strain rate.

Despite the changes observed in the mechanical 
properties when we tested the samples after preliminary 
hydrogen charging and by loading in a gaseous hydro-
gen environment, the properties of X52 pipe steel remain 
within the specifications for pipes. They are consistent 
with the test results presented in [6 – 15] where metal 
embrittlement in pure hydrogen gas environment under 
pressure is evaluated.

Fig. 4. Appearance of fracture surface of the tested samples:
tensile behavior at a strain rate of 10–2 s–1 of the reference samples (a); 

tensile behavior at a strain rate of 10–2 s–1 of the samples exposed to hydrogen for 144 h (b); 
tensile behavior at a strain rate of 10–6 s–1 in a nitrogen environment (c); 

tensile behavior at a strain rate of  10–6 s–1 in hydrogen at 10 MPa (d) 

Рис. 4. Внешний вид поверхности разрушения испытанных образцов:
растяжение со скоростью 10–2 с–1 контрольных образцов (а); 

растяжение со скоростью 10–2 с–1 образцов после выдержки в среде водорода в течение 144 ч (b); 
растяжение со скоростью 10–6 с–1 в среде азота (c); 

растяжение со скоростью 10–6 с–1 в среде водорода при давлении 10 МПа (d )
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 Conclusions

We studied the resistance of typical low-alloy pipe steel, 
moderate X52 strength class rating to hydrogen embrittle-
ment. We found no significant changes in strength and 
elasticity after exposure to gaseous hydrogen at 10 MPa 
and room temperature for 24 – 144 h. The reduction 
of elasticity in the samples does not exceed 10 %.

The SSRT tests (strain rate not exceeding 1∙10–6 s–1) 
showed a decrease in elasticity not exceeding 20 %. 
The greater loss of elasticity compared to the tests of pre-
hydrogen charged samples is caused by the possible 
diffusion of hydrogen near the stress concentrators and 
the tops of cracks with the strain rate decrease.

Regardless of the test conditions, the key structural 
strength properties of the metal remain within the speci-
fications.

Therefore, the tests (under the above conditions) indi-
cate that the ferrite-perlite pipe steel, X52 strength class, 
shows good resistance to hydrogen embrittlement. Our 
results are in good agreement with the published results 
of similar tests of low-alloy plate and pipe steel grades.

The final confirmation of the X52 strength class 
pipe steel suitability for operations in gaseous hydro-
gen at pressures up to 10 MPa will be the qualification 
tests pursuant to ASME B 31.12 2 [17; 18] and ASME 
BPVC [19], as well as studies of the hydrogen effects 
on the weld metal and heat affected zone.
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