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Abstract: Consideration of the possibility of transporting compressed hydrogen through existing
gas pipelines leads to the need to study the regularities of the effect of hydrogen on the mechanical
properties of steels in relation to the conditions of their operation in pipelines (operating pressure
range, stress state of the pipe metal, etc.). This article provides an overview of the types of influence
of hydrogen on the mechanical properties of steels, including those used for the manufacture of
pipelines. The effect of elastic and plastic deformations on the intensity of hydrogen saturation of
steels and changes in their strength and plastic deformations is analyzed. An assessment of the
potential losses of transported hydrogen through the pipeline wall as a result of diffusion has been
made. The main issues that need to be solved for the development of a scientifically grounded
conclusion on the possibility of using existing gas pipelines for the transportation of compressed
hydrogen are outlined.
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1. Introduction

Recently, research activities have intensified in the global industry and academia in
anticipation of the upcoming European Green Deal implementation of measures aimed at
minimizing greenhouse gas emissions into the atmosphere and creating a carbon-neutral
zone in Europe by 2050. In the EU countries, there is a public demand that requires
industrialists to minimize the technogenic impact on climatic processes. In this regard,
with government support, initiatives are being developed that are entirely aimed at the
formation of environmentally oriented strategies in the models of the activities of indus-
trial enterprises.

The implementation of the targets of the “Green Deal” is impossible without the
transformation of the energy sector of the countries of the European Union (EU) and
the Asia-Pacific Region (APR), which involves the large-scale development of renewable
energy sources (RES), as well as strengthening the role of alternative fuels, primarily
hydrogen. Within the framework of minimizing the anthropogenic impact on the planet’s
ecosystem [1] and reducing greenhouse gas emissions [2] in various countries of the world,
including Russia, it is assumed that hydrogen will be widely used as a fuel [3–5], as a
widespread and ecologically safe type of fuel [6,7].

At the same time, hydrogen is considered as a secondary energy carrier, the advantage
of which is the absence of a carbon footprint when it is used as a chemical raw material,
as a source of electrical energy in fuel cells, or when it is burned in internal combustion
engines or heating boilers.
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Fossil resources are considered as the primary source of energy, as well as renewable
low-carbon energy sources (hydropower, wind energy, solar energy, etc.).

Fossil carbon-containing primary energy sources are considered as a transitional
option, provided that carbon and its derivatives are utilized, preventing its release into the
atmosphere. Because of this, it is advisable to locate facilities for producing low-carbon
hydrogen from fossil primary sources in the immediate vicinity of the infrastructure for the
utilization of CO2. In turn, renewable energy sources and electrolyzers are also advisable
to be located in places with favorable conditions in order to achieve maximum efficiency.

Thus, consideration of hydrogen as a universal secondary energy carrier is impossible
without solving the problems of its transport from the place of production to the place of
use or a filling station.

Currently, the following methods of hydrogen transportation are used:

• in a gaseous state in cylinders and pipeline transport [8];
• in liquid [9–12];
• in a bound form using solid or liquid carriers [13,14], including by land transport in

cylindrical containers [15,16].

At the same time, for the transportation of significant amounts of hydrogen, the most
economically feasible is its transportation in a compressed state through pipelines [17–20].
In this regard, the possibilities of creating specialized pipeline systems for transporting
hydrogen are being studied, however, as economic calculations show [21], the creation
of such systems will be economically justified only when the market share of hydrogen
energy reaches at least 10%.

In this regard, the most acceptable option is the transportation of hydrogen through
existing steel gas pipelines designed for pumping natural gas, the practical implementation
of which is hampered by a number of unsolved technical problems, ranging from the
possibility of pipeline explosion [17] and ending with its destruction due to the possible
negative impact of hydrogen on mechanical properties of the pipe material [22,23], as well
as significant losses arising when pumping compressed hydrogen through a pipeline [24].
In this regard, studies aimed at solving these problems are highly relevant.

Within the framework of this work, the possible states of hydrogen in metals are
analyzed and the effect on the mechanical properties of steels of hydrogen is assessed, both
inside the metal—“internal” and its surroundings—“external” [25], as well as estimates
of the amount of hydrogen losses due to its diffusion of hydrogen through the wall of
the pipeline.

The result of the work is the identification of the main issues that need to be resolved
in order to develop a scientifically grounded conclusion on the possibility of using existing
gas pipelines for the transportation of compressed hydrogen.

2. The Process of Hydrogen Penetration into Metals

The process of hydrogen penetration into metal from the gas phase can be divided
into the following stages [26]:

• condensation of gaseous hydrogen on the metal surface, i.e., physical adsorption
(controlled by van der Waals or dispersive forces);

• dissociation of molecules into separate atoms (activated adsorption, chemisorption);
• transition of atoms through the metal surface (gas dissolution in the metal);
• diffusion of hydrogen atoms from the surface into the interior of the metal [27].

The total rate of hydrogen penetration into the metal is determined by the slowest of
these stages, which is determined by the process conditions.

At low pressures of gaseous hydrogen, the slowest stage is the adsorption of hydrogen
molecules on the metal surface. In this case, according to the Langmuir adsorption isotherm,
the fraction of the surface capable of retaining adsorbed hydrogen molecules is directly
proportional to its partial pressure in the gas phase. In this case, the adsorbed molecules
are not bound to certain places on the surface and are able to move along it [28].



Energies 2021, 14, 6085 3 of 27

In the process of dissociation of molecules (second stage), the formed atoms are bound
by chemical forces with the atoms of the metal surface, which is largely explained by the
fact that the valence of atoms on the metal surface is not completely saturated. Therefore,
we can talk about the chemical interaction between gas molecules and metal atoms, which
leads to dissociation and destruction of the gas molecule, while adsorption has a large
thermal effect [28].

This process of dissociation of adsorbed molecules into atoms is limiting at sufficiently
low temperatures.

At elevated temperatures and pressures, i.e., when a sufficient concentration of atomic
hydrogen is created on the surface, the penetration rate and permeability are determined
by the hydrogen diffusion parameters. This is confirmed by the direct dependence of the
rate of hydrogen penetration through a metal barrier on the thickness of the barrier.

When metals are saturated with hydrogen during various electrolytic operations
(electroplating, etching), hydrogen enters the metal surface in an ionized state, where the
reaction takes place:

H+ + e↔ H (1)

Part of the formed hydrogen atoms combine into molecules with a transition to a
gaseous state, and the other part is adsorbed by the surface and passes into the metal. In this
case, the use of the electrolytic method already at room temperature makes it possible to
saturate the surface metals to very significant concentrations of dissolved hydrogen. This is
explained by the fact that during the cathodic evolution of hydrogen, such a concentration
of atomic hydrogen ions is created at the metal surface, which, according to the results,
is equivalent to thousands of atmospheres of pressure of gaseous hydrogen at elevated
temperatures [26].

Experiments on electrolytic saturation of steel with hydrogen at low temperatures
confirm the conclusion that insufficient saturation of steel with hydrogen at the same
low temperatures, but from the gas phase, is due not to the low mobility of hydrogen
atoms in the crystal lattice of the metal, but to surface adsorption phenomena [26]. It
can be concluded that under conditions of temperatures (up to 323 K) typical for main
pipelines, the limiting stage of the process of hydrogen penetration into the metal will be
the dissociation of hydrogen molecules on the inner surface of the pipe.

According to [29], one of the factors accelerating the process of hydrogenation of
metals even at relatively low temperatures is the discontinuity of the metal (cracks, micro-
fracture) with the formation of fresh (juvenile) surfaces.

As follows from [30], another factor activating the saturation of the metal with atomic
hydrogen is the metal being under mechanical stress. The paper presents the results of
a series of experiments on electrolytic hydrogenation at different temperatures of plates
made of low-alloy steel 5XHM (C 0.5–0.6%; Mn, Cr 0.5–0.8%; Ni 1.4–1.8%) [31] after
quenching and low tempering, under the action of loads of varying intensity, providing
elastic bending of the plate. In each individual experiment, the time from the beginning of
hydrogenation to the moment of plate breakage was measured. Observations have shown
that the specified time decreases as the load acting on the plate and the hydrogenation
temperature increase (Table 1). Thus, with an increase in the load from 300 to 800 N
(2.7 times), the time to destruction of the plate at room temperature decreases from 1116 to
50 s, i.e., decreases 22 times.

Table 1. The arithmetic mean (from 20 experiments) values of time (in sec) to destruction of the
plates, depending on the load and temperature of the experiment [30].

No. Load (N)
Temperature, ◦C

5 20 40

1 300 1558 1116 745
2 600 190 148 114
3 800 66 50 -
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3. State of Absorbed Hydrogen in Metals

According to [26,32,33], absorbed (inside the metal, “internal”) hydrogen in a metal
material can exist in the following forms:

• a solid solution of interstitiality in the interstices of the crystal lattice of the base metal;
• hydride with base metal;
• chemical compounds with impurities;
• atoms adsorbed on the surface of micro-discontinuities of the crystal structure of the

metal and particles of the second phases;
• molecules accumulating in pores, cracks, and other discontinuities.

Iron belongs to the group of non-hydride-forming metals, with direct interaction
of hydrogen with which the hydride can be obtained only by a preparative (special)
method [26].

Hydrogen in iron and alloys based on it can be found simultaneously, both in inter-
stices of the crystal lattice in the form of atoms, and in pores and other discontinuities in
the form of molecules, into which it can recombine from atoms [34]. The lower the density
of the metal and the more defects and lattice discontinuities, the greater the amount of
hydrogen absorbed by non-hydride-forming metals and the greater the fraction of the
absorbed hydrogen is in the molecular form [35,36].

The ratio between the mass of hydrogen in the atomic and molecular states depends
on the limiting solubility of hydrogen in a given metal, its actual concentration in the
crystal lattice, and the partial pressure of hydrogen in the pores [37].

Since atomic hydrogen appearing in the cavities immediately turns into molecular,
and the degree of dissociation of molecular hydrogen at low temperatures is very small,
equilibrium under normal conditions may not occur and atomic hydrogen will all the time
enter the cavity, where it will turn into molecular [35].

At high supersaturations with hydrogen in cavities and other discontinuities, high
pressures can arise, leading to deformation and destruction of the metal. Thus, at elevated
temperatures and sufficiently high hydrogen pressures in the gas phase in the case of
non-hydride-forming metals such as iron, fractures along the grain boundaries are possible
without the application of external forces, only under the influence of molecular hydrogen
pressure in the pores [32,38].

The deformation of metals under the influence of molecular hydrogen pressure is
accompanied by a change in a number of their properties—surface hardness [36], magnetic
properties, clarity of X-ray interference lines, etc.

Since the molecular state of hydrogen is one of the forms of the existence of hydrogen
in metals, Me–H alloys based on non-hydride-forming metals (iron) can be considered as
two phases, consisting of a solid solution of hydrogen in the crystal lattice of the metal and
the release of molecular hydrogen in the pores [26,39]. For different metals, the conditions
and rate of release of molecular hydrogen are different.

Hydrogen is able to enter into chemical compounds with impurities contained in the
metal, with the formation of new phases, for example, methane CH4 in steel, which are
released mainly along the grain boundaries [34].

4. Influence of “Internal” Hydrogen on the Mechanical Properties of Steels

The effect of gaseous hydrogen on steel is its saturation with hydrogen (“hydrogena-
tion”), accompanied by a change in the mechanical properties of the steel. The degree
and intensity of hydrogenation are determined by the pressure of gaseous hydrogen,
temperature, and composition (grade) of steel.

The solubility of hydrogen in iron, i.e., the maximum amount of hydrogen that can
be in a metal in the form of a solid solution (H) at room temperature and atmospheric
pressure is ~0.0001 m3/0.1 kg Fe [26]. A large amount of hydrogen, measured in tens
of cubic centimeters per 100 g of metal, can be introduced into steel from the gas phase
only at high pressures and elevated temperatures [38]. The same intensity of saturation of
steel with hydrogen is achieved at room temperature as a result of electrolytic evolution of
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hydrogen at the cathode, if the cross section of steel samples saturated with hydrogen is
small [40]. At room temperature and normal pressure, the previously introduced “excess”
hydrogen is gradually released from the steel.

As follows from data 2, the maximum service life of the cylinders under study at the
time of the analysis of their materials was:

• 53 years at a pressure of 15 × 106 Pa for steel 45;
• 15 years at a pressure of 20 × 106 Pa for 38 KhA steel;
• 8 years at a pressure of 32 × 106 Pa for 35 KhN3MFA steel.

Based on the test results of 6–9 samples cut from the middle of the wall thickness of the
cylindrical part of each cylinder, the ability of steels to absorb hydrogen during operation
and the effect of absorbed hydrogen on the mechanical and operational properties of the
cylinder material were evaluated. The quantitative content of hydrogen in each sample
was determined by the method of reducing melting.

The results of determining the hydrogen content in the cylinder material are illustrated
in the diagrams in Figure 1. The height of each bar of the diagram column corresponds to
the amount of hydrogen recorded in the corresponding sample cut from the cylinder wall
after its operation for time N at pressure Pw, given in Table 2.
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Figure 1. The amount of hydrogen in the samples, cut out from the walls of cylinders made of various
steels, after the service life N [41].

Based on the data in Figure 1, the authors of [41,42] conclude that during the operation
of cylinders in a hydrogen gas environment, regardless of their material (medium carbon
steel 45 or alloyed steels 38 KhA and 35 KhN3MFA) and its strength characteristics (steel
45 of medium strength, steel 35 KhN3MFA—high) hydrogen is absorbed by the metal.
Moreover, the higher the working pressure in the cylinder and the strength of its material,
the more intense the process. It has been noted [42] that there is a directly proportional
relationship between the average content of absorbed hydrogen in the metal on the duration
of cylinder operation: the increase in the volume of adsorbed hydrogen for every 5 years of
operation is 0.3 × 10−6 m3/0.1 kg for steel 45 and 0.2 for steel 38 KhA. The large scatter
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of data obtained on the samples of each cylinder may indicate an uneven distribution of
hydrogen in the volume of the metal.

Table 2. Chemical composition of materials [31] and parameters of the investigated hydrogen
cylinders [41].

Cylinder Material and
Chemical Composition, % Pw 106, Pa V, m3

Dimensions, m
N, Years

D s L

Steel 45
(C 0.42–0.5; Mn 0.5–0.8;) 15 0.04 0.219 0.007 1.37

5
27
53

Steel 38 KhA
(C 0.35–0.42; Mn 0.25–0.5;

Cr 1.2–1.5; Ni 3–3.5)
20 0.4 0.465 0.015 3.04

5
8

15

Steel 35 KhN3MFA
(C 0.33–0.40; Mn 0.50–0.80;

Cr 0.8–1.1)
32 0.4 0.465 0.017 3.15

3
5
8

Designation: Pw—working pressure, V—volume, D—diameter, s—wall thickness, L—length, N—service life.

Table 3 shows the mechanical properties (σB, σT, δ5) of the materials of these cylinders,
obtained by stretching the samples to rupture in air in accordance with [43]. In the same
place, for comparison, the values of the same characteristics are given, which are necessary
to comply with the requirements of technical documentation [44–46] for materials of
cylinders for storage and transportation of compressed, liquefied, and dissolved gases
(working medium—nitrogen, ammonia, argon, butane, butylene, hydrogen, air, helium,
oxygen, xenon).

Table 3. Mechanical properties of cylinder materials after prolonged contact with high-pressure hydrogen [41].

Steel N, Years
σB × 106 σT × 106 δ5 ψ a293

1 a223
1 T, K ∆, K σH

B /σB a1/aT
Operating Conditions of

CylindersPa % J/cm2

45
5 670 410 27 51 74 52 173 323 1.2 1.6

H2; p = 15 × 106 Pa27 670 450 25 52 66 61 173 323 1.2 1.7
53 700 380 21 45 57 30 193 303 1.2 5.2

GOST 949-73 [44] for
carbon steel cylinder ≥638 ≥373 ≥15 - ≥30 - 213 ÷ 373 283–323 1.4 1.7–5.2 Compressed air;

p = 40 × 106 Pa; 25 years

38KhA
5 1020 840 14 58 72 52 178 278 1.3 2.9

H2; p = 20 × 106 Pa8 1000 840 15 59 114 81 173 323 1.2 1.5
15 1000 800 15 61 75 52 178 318 1.4 2.2

GOST 9731-79 [45] for
alloy steel cylinder ≥883 ≥687 ≥13 - ≥61 ≥30 193 303 1.2 2.1 Compressed air;

p = 40 × 106 Pa; 20 years

35KhN3MFA
3 1180 1090 16 60 112 93 173 323 1.2 1.4 H2;

p = 32 × 106 Pa5 1150 1050 15 61 105 94 173 323 1.2 1.4
8 1180 1100 16 60 96 86 193 303 1.3 1.2

TU 14-3-883-79 [46] for an
alloy steel cylinder for
storing compressed air

≥1150 ≥1000 ≥11 - ≥70 - 183 ÷ 173 313–323 - 1.5 Compressed air;
p = 40 × 106 Pa; 10 years

Designations: σB—conditional ultimate strength; σT—yield point; δ5—relative elongation after rupture; ψ—relative narrowing; a293
1 —

impact strength at 293 K; a223
1 —impact strength at 223 K; T is the critical temperature of brittleness; ∆—viscosity reserve; become;

σH
B /σB—sensitivity of steel to notch under static loads; a1/aT—sensitivity of steel to notch under dynamic loads.

From a comparison of the mechanical characteristics of materials after contact with hy-
drogen from Table 3 with the characteristics required by regulatory documents, the authors
of [41] conclude that the recorded hydrogen content in the material of the cylinders, namely

• up to 0.9 × 10−4 m3/kg for steel 45,
• 1.3 × 10−4 m3/kg for steel 38 KhA,
• 2.0 × 10−4 m3/kg for steel 35 KhN3MFA,



Energies 2021, 14, 6085 7 of 27

does not significantly affect the values of σB, σT, and δ5 of the investigated steels. The
specified characteristics meet the requirements and correspond to the microstructure of
steels typical for the materials of cylinders of this range (Figure 2).
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(b) 38KhA; (c) 35KhN3MFA [41].

Table 3 shows the values of the temperature of semi-fragility T of the cylinder materials
after contact with hydrogen established in [41], which were used by the authors to calculate
the margin of steel viscosity (Table 3), as ∆ = |T|−|twork|, where twork is the minimum
temperature operation of cylinders, equal to 223 K. It also shows the values of the impact
strength of the cylinder materials, established in accordance with GOST 9454-78 [47] at
293 K (a+293

1 ) and at 223 K (a223
1 ), as well as data on the sensitivity of steels to notching at

static (σH
B /σB) and dynamic (a1/aT) loads, where σH

B is the conditional ultimate strength of
a cylindrical specimen with a notch radius of 0.1 × 10−3 m, a1, aT is the impact strength
established on specimens of type U and type T, respectively. For comparison, in Table 3,
the same characteristics are given for the material of cylinders that have been operating
under compressed air pressure for a long time (from 10 to 25 years). From the analysis of
the specified data in the table, the authors of [41] conclude that there is no adverse effect of
absorbed hydrogen on the operational reliability of the cylinder material.

At the same time, they note that when stretching samples of alloy steels at a very low
rate (200 times less than regulated by the standard (according to GOST 1497-73 [43]), the
negative effect of absorbed hydrogen still manifests itself, but only on the characteristics
that are the most sensitive [26] to hydrogen embrittlement (Table 4), namely, at the true
breaking stress Sk and relative constriction ψ of steels, which decrease after the samples are
hydrogenated. The cracks are typical for exposure to hydrogen (Figure 3).

Table 4. Values of true breaking stress Sk and relative constriction ψ of materials used in hydrogen
cylinders, established at different rates of deformation of samples [41].

Cylinder Material N, Years Sk, MPa c, %
∆Sk ∆ψ

%

Steel 38KhA 15 1670–1870
1310–1990

54–63
41–64 8.5 5.0

Steel 35KhN3MFA 8 1940–2150
1450–1990

58–61
43–60 12.4 6.7

Notes: 1. The numerator shows the minimum and maximum values of the properties of the samples after
stretching at a speed of 0.33 × 10−4 m/s, in the denominator-a speed of 0.17 × 10−6 m/s. 2. The values of
properties are given according to the results of testing 10 samples. 3. ∆Sk, ∆ψ—decrease in the arithmetic mean
values of the parameters.
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Thus, the results of studies [41,42] indicate that in the course of long-term operation
of hydrogen cylinders, the metal of their walls becomes hydrogenated. The degree of
hydrogenation depends on the chemical composition of the steel, the level of its strength,
and the working pressure of hydrogen [48]. It is not possible to draw a conclusion about
which of these factors is decisive from the results [41,42]. At the same time, operation
of hydrogen cylinders made of carbon steel (σB = 650 × 106 Pa) for 53 years at a hy-
drogen saturation level of ~0.004 m3/100 kg and for 15 years of alloy steel cylinders
(σB = 900 × 106–1150 × 106 Pa) at a hydrogen saturation level of ~0.006 m3/100 kg does
not lead to irreversible processes that deteriorate the mechanical and operational properties
of the cylinder materials.

Employees of Gazprom VNIIGAZ and VNG Gasspeicher GmbH came to similar
conclusions in [49], which presents the results of a study of the structure and mechanical
properties of some grades of low-carbon structural steel tubing (tubing) grades D, N80,
J55, and 13Cr after exposure to for 720 h in a moisture-saturated methane-hydrogen gas
mixture with various hydrogen concentrations at a temperature of 313 K and a pressure
of 10 × 106 Pa. Tensile experiments on the samples were carried out on a tensile testing
machine in accordance with DIN EN ISO 6892 [50]. Charpy impact tests were carried out
at room temperature in a pendulum tester in accordance with the requirements of DIN
EN ISO 148 [51]. The Vickers hardness test was carried out on a hardness tester with an
indenter test load of 98 N (HV10) in accordance with the requirements of DIN EN ISO
6507-2 [52]. A change in the structure and composition was carried out using an electron
microscope and a mass spectrometer.

In the course of the study, it was revealed that 720 h contact of the samples with the
specified gas medium with a hydrogen concentration of up to 80% does not affect the main
mechanical properties of the steels under study (Table 5), as well as their microstructure
and chemical composition.

In their work [26], Moroz L.S. and B.B. Chechulin indicate that at low contents
(5 × 10−5–8 × 10−5 m3/kg), hydrogen at normal temperature has practically no effect
on the resistance of steel to plastic deformation (i.e., on the yield point of the material), but
sharply decreases relative deformation before failure δ and true breaking stress Sk.

Figure 4 from this work shows the deformation curve (dependence of the true stress
on the true relative deformation ε) of chromium-molybdenum steel after improvement.
The end points of deformation are plotted on the curve, corresponding to the values of the
true breaking stress Sk of the samples, pre-saturated with hydrogen up to 5 × 10−5 m3/kg
(saturation temperature 873 K, increased hydrogen pressure, exposure to hydrogen for 2 h),
and kept at room temperature for different times (from 1 h to 21 days).
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Table 5. Mechanical properties of the studied steel grades before and after exposure to an aggressive environment with
different hydrogen concentrations [49].

Indicator of
Mechanical

Properties of Steel
Steel Grade

Before Exposure of
Hydrogen-Containing

Gas

After Exposure of the
Moisture-Saturated Mixture
of Gases (80% H2; 20% CH4)

After Exposure of the
Moisture-Saturated Mixture
of Gases (20% H2; 80% CH4)

Tensile strength,
106 Pa

D 742.3 720.7 739.7
N80 648.7 644.3 653
J55 736.7 736 743.7

13Cr 768.3 758.7 779.3

Impact strength,
10−4 J/m2

D 45 46 46
N80 131 129 129
J55 134 129 129

13Cr 240.3 211 221

Vickers hardness
value, HV10

D 229 233 231
N80 225 225 225
J55 216 215 215

13Cr 247 247 246
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Figure 4. Curves of deformation of steel samples (0.3% C, 3% Cr, 0.4% Mo), held after hydrogenation 
for various times before testing [26]. The numbers on the curves are the duration of the preliminary 
exposure of the samples to atmospheric conditions at 293 K. 

As can be seen from Figure 4, as the duration of holding the samples at room tem-
perature increases and, as can be assumed, the spontaneous removal of absorbed hydro-
gen from them, the ductility (elongation δ) and strength (true breaking stress SK) of steel 
increase and approach the level of characteristics demonstrated by steel samples before 
hydrogenation (δ~0.55; SK~1600 × 106 Pa). In this case, all points fit into the deformation 
curve of steel not saturated with hydrogen. This, in the opinion of the authors of [26], 

Figure 4. Curves of deformation of steel samples (0.3% C, 3% Cr, 0.4% Mo), held after hydrogenation
for various times before testing [26]. The numbers on the curves are the duration of the preliminary
exposure of the samples to atmospheric conditions at 293 K.

As can be seen from Figure 4, as the duration of holding the samples at room tempera-
ture increases and, as can be assumed, the spontaneous removal of absorbed hydrogen from
them, the ductility (elongation δ) and strength (true breaking stress Sk) of steel increase and
approach the level of characteristics demonstrated by steel samples before hydrogenation
(δ~0.55; Sk~1600 × 106 Pa). In this case, all points fit into the deformation curve of steel
not saturated with hydrogen. This, in the opinion of the authors of [26], confirms the
conclusion about the absence of the effect of small amounts of hydrogen on the resistance
of steel to plastic deformation.

From the data in Figure 4, another conclusion can be drawn that after artificial satu-
ration of steel with hydrogen, it is able to spontaneously release from the metal until its
equilibrium concentration is reached there, corresponding to the temperature and partial
pressure of hydrogen in the environment.

Figure 5 shows the dependence [26] of the ultimate plasticity (relative narrowing)
of 34KhM steels (σB = 637 × 106 Pa; C 0.3–0.4%; Mn 0.4–0.7%; Cr 0.9–1.3%), 34KhN2M
(σB = 561 × 106 Pa; C 0.3–0.4%; Mn 0.5–0.8%; Cr 1.3–1.7%; Ni 1.7–2.7%), and 34KhN3M
(σB = 766 × 106 Pa; C 0.3–0.4%; Mn 0.5–0.8%; Cr 0.7–1.1%; Ni 2.75–3.25%) of the content
in the samples of hydrogen introduced into the metal by electrolytic saturation. Based on
the form of the dependences of the figure, the authors of [26] come to the conclusion that
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already at a hydrogen content of 6 × 10−5 m3/kg, the ductility of steel 34KhM (1) and
34KhN2M (2) decreases five times compared to the initial level. In this case, the decrease in
plasticity upon saturation with hydrogen occurs almost entirely due to the concentrated
part of the deformation while maintaining the uniform deformation.
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Figure 5. Influence of hydrogen contained in steel on the relative narrowing of steels 34KhM (1), 
34KhN2M (2), and 34KhN3M (3) [26]. 
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Figure 5. Influence of hydrogen contained in steel on the relative narrowing of steels 34KhM (1),
34KhN2M (2), and 34KhN3M (3) [26].

In experiments [26], the results of which are illustrated in Figure 6a,b, cylindrical steel
samples (C 0.36%, Mn 1.54%, Si 1.50%, Ni 1.77%, Mo 0.40%, and V 0.22%) were thermally
treated to give them different strengths (σB value), after which they were subjected to
cathodic hydrogenation in 4% H2SO4 to different concentrations of absorbed hydrogen.
It can be seen (Figure 6) that with an increase in the concentration of absorbed hydrogen
in steel, its strength properties (ultimate strength σB) and plastic (relative narrowing ψ)
decrease. Moreover, the specified reduction is manifested the more intensively, the stronger
the steel.
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of different initial strength on the hydrogen content in it: I—460 × 106 Pa; II—690 × 106 Pa; III—
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Energies 2021, 14, 6085 11 of 27

In the same work [26], the authors note the peculiarity of the manifestation of hydro-
gen brittleness of steel (a decrease in its plastic characteristics) depending on the rate of
deformation. The greatest brittleness in samples saturated with hydrogen is observed at
low deformation rates; with their increase, the brittleness decreases and at sufficiently high
rates it may not manifest itself at all. This pattern is confirmed by the results (Figure 7)
obtained on electrolytically hydrogenated Armco-iron samples subjected to tension at
different strain rates. (Accelerated stretching in [26] was performed using a hydraulic press
at a speed of copra with the help of a special device with a speed of ~4 m/s.)
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Before saturation with hydrogen, the relative transverse contraction at low and high
rates of extension was the same and amounted to ~65%. After electrolytic hydrogenation
(curve 1 in Figure 7) for specimens stretched at low speed, it decreased to 20%. With an
increase in the deformation rate, the plasticity of the hydrogenated specimens increases
sharply and, during pounding tests (v~4 m/s), reaches the level demonstrated by the
non-hydrogenated specimens, i.e., 65%.

The authors of [26] note that during electrolytic saturation, hydrogen is very unevenly
distributed over the cross section of the sample. To find out whether this irregularity affects
the dependence of the intensity of the manifestation of hydrogen embrittlement on the rate
of deformation, they conducted an experiment with samples subjected to high-temperature
saturation in a hydrogen atmosphere (1 h at 1473 K). After saturation with hydrogen,
the samples were quenched in water and tested for tension at different rates (curve 2 in
Figure 7).

Good coincidence of the curves shown in the figure, one of which was obtained
when testing samples electrolytically saturated with hydrogen (i.e., having an uneven
distribution of hydrogen over the cross section), and the other, for samples subjected to
high-temperature saturation (i.e., with a quasi-uniform distribution of hydrogen), shows,
according to the authors, that the nature of the rate dependence of plasticity is the same
and does not depend on the method of saturation with hydrogen. At high-temperature sat-
uration, destruction occurs in the same way as during electrolytic saturation. (It should be
noted that, according to [53], the electrochemical method of hydrogenation can sometimes
lead to a high hydrogen content at the surface, which can cause surface cracking or the
formation of bubbles [54], i.e., the question of the equivalence of the methods of saturation
with hydrogen of the samples under study requires additional research.)

In the same place (in [26]), the effect of the deformation rate on the fracture work
of steels in a brittle state (after treatment for hardness > 60 HRC) is studied. Smooth
cylindrical specimens 0.01 m in diameter were subjected to electrolytic hydrogenation and
tested for transverse bending by a force in the center of the sample. The results are shown
in Table 6.
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Table 6. Change in the work of destruction (J) of steel smooth samples under the influence of “internal” hydrogen at static
and dynamic bending [26].

Steel Grade and Chemical
Composition, %

Static Loading
(0.33 × 10−5 m/s) Dynamic Loading

Not
Hydrogenated Hydrogenated Reduction of

Work, %
Not

Hydrogenated Hydrogenated Reduction of
Work, %

Kh4V3M3F2
(C 0.85; Cr 4.5; Mo 3; V 2.5; W 3.2) 38,95 12,07 69 42,2 38,2 10

Kh12M
(C 1.65; Cr 12.5; Mo 0.6) 30,4 4.9 84 41,2 29,4 29

U10 (C 1)
(melting 1) 28,5 9.4 67 23,7 15,7 38

U10 (C 1)
(melting 2) 37,6 1.76 95 40,6 30,4 24

Test temperature 293 K. Each point is the average of five values.

It can be seen (Table 6) that, both under static and dynamic loading, the hydrogenation
of all analyzed steels in a brittle state leads to a decrease in their fracture work. This is
especially clearly manifested in the case of static loading, in which the work of destruction,
for example, of U8 steel has decreased as a result of hydrogenation by almost two times.

As follows from Table 7 [26], the presence of hydrogen in steels reduces their impact
strength. In this case, the degree of decrease in the impact toughness is influenced not only
by the hydrogen content, but also by the nature of the alloying of the steel [55].

Table 7. Values of steel impact strength before and after hydrogenation [26].

Steel Grade and Chemical
Composition, %

Original
J/m2 × 10−3

After Hydrogenation
J/m2 × 10−3

Decrease as a Result
of Hydrogenation, %

Hydrogen Content in
a Hydrogenated

Sample, cm3/100 g

35 (C 0.35) 1470 1290 12 3.8
35Kh3 (C 0.35; Cr 3) 1130 540 52 7.3

35Kh3M (C 0.35; Cr 3; Mo 1) 1730 1560 10 8.4
35KhB2M (C 0.35; Cr 1; V 2; Mo 1) 1070 850 20 5.8

The authors of [56] present data on hydrogen embrittlement of a material recom-
mended for use in hydrogen sulfide environments—low-carbon steel 20YuCh (C 0.16–0.22%;
Al 0.03–0.1%; Ce 1.5%) doped with cerium. A series of samples was made from this ma-
terial, some of which were subjected to electrolytic hydrogenation. Immediately after
hydrogenation, the samples were tensile tested in accordance with GOST 1497-84 [43] at
room temperature. The test results of hydrogenated samples were compared with the data
obtained by stretching similar samples in the initial state (Table 8).

Table 8. Mechanical properties of 20YuCh steel samples before and after hydrogenation [56].

Material
Mechanical Characteristics

HV
Viscosity/

Brittleness, %
∆Ψ, % ∆δ, % ∆σ, %

σT, × 106 Pa σB, × 106 Pa δ5, % Ψ, %

Before
hydrogenation 27.7 63.7 37 70 201 100/0

41 30 4.2

After
hydrogenation 35.1 5.1 26 41.5 174 25/75

As shown by the test results (Table 8), as a result of hydrogenation, the plastic charac-
teristics of the metal of the studied steel samples change most significantly. For example,
the relative elongation δ5 decreased by 30%, and the relative narrowing by 41%; in the
microstructure of the fracture of the samples, up to 75% of a brittle component appeared.
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Thus, despite the fact that steel 20YuCh is positioned as corrosion-resistant, it also exhibits
a tendency to hydrogen embrittlement.

When considering the concept of hydrogen embrittlement [57–59], due to the satura-
tion of steel with hydrogen, the following manifestations are distinguished [60]:

• the presence of bubbles or voids filled with hydrogen under high pressure [61];
• reduction of surface energy [62];
• ejection of dislocations from the surface or near-surface region [63];
• decrease in cohesive strength [64];
• local plasticity [65];
• creation of vacancies and deformations [66,67];
• transition from ductile to brittle fracture [68,69];
• formation and splitting of hydrides [70];
• phase transformations caused by hydrogen and deformation [71];
• chemical interactions of hydrogen with alloy elements [72].

5. Influence of “External” Hydrogen on the Mechanical Properties of Steels

As shown by a review of literature data, information on the mechanical properties
of pipeline steels demonstrated when testing materials in a hydrogen atmosphere, i.e., in
“external” hydrogen, is very limited. In this regard, of particular interest are the results of
a study [34] carried out on low-carbon microalloyed pipeline steel of strength class X80
(Table 9), used due to its good weldability, high strength, and good ductility as a material
of underground gas pipelines.

Table 9. Chemical composition of steel of strength class X80 (wt.%) [34].

Element C Mn Si Ni Mo Cr Nb + V + Ti Fe

Content 0.061 1.81 0.28 0.03 0.22 0.03 0.147 Remaining

The influence of “internal” and “external” hydrogen on the mechanical properties of
steel was assessed by testing the samples for tensile to rupture, carried out with 2 strain
rates: 2 × 10−5 s−1 (called the “slow” strain rate) and 2 × 10−4 s−1 (“high” deformation
rate). Some of the samples were subjected to preliminary hydrogenation by the method of
electrochemical charging, in which the samples were charged in an aqueous solution of
sulfuric acid and thiourea at 298 K (a more obvious phenomenon of hydrogen embrittle-
ment, while the hydrogen content in the samples after electrochemical charging is easier
to measure). The original and hydrogenated samples were tested both in air and in an
aqueous solution of sulfuric acid and thiourea, where they were simultaneously adsorbed
(“external”) hydrogen. To prevent the spontaneous release of hydrogen from the samples,
a cadmium coating was applied to some of the samples after hydrogenation. Sample test
conditions are shown below:

No. 1—without preliminary hydrogenation when tested in air at a slow rate of deformation;
No. 2—pre-hydrogenated when tested in air at a slow rate of deformation;
No. 3—pre-hydrogenated when tested in air at a high rate of deformation;
No. 4—without preliminary hydrogenation during testing in the environment of

“external” hydrogen at a slow rate of deformation;
No. 5—pre-hydrogenated when tested in an environment of “external” hydrogen at a

slow rate of deformation.
The test results are presented in Table 10 and Figure 8.
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Table 10. Mechanical parameters of pipeline steel of strength class X80 when testing samples of initial
(1, 3, 4) and hydrogenated (2, 5) in air (1, 2) and in the presence of external hydrogen (3, 4, 5) [61].

Sample Number Yield Point, σs, × 106 Pa Elongation δ, % Relative Extension
δH/δair, %

1 560 17.8 -
2 560 11.5 64.6
3 560 5.1 28.6
4 560 3.8 21.3
5 560 2.1 11.8
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As can be seen from the data in Table 10 and Figure 8, the value of the yield strength of
steel, regardless of the nature of the test medium and the presence of hydrogen in the metal,
remains unchanged. At the same time, relative elongation (relative deformation at the
moment of fracture) and conditional ultimate strength (maximum on the deformation curve
of the pattern) for specimens exposed to both “internal” (sample No. 2) and “external”
(samples No. 3, No. 4) hydrogen was less than that of the original steel sample when it
breaks in air. A particularly negative effect of hydrogen is manifested in the value of δ
in the sample under the simultaneous influence of “internal” and “external” hydrogen,
for example sample No. 5 value of δ changes from 17.8 to 2.1%, i.e., decreases more than
8 times.

Analyzing the results obtained, the authors of [34] note that the ductility of the X80
pipeline steel is influenced by both the “internal” hydrogen in the volume of the metal
and the “external” hydrogen, for which the authors of [34] take hydrogen “absorbed by
the surface”, i.e., located on the surface in an adsorbed state. In the process of hydro-
genation, its atoms penetrate into the metal and become “internal” hydrogen with the
achievement of dynamic equilibrium between hydrogen “absorbed by the surface” and
“internal” hydrogen.

Based on the shape of the curves in Figure 8, the authors of [34] conclude that the
main role in the occurrence of hydrogen embrittlement is played, namely, by the “external”
hydrogen. The reason for this is that its effective concentration is higher than the concen-
tration of “internal” hydrogen. This is explained by the fact that the limiting hydrogen
content in the lattice of bcc steels is very low [39], usually only a few parts per million,
while the hydrogen concentration in the adsorbed layer of atoms on the metal surface
can be much higher. From the morphology of cracks, it can be seen that cracks during
hydrogenation are formed on the surface, whether it is an adsorbed hydrogen medium
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or an “internal” hydrogen medium. This indicates that the motion of dislocations on the
surface and in the subsurface layer plays a dominant role in the formation of cracks [27].
Hydrogen adsorbed on the surface is more easily trapped by dislocations, therefore the
effect produced by hydrogen absorbed by the surface is higher than by internal hydrogen.

The study of the effect of gaseous hydrogen on the mobility of dislocations in steel
is the subject of the work of Ian Robertson [57]. In it, the author gives the results of
experiments on observation with the help of a transmission electron microscope over
the movement of dislocations of a steel foil sample under a load. The microscope was
preliminarily modified so that it was possible to fill the volume between the sample and
the pole piece of the objective with a gaseous hydrogen medium.

Two types of experiments were carried out. The first included the introduction of a
gaseous medium while maintaining a constant load on the sample. The effect manifested
itself in a change in the velocity of movement of dislocations. The second experiment
included the creation of mobile dislocations, maintaining the speed of their motion at a
constant level and stopping it, adding gaseous hydrogen to the volume above the sample
and observing its effect on motionless dislocations.

The results of both experiments were consistent with each other and showed that
the introduction of gaseous hydrogen causes an increase in the velocity of dislocation
motion. Removing gas from the volume caused the effect of stopping their movement. It
was found that this effect does not depend on the structure of the material and the type of
dislocation, but depends on the purity of the material and on the pressure of the introduced
hydrogen gas. The results of observations of the enhancement of the motion of dislocations
in a hydrogen atmosphere were initially disputed, and it was suggested that this was the
effect of a thin foil or a pressure drop created by the introduction of a gas medium into the
pole piece of an electron microscope objective. To demonstrate that dislocation motion is
achieved only in the presence of hydrogen, the experiments were repeated using either dry
or water-saturated inert gases. Strengthening of the dislocation movement occurred only
in the water-saturated state, which was associated with hydrogen generated from water.

The author in his work [57] raises the question of the critical level of hydrogen pressure
required for the onset of intercrystalline fracture, as well as how this level can be achieved.
He also concludes that further studies are needed to determine the intensity of the decrease
in the cohesive strength of grain boundaries by hydrogen in systems in which the action of
hydrogen, as is known, leads to brittle intercrystalline fracture [39].

In addition to the generally accepted tensile tests in the modern scientific community,
indentation tests using microsamples are becoming more and more popular, as they require
lower costs of the test material and a smaller sized experimental setup [53,73,74].

For example, in [53], the results of experiments on pressing a steel indenter into
microsamples made of pipe steel X70 are presented. A gas mixture of methane with
hydrogen of various concentrations, or pure hydrogen, was fed to the opposite side of the
microsample under increased pressure. In the process of indentation, the load applied
to the sample was recorded as a function of the displacement of the indenter. The setup
diagram and the resulting diagrams are shown in Figures 9 and 10.

Based on the form of the obtained diagrams, the authors of [53] conclude that in the
initial region of deformations corresponding to the region of elastic bending, the curves are
very similar to each other, which indicates that the presence of a hydrogen-containing gas
mixture, like pure hydrogen, does not have a significant effect on the mechanical properties
of the sample in the area of elastic deformations. At the same time, in the later deformation
regions of the curves, their clear differences are observed. The areas of plastic bending
and stretching of the sample have higher load and deformation indices when tested in
air compared to these indices corresponding to a mixture of methane with hydrogen.
In this case, the effect of hydrogen is observed already at a concentration of 0.1%. The
transferred maximum loads and deformations tend to decrease with increasing hydrogen
concentration and sharply decrease when its concentration reaches 3%. According to the
authors, the effect of the hydrogen concentration in the gas mixture on the mechanical
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characteristics is more pronounced than the effect of the pressure of the gas mixture, and
the effect of prolonged exposure to hydrogen on the degree of hydrogen embrittlement is
insignificant (Figure 11). The results obtained correlate with the data given in [75–77].
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Comparison of the results of tests [53] for indentation with the results of tests [78,79]
for tensile, shows a higher level of hydrogen embrittlement when testing steels, which
is explained by differences in the method of hydrogenation, since in [53], hydrogenation
was performed in an atmosphere of gaseous hydrogen, and in [78,79], electrochemically
charged samples were used.

In [42], during mechanical tests of steel samples 45 (C 0.42–0.5%) and 38KhA (C 0.35–
0.42%) in an atmosphere of gaseous hydrogen, the author discovers that with an increase
in the pressure of the surrounding hydrogen, decrease in strength characteristics of smooth
specimens and, especially, specimens with a stress concentrator. The greatest decrease
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in strength characteristics (up to 70% of the total decrease in properties) is observed in
the region of low hydrogen pressure (up to 4 × 106 Pa). If in steel 45 the decrease in the
properties of smooth samples is up to 30%, then in steel 38KhA it is already up to 60%
of the total decrease in mechanical properties. (The absolute values of the mechanical
characteristics are not given in [42].) As an indicator characterizing the structural reliability
of a material in a high-pressure hydrogen environment, the author proposes to use the
ratio of the ultimate strength of notched and smooth specimens, i.e., parameter σH

B /σB. The
values of this index of the sensitivity of steel to a notch in a hydrogen environment under a
pressure of 40 × 106 Pa turned out to be below unity (for steel 45—0.98, for steel 38KhA—
0.85), which characterizes the state of the metal, in which, according to the author [42], the
presence of voltage concentrators is especially dangerous.
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In [80], the authors investigate the effect of “external” hydrogen on the growth rate of
a fatigue crack in two pipeline steels of strength classes X52 and X100. The results of tests in
the atmosphere of compressed hydrogen gas are compared with the results of tests of steels
in air. For this, notched specimens prepared in accordance with ASTM E647-05 [81] were
pre-cycled in air to form a fatigue sharp crack at the notch tip and placed in an autoclave of
a specially designed test setup, where the effect of hydrogen gas at pressures of 1.7 × 106;
7 × 106; 21 × 106, and 48 × 106 Pa for the fatigue crack growth rate. Fatigue tests were
carried out using a power frame capable of generating a load of 100 × 103 N at a frequency
of 1 Hz for 3–7 days and at a frequency of 0.1 Hz for 21 days. According to the test results,
it was found that for the steels under study, the fatigue crack growth rate is one to two
orders of magnitude higher in a hydrogen environment than in air. It was also observed
that the lower the cycling frequency, the higher the growth rate of the fatigue crack. The
effect of decreasing frequency is similar to increasing gas pressure.

6. Materials Recommended for Use in a Hydrogen Environment

According to GOST 949-73 [44], for storage of gaseous hydrogen with a working
pressure of up to 19.6 × 106 Pa, cylinders made of carbon and alloy steel with a volume
of up to 0.05 m3, made of seamless pipes and intended for storage and transportation of
compressed, liquefied and dissolved gases (nitrogen, ammonia, argon, butane, butylene,
hydrogen, air, helium, oxygen, xenon) at temperatures from 223 to 333 K. There are no
specific requirements for the design and materials of cylinders intended specifically for
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storing hydrogen. Hydrogen cylinders differ only in their green color. Specific steel
grades recommended for the manufacture of cylinders are not given in [44], but the
requirements for their required mechanical properties are presented. In practice, steels
45, 30KhGSA, and 38KhL are most often used as materials for these cylinders after the
necessary heat treatment.

A similar picture takes place in the case of cylinders designed for high hydrogen
pressures (up to 24.5 × 106 Pa) [45], and in this case, there are no specific requirements for
the design and materials of cylinders intended for hydrogen storage.

GOST 33260-2015 [82] provides the basic requirements for materials used for the
manufacture of pipeline fittings intended for installation on pipelines transporting various
working media, including hydrogen-containing ones. In terms of recommendations for
the use of metallic materials in a hydrogen-containing environment, only the maximum
allowable temperature of the structure is regulated depending on the steel grade and
the partial pressure of the hydrogen-containing medium. In particular, in accordance
with [82], at operating temperatures of gas pipelines (up to 313 K), the steels presented
in Table 11 are recommended as materials for their manufacture. There are also brands of
their foreign analogs.

Table 11. Steels recommended for use in hydrogen-containing media at temperatures up to 463 K and pressures up to
40 MPa [83].

Steel According to GOST, TU, and Chemical Composition, % Analog According to ASTM, AISI, API, DIN/EN, and
Chemical Composition, %

20
(C 0.17–0.24; Si 0.17–0.37; Mn 0.35–0.65; P 0.04; S 0.04; Cu 0, 25;

Ni 0.25; Cr 0.25; As 0.08)

ASTM A350 LF1
(C 0.3; Si 0.15–0.3; Mn 0.60–1.35; P 0.0035; S 0.04; Cu 0.25;

Ni 0.4; Cr 0.3; Mo 0.12)
16GS

(C 0.12–0.18; Si 0.4–0.7; Mn 0.9–1.2; P 0.035; S 0.04; Cu 0.3; Ni 0.3;
Cr 0.3; As 0.08; N 0.008)

ASTM A350 LF2
(C 0.3; Si 0.15–0.3; Mn 0.6–1.35; P 0.035; Mo 0.12; V 0.08;

Nb 0.02; S 0.04; Cu 0.4; Ni 0.4; Cr 0.3)
09G2S

(C 0.12; Si 0.5–0.8; Mn 1.3–1.7; P 0.035; S 0.04; Cu 0.3; Ni 0.3; Cr 0.3;
As 0.08; N 0.008)

ASTM A350 LF3
(C 0.2; Si 0.2–0.35; Mn 0.9; Ni 3.3–3.7; Mo 0.12; V 0.08;

Nb 0.02; P 0.035; S 0.04; Cu 0.4; Cr 0.3)
15KhM

(C 0.11–0.18; Si 0.17–0.37; Mn 0.4–0.7; Cr 0.8–1.1; Mo 0.4–0.55;
P 0.035; S 0.035; Ni 0, 3)

ASTM A182 F11
(C 0.05–0.15; Si 0.5–1.0; Mn 0.3–0.6; Cr 1.0–1.5; Mo 0.44–0.65;

P 0.03; S 0.03)

15Kh5M
(C 0.15; Si 0.5; Mn 0.5; Cr 4.5–6.0; Mo 0.45–0.6; P 0.03; S 0.025; Ni 0.6)

ASTM A182 F5
(C 0.15; Si 0.5; Mn 0.3–0.6; Cr 4.0–6.0; Mo 0.44–0.65; P 0.03;

S 0.03)
12Kh1MF

(C 0.08–0.15; Si 0.17–0.37; Mn 0.4–0.7; Cr 0.9–1.2; Mo 0.25–0.35;
V 0.15–0.3; P 0.03;

S 0.025; Cu 0.2; Ni 0.3)

EN 1.7715
(C 0.10–0.15; Si 0.15–0.35; Mn 0.4–0.7; Cr 0.3–0.6; Mo 0.5–0.7;

V 0.22–0.3; P 0.025; S 0.02; Cu 0.3;
Ni 0.3; Al 0.04)

08Kh18N10T
(C 0.08; Si 0.8; Mn 2.0; Cr 17.0–19.0; Ni 9.0–1.1; Ti 1.0; P 0.035; S 0.02;

Cu 0.3)

ASTM A182 F316
(C 0.08; Si 1.0; Mn 2.0; Cr 16.0–18.0; Ni 10.0–14.0; Mo 2.0–3.0;

P 0.045; S 0.03)
12Kh18N10T

(C 0.12; Si 0.8; Mn 2.0; Cr 17.0–19.0; Ni 9.0–11.0; Ti 0.4–1.0; P 0.035;
S 0.02; Cu 0.3)

ASTM A182 F321H
(C 0.04–0.1; Si 1.0; Mn 2.0; Cr 17.0–19.0; Ni 9.0–12.0; Ti 0.7;

P 0.045; S 0.03)
10Kh17N13M2T

(C 0.1; Si 0.8; Mn 2.0; Cr 16.0–18.0; Ni 12.0–14.0; Mo 2.0–3.0; P 0.035;
S 0.02; Cu 0.3)

EN 1.4571
(C 0.08; Si 1.0; Mn 2.0; Cr 16.5–18.5; Ni 10.5–14.0; Mo 2.0–2.5;

Ti 0.7; P 0.04; S 0.03)
08Kh17N15M3T

(C 0.08; Si 0.8; Mn 2.0; Cr 16.0–18.0; Ni 14.0–16.0; Mo 3.0–4.0;
Ti 0.3–0.6; P 0.035; S 0.02)

ASTM A182 F316Ti
(C 0.08; Si 1.0; Mn 2.0; Cr 16.0–18.0; Ni 10.0–14.0; Mo 2.0–3.0;

Ti 0.7; P 0.045; S 0.03)

As can be seen from the data in the table, for the manufacture of pipeline fittings for
the transportation of hydrogen and its mixtures with other gases at a pressure of up to



Energies 2021, 14, 6085 20 of 27

40 MPa and a temperature of normal operation (up to 323 K), a wide range of carbon, low,
medium, and high alloy steels can be used.

The normative documentation ASMEB31.12 [84] specifies the requirements for pipelines
operating with gaseous and liquid hydrogen. This standard consists of Part GR—General
Requirements, including General Requirements referenced by all other parts; Part IP—
Industrial pipelines; Part PL—Piping, including distribution systems.

Part IP (Industrial Piping) regulations are designed for the hydrogen industry, includ-
ing refineries, gas stations, chemical plants, power plants, semiconductor plants, cryogenic
plants, hydrogen fuel instrumentation, and related facilities. This section recommends the
use of materials (Table 12).

Table 12. Steel pipelines and component part IP [84].

Number Pipe Type Chemical Composition
(Limit Content), % Russian Analog

A105 Carbon steel piping forgings C 0.35; Si 0.1–0.35; Mn 0.6–1.05; Cu 0.4; Ni 0.4; Cr 0.3;
Mo 0.12; V 0.08; P 0.035; S 0.4 Steel 20

A350
Carbon and low-alloy steel

forgings requiring impact testing
of pipeline components

For LF2 gradation:
C 0.3; Si 0.15–0.3; Mn 0.6–1.35; Mo 0.12; V 0.08;

Nb 0.02; Cu 0.4; Ni 0.4; Cr 0.3;
S 0.04; P 0.035

ASTM A350 LF1 Steel 20

ASTM A350 LF2 16GS

ASTM A350 LF3 09G2S

A182

Forged or rolled alloy and
stainless-steel pipe flanges,

forged fittings, valves, and parts
for high-temperature service

For gradation F316:
C 0.08; Si 1.0; Mn 2.0; Cr 16.0–18.0; Ni 10.0–14.0;

Mo 2.0–3.0; P 0.045; S 0.03

ASTM A182 F11 15KhM

ASTM A182 F5 15Kh5M

ASTM A182 F316 08Kh18H10T

A216
Fusion weldable carbon

steel castings for
high-temperature service

For WCB grading:
C—0.3; Si—0.6; Mn 1.0; Cu—0.3; Ni—0.5; Cr—0.5;

Mo—0.2; V—0.3; P—up to 0.04; S—up to 0.045
Steel 20L

Part PL (Piping) rules apply to trunk pipelines, distribution pipelines and service lines
used to transport hydrogen from the production facility to the end-use point. This section
recommends the use of materials (Table 13).

Table 13. Pipeline steel parts PL [84].

Number Gradation Pipe Type and Yield Strength of
the Steel Used Russian Analog

A106 B Seamless 35,000 psi (240 MPa)
(Grade B)

Seamless hot-deformed steel
pipes in accordance with
GOST 8732–78 group B

(from steel 20)

A333 6

Seamless with yield point 30,000 psi
(207 MPa) (grade A), 35,000 psi
(241 MPa) (grade B), 40,000 psi

(276 MPa) (grade C)

For grade A:
C—0.25; Si—0.1;

Mn—0.27–0.93; P—0.035;
S—0.45; Cu—0.4; Ni—0.4;

Cr—0.4; Mo—0.15; V—0.08

As can be concluded from Table 11, no significant difference was found between ASTM
steels recommended by ASME B31.12 for hydrogen-containing media and GOST steels
recommended by GOST 33260–2015 for hydrogen-containing media. Additionally, (see
Tables 12 and 13) for pipes and components according to ASTM there are domestic analogs
according to GOST, which is confirmed by the practice of interchangeability of pipeline
components and pipes themselves according to ASTM with GOST for hydrogen-containing
media at oil refining facilities with hydrogen facilities of such companies as “OJSC Mozyr
oil refinery”, PJSC “Rosneft Oil Company”, LLC “Irkutsk oil company”, etc.
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7. Estimation of Losses during the Transportation of Compressed Hydrogen through
the Pipeline Due to Gas Diffusion through the Pipe Wall

Due to the smallness of hydrogen atoms (~0.5 × 10−10 m), consisting of one proton
and one electron, practically all metals are permeable to this gas [26,85]. In this regard, it
seemed necessary to estimate the amount of hydrogen that can diffuse through the pipeline
wall if compressed hydrogen is pumped through it. The assessment was carried out on
the example of hydrogen transportation through a pipeline with a diameter of 1220 mm, a
wall thickness of h = 12 mm, and a length of L = 40,000 m made of steel of strength class
K42 (X52).

Initial data:

• pressure outside the pipe P1 = 0.1 × 106 Pa (atmospheric);
• pressure inside the pipe P2 = 10 × 106 Pa;
• transportation temperature T = 298 K;
• the diffusion coefficient of hydrogen in steel D = 4.32 × 10−11 m2/s [86];
• the solubility of hydrogen in steel S = 5.9 × 10−5 m3 gas/(m3 solid * MPa0.5) [86].

It was assumed that at the initial moment of time the diffusion process proceeds in a
non-stationary mode [28], in which the concentration distribution over the wall thickness
changes with time in accordance with expression (2):

c− c2

c0 − c2
= 1− er f

(
x/

(
2 ·
√

Dt
))

. (2)

where c, c2 is the hydrogen concentration inside the pipe wall at the point with the x-
coordinate and on the inside of the wall, m3/m3; c0—hydrogen concentration inside the
pipe wall at the initial moment of time (taken equal to 0), m3/m3; x-coordinate along the
pipe wall thickness, m; t-coordinate in time, s.

After the expiration of time τ0, a stationary regime is reached, in which the change in
concentration along the wall thickness becomes constant and independent of time [25]. For
this case, the hydrogen concentration at each point of the wall is (3)

c = c1 +
c2 − c1

h
x (3)

where c1 is the hydrogen concentration on the outer side of the pipeline wall, m3/m3.
The time τ0 of the transition from one mode to another was estimated based on the

empirical formula [87]:

D =
h2

6 · τ0
, (4)

where τ0 turned out to be equal to 555,556 s or 6.43 days.
The c2 value for hydrogen, as for a diatomic gas, was determined by the Sieverts

formula [88]:
c2 = S ·

√
P = 0.000187 m3/m3 (5)

Then, in accordance with (2), the hydrogen concentration on the outer wall of the pipe
c1 by the time of transition to the stationary regime will be equal to 1.87 × 10−5 m3/m3.

The results of calculating the concentration distribution are illustrated in Figure 12.
The volume of hydrogen diffusing through a unit surface during the time τ0 for a

non-stationary diffusion mode was estimated by the Formula (6):

q =
(
2/
√

π
)
·
√

D · t · (c2 − c0) = 1.033× 10−6 m3/m2 (6)

Hence, for the entire inner surface of the pipe (F = 300,587 m2), the indicated volume
of hydrogen leaks is Q = 0.31 m3.
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For the stationary mode, the leakage volume was calculated through the diffusion flow

J = −D·S
√

P2 −
√

P1

H
= −Φ

√
P2 −

√
P1

H
= 6.05× 10−13 m/s (7)

as
Q = J·F·t (8)

which for the entire operation time of the pipeline (minus the time of non-stationary
operation) was 230 m3.

Taking into account the volume of gas passed through the pipeline over 40 years of
operation (Q = 3.38 trillion m3), the loss of hydrogen due to its diffusion through the wall
(230 m3) is less than 1 × 10−5% of the volume of gas pumped and may not be taken into
account during gas transport.

8. Discussion

In accordance with the above research results, the saturation of steels with hydrogen
(“hydrogenation”) is accompanied by a change in the mechanical properties of the metal,
expressed in a decrease in the relative constriction Ψ, the relative elongation δ, the fracture
work Ap, the impact toughness of the KC, the true breaking stress Sk, the tensile strength
σB, and the hardness HV, with an almost unchanged value of the yield strength σT of steels.
Especially at saturation, the plastic characteristics Ψ, δ, and the true breaking stress Sk are
sharply reduced, as a result of which hydrogenation of a stressed steel structure can lead to
its spontaneous destruction within a few hours. At the same time, the information found in
the literature does not allow grading steels, including pipeline ones, in terms of resistance
to hydrogenation and identifying the most resistant ones.

It is fundamental that the aforementioned saturation of steels with hydrogen in
amounts that can cause a noticeable change in the properties of materials can occur only if
there are significant amounts of hydrogen on the surface of the steel structure, which is,
namely, in an atomic state and is able to penetrate into the metal due to diffusion. This can
be achieved electrolytically or by holding structures in a hydrogen-containing environment
at high temperatures and pressures.

At the same time, in the case of contact of a steel structure with gaseous hydrogen at a
relatively low temperature, the limiting stage of the process of its penetration into steel is the
dissociation of H2 molecules adsorbed on the metal surface. Since at temperatures typical
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for pipeline transport (up to 323 K), the degree of dissociation of H2 molecules is negligible,
the number of formed hydrogen atoms is also very insignificant even at a hydrogen gas
pressure of tens and hundreds of MPa, significantly exceeding the gas pressure in pipelines.
At the same time, the nature of the adsorbent (steel grade) does not fundamentally affect
the degree of this dissociation. For this reason, cylinders for storing compressed hydrogen,
made of carbon and low-alloy steels, regardless of their chemical composition, serve for
decades in contact with high-pressure hydrogen without any noticeable changes in the
mechanical properties of their material. The loss of compressed hydrogen due to its
diffusion through the pipeline wall during its normal operation, regardless of the steel
grade of the pipe material, is less than 1 × 10−5% of the volume of the pumped gas and
may not be taken into account when transporting gas.

Based on the presented literature data, it can be concluded that the elastic deformation
of steel structures in contact with gaseous hydrogen or its mixtures does not significantly
affect the intensity of the hydrogenation process and, as a consequence, the mechanical
properties of the construction material. This conclusion is also confirmed by the already
cited example of long-term operation of hydrogen cylinders, the material of the walls of
which is under the influence of tensile stresses in the elastic region of deformations, which
change during the operation of the cylinder as it is filled or emptied.

At the same time, according to the data presented, plastic deformation of steel struc-
tures in an atmosphere of gaseous H2 and its mixtures intensifies the process of saturation
of structures with hydrogen, accompanied by a decrease in the strength and plastic proper-
ties of the material of structures. Moreover, this negative effect is observed even at very
low concentrations (~0.1%) of hydrogen in the mixture. It can be assumed that this effect
is associated with the formation of a juvenile metal surface during plastic deformation,
which has an increased ability to adsorb hydrogen molecules and transform them into an
atomic state.

Thus, we can conclude that when steel pipelines operate to pump compressed hy-
drogen or its mixtures at temperatures close to normal and only in the area of elastic
deformations of their wall, the pipeline material, regardless of the grade of the pipeline
steel used and the pressure in the pipe, should not be sensitive to the effects of hydrogen.
At the same time, due to pressure pulsations in the pipeline, its metal, in contrast to the
material of the cylinder, will be subjected to repeated cyclic loads, even in the region of
elastic deformations [89], information on the effect of which on the behavior of steels in
hydrogen was not found by the authors. On the other hand, due to possible soil move-
ment or other reason [90], plastic deformation of the pipe material in a local place of the
underground pipeline cannot be ruled out, which can cause hydrogen saturation, the
negative consequences of which will be different for different grades of pipeline steel. In
this regard, the question of how much this or that pipeline steel degrades its mechanical
properties during plastic deformation in a compressed hydrogen environment also requires
study. A special place here is occupied by the study of the effect of dissolved hydrogen
on the mechanical properties of the metal of welded joints. The question also requires
experimental verification—will the process of hydrogen saturation intensify if the pipe
wall is under stress due to the presence of cathodic protection of the pipeline?

9. Conclusions

1. Diffusion of hydrogen into steel is carried out only in its atomic state and, since at
normal temperature the degree of dissociation of hydrogen molecules is negligible,
gaseous hydrogen at this temperature even at high pressures into steel, regardless of
its grade, practically does not penetrate and has no noticeable negative impact on its
mechanical properties. This conclusion is confirmed by the experience of long-term
trouble-free operation of cylinders for storing compressed hydrogen, made of carbon
and low-alloy steels of a wide range of names.
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2. Losses during the transportation of compressed hydrogen through the main pipeline
due to gas diffusion through the pipe wall are millionths of a percent of the volume
of the pumped gas and may not be taken into account in the calculations.

3. Elastic deformation of steel structures in contact with gaseous hydrogen or its mixtures
does not noticeably affect the intensity of the hydrogen saturation of their material
and, as a consequence, its mechanical properties.

4. Plastic deformation of steel structures in an atmosphere of gaseous H2 and its mixtures
intensifies the process of saturation of structures with hydrogen, accompanied by
a decrease in the strength and plastic properties of the material of the structures.
Moreover, this negative effect is observed even at very low concentrations (~0.1%) of
hydrogen in the mixture.

5. Among the factors that require further study in order to develop a conclusion on the
possibility of transporting compressed hydrogen through a particular pipeline, the
following can be indicated:

• the effect of multiple cyclic loads in the pipeline on the behavior of its material
in hydrogen, i.e., determination of the fatigue strength of pipeline steels in a
hydrogen-containing environment;

• the degree of deterioration of the mechanical characteristics of various pipeline steels,
including in the form of welded joints, when they are saturated with hydrogen;

• the effect of cathodic protection on the intensity of hydrogenation of pipeline
steels in contact with the compressed hydrogen state.
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