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Abstract: The paper deals with a non-destructive method of detecting hydrogenated sections of
pipelines, which is based on variations of the level of mechanical stresses generated in the surface
layers of the steel pipe material during its hydrogenation. The use of a magnetoanisotropic method
based on the phenomenon of metal magnetoelastic anisotropy development, which consists in the
variation of the magnetic properties of ferromagnetic materials in direction and magnitude under the
influence of mechanical stresses, is proposed as a way to register that variation. Based on the results
of tensile testing of carbon steel plates with measurement of the difference in principal mechanical
stresses (DPMS) occurring in metal, as well as experiments on electrolytic hydrogenation of specimens
with measurement of the DPMS signal, it was confirmed that when steel structures are saturated with
hydrogen, tensile stresses are generated in the surface layers, the magnitude of which increases as
the concentration of hydrogen increases in the metal. In this case, it is assumed that the indicated
dependence between the hydrogen concentration in the metal and the stresses arising as a result
of hydrogenation is linear. For the example of lamellar specimens made of pipe low-carbon steel,
the possibility of using the magnetoanisotropic method for registering sections of underground
pipelines with a high content of hydrogen is substantiated, which can become the basis for a method
of diagnosing sections of pipelines with broken insulation for the possibility of their further operation.
The scientific novelty of this article is the establishment of a relationship between the hydrogen
content in the metal, the stresses that arise in this case, and the change in the magnetic properties of
ferromagnetic materials, characterized by the magnitude of the DPMS signal. This study contributes
to the understanding of the process of hydrogenation of metals, and may be useful in detecting
and preventing damage to gas and oil pipelines caused by hydrogen embrittlement as a cause of
stress corrosion.

Keywords: hydrogen; mechanical stresses; magnetoanisotropic method

1. Introduction

In accordance with [1–5], under certain conditions, e.g., high temperatures and pres-
sures, electrolytic reactions, and the plastic deformation of metal, a significant amount of
hydrogen can dissolve in metallic materials, subjecting them to “hydrogenation”, accompa-
nied by a change in structure and mechanical properties of the metal [6], which in some
cases may be the cause of the destruction of the metal structure [7,8]. Thus, according to
the authors of [9,10], hydrogenation of the pipe material in an area with destroyed insula-
tion, which occurs due to the presence of atomic hydrogen as a product of ground water
electrolysis, on the metal surface, is exactly the cause of breakage of underground main gas
pipelines due to stress corrosion damage. The above is also confirmed by the presence of a
significant amount of hydrogen (up to 0.1 wt. % or 1000 ppm) [11] in metal layers adjacent
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to the outer surface of the destroyed pipe, exceeding the concentration of hydrogen in layers
near the inner surface by 2–4 times, which is proved by experiment as per [9]. According to
the same authors [9,10], the negative effect of hydrogen dissolved in metal is also the reason
for the failure of pipelines carrying sulphur-containing oil products. In this case, the source
of atomic hydrogen diffusing into the pipe wall is the pipe metal reaction with hydrogen
sulphide. More details about this phenomenon, its causes and explanatory hypotheses are
given in [12]. Therefore, timely detection of the pipeline section where the pipe wall was
hydrogenated is a possible method of failure prevention [13–15]. The above conclusion
is valid for both compressed hydrogen pipelines, where local hydrogenation of the pipe
wall cannot be excluded, e.g., due to plastic deformation caused by soil movement [16] and
other bending stresses [17–19], and pipelines carrying natural gas and oil products [20–22].
At the same time, currently existing methods of detecting increased hydrogen content
in metal structures, both by measuring its concentration directly or indirectly—based on
the change in mechanical properties of the metal—are destructive, since both use spec-
imens cut from the analysed structure for research. The foregoing is also relevant for
other areas of the energy sector, where hydrogen and its compounds can interact with
metal structures [23–26]. This necessitates the development of new highly sensitive and
effective methods of non-destructive testing to identify areas of local hydrogenation of
pipelines and the means for their implementation, which are primarily based on new effects
and phenomena.

One of the examples of such possible methods is the magnetoacoustic emission method
(MAE) [27], based on an abrupt change in the magnetization of a ferromagnetic substance
under a continuous change in external conditions (magnetic field, elastic stresses, temper-
ature, etc.), leading to a change in the domain structure of the material (the Barkhausen
effect). Since the presence of hydrogen in a ferromagnet affects its domain structure, the
quantitative evaluation of the MAE signals of a hydrogenated specimen allows for the
estimation of its hydrogen content.

This paper deals with another potentially possible method for detecting hydrogenated
sections of gas and oil pipelines, based on the effect of the mechanical stress level variations
that occur in the surface layers of the steel pipe during its hydrogenation. It is proposed to
use the magnetic anisotropy method [28,29] developed by one of the authors of this paper
as a way of registering this variation, and this is also described in [30]. Information about
the relationship between the indicators obtained using the magnetic anisotropy method and
the magnitude of stresses existing in structures is presented in [31–33]. Since the method
can be used for ferromagnetic steels of any grade, it is, as a result, applicable to most main
and process pipelines. In [12], the results of determining stresses in the surface layer of
steel by the method of magnetic anisotropy are compared with the corresponding results
obtained by X-ray diffraction analysis of the crystal structure of the samples under study,
and their satisfactory convergence is noted.

2. General Information

The developed method is based on the well-known fact that when hydrogen is dis-
solved in metals, mechanical stresses are generated in the surface layers, due to their
deformation [34].

In [35], the generation of residual macrostresses in metal sheets as a result of one-sided
saturation with hydrogen by cathodic treatment was found in high-chromium stainless
steel, experimentally. The maximum value of such residual stresses (compressive stresses,
according to the authors) is 60–70 MPa; the thickness of the layer where these stresses
are mainly concentrated is approximately 0.03 ÷ 0.04 mm. As a result of the exposure
of hydrogenated plates to a temperature of 200–300 ◦C, the hydrogen is removed and
the acquired curvature (deflection) of the plate almost completely disappears. According
to [28], the occurrence of residual stresses is due to the uneven absorption of hydrogen by
the metal surface, with the prevailing absorption along the grain boundaries.
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The experiments by the authors of [36] demonstrated that during one-sided electro-
chemical saturation of palladium plates with hydrogen, the latter bend, which the authors
attribute to the generation of mechanical stresses in the surface layer of the plates (the
direction of the plate bend and whether the stresses are the compressive or tensile type is
not specified in the paper). The presented data indicate the dependence of the magnitude
of the deflection on the time of hydrogenation.

The papers [1,37] indicate that when electrolytic hydrogen penetrates into various steel
specimens (spiral, tubular, wire) they elongate, which is therefore evidence of the tensile
stress occurrence in the metal during hydrogenation. It was found that the elongation of
the specimens during electrolytic hydrogenation is proportional to the amount of absorbed
hydrogen, and even after the removal of hydrogen from the tubular specimens, the defor-
mation remains, which, according to [1], confirms that the reason for the deformation of
the entire specimen is the residual deformation of the metal on the inner surface of the ring
caused by high pressure of molecular hydrogen in the pores. This is also evidenced by the
buckling of the metal surface subjected to electrolytic hydrogenation.

According to the authors of this paper, the results of the cathodic treatment of notched
ring specimens given in [1] also testify to the occurrence of tensile stresses as a result of
hydrogenation (Figure 1a). At specified time intervals, the specimens were removed from
the electrolysis unit to measure the notch width, and then the values were compared with
the width before hydrogenation and after vacuum annealing at the relevant temperatures
(50 ◦C, 200 ◦C and 650 ◦C). During annealing, the amount of released hydrogen was mea-
sured. As a result of the stresses generated during hydrogenation, the notch width increased.
Figure 1b shows the change in the notch width g as a function of the hydrogenation time.
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Figure 1. Cathodic treatment of notched ring specimens, (a) scheme of a ring specimen (2r = 38 × 10−3 m;
h = 15 × 10−3 m; a = 4 × 10−4 m; g = 5 × 10−4 m); (b) the dependence of its deformation on the
duration of hydrogen saturation of the inner surface [1].

Table 1 illustrates the results of vacuum annealing and measurement of the hydrogen
concentration in the metal of the ring specimen.

It is conspicuous that the deformation values of the specimens are practically equal
for different times of saturation with hydrogen, and there is a significant variation in the
established deformation values (0.46, 0.88, and 1.2 × 10−3 m); also conspicuous are the
amounts of hydrogen released during annealing (41, 117, and 137 × 10−5 m3/kg) of three
identical specimens (no. 1, no. 2, and no. 3), hydrogenated under very similar conditions.
The first factor probably shows that the concentration limit of hydrogen in the metal is
already reached within 5 min of hydrogenation, and the second one indicates the presence
of some uncontrollable factors under electrolytic saturation, as per the authors [1], which
affect the intensity of the hydrogenation process significantly.
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Table 1. Deformation of a ring specimen as a result of saturation with hydrogen and subsequent
hydrogen desorption during relief and vacuum annealing [1].

No.

Deformation, 10−3 m, after The Amount of Released Hydrogen,
10−5 m3/kg, as a Result of Vacuum

Annealing at a Temperature, ◦KSaturation with Hydrogen Hydrogen Saturation and Vacuum
Annealing at Temperature, ◦K

300 s in a Day 323 473 923 323 473 923

1 0.46 0.47 0.44 0.44 0.49 41 18.4 -
2 0.88 0.90 0.87 0.87 0.97 117 1.8 3.5
3 1.2 1.2 1.17 1.2 1.34 137 - 29.1

As stated in [38], during the electrolytic “pumping” of the structure of 17GS steel
with cathodic hydrogen, its microhardness increases by 10–30 × 106 Pa in 250 h, which
is due to the occurrence of additional “hydrogen stresses” in steel (tensile stresses, as can
be concluded from the continuation of the phrase), which in practice, added to the ring
tensile stress caused by working pressure in the pipeline, leads to the appearance of a
“hydrogen notch”.

The paper [27] reports the generation of local centres of mechanical triaxial tensile
stresses in metal, which contribute to the redistribution of dislocations, under the influence
of the hydrogen contained in the metal. But then it is also noted that hydrogen can unblock
the movement of each individual dislocation and their accumulation.

The author of [39] also concludes that the lattice distortion and cold work (harden-
ing) do increase the hydrogen absorption by steel, but reduce the diffusion of hydrogen.
As a result, heat treatment used for the pipes used in underground pipelines (the re-
moval of residual stresses/strains) [40,41] increases the diffusion of hydrogen, but reduces
its absorption in the metal. (According to [39], hydrogen recombined in internal cavi-
ties can generate pressure of “several hundred atmospheres”; however, “. . . not many
closed structural defects can serve as collector traps, penetrating into which hydrogen
protons recombine”).

3. Effect of Hydrogenation on the Magnetic Properties of Steel

As noted by the authors of [42], the hydrogenation of steel causes an increase in
coercive force Hc, a decrease in magnetic permeability µ, an increase in hysteresis losses,
and a decrease in electrical conductivity, which is explained by an occurrence of a stressed
state in the alloy lattice due to an increase in the pressure of molecular hydrogen in
collectors. The authors also note that the observed changes in the magnetic and electrical
properties depend not only, and sometimes not so much, on the hydrogen absorbed by the
metal, but also on the changes that metal undergoes under the influence of hydrogen, as
well as on the occurrence of residual stresses and discontinuities, decarburization, etc.

The paper [27] deals with the change in the magnetic anisotropy and domain struc-
ture of a ferromagnet on the appearance of pores, micro- and macrocracks formed as a
result of exposure to high hydrogen concentrations in the metal. Based on the results
of experiments carried out on specimens of low-carbon steels hydrogenated by the elec-
trolytic method and from the gas phase, the authors outline that the presence of hydrogen
affects the generation of magnetoacoustic emission (MAE) signals recorded during spec-
imen remagnetization—the sum of the signal amplitudes increases by 16% compared to
non-hydrogenated material, and for plastically deformed steel by 23%. According to the
authors [27], such results provide a basis to consider the MAE method a new method of
equipment for non-destructive testing, carried out in real time under operating conditions
in order to identify centres of local hydrogen damage; in its development, it is necessary to
take additional measures to eliminate the ambiguity of the concentration indicators at the
same values of the total count of the MAE signals.

Since the magnetoanisotropic method is based on the analysis of the metal domain
structure transformation under the influence of mechanical stresses, it was logical to
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correlate the magnitude of the signal recorded when using this method with the magnitude
of mechanical stresses resulting from hydrogenation, and with the amount of hydrogen in
the metal, accordingly.

A section of a steel structure with high concentration of local stresses is determined by
the presence in the measurement zone of an exceeded average value of the difference in the
principal mechanical stresses (DPMS)—longitudinal (σ1) and transverse (σ2) stresses—as
parameters characterizing the range of the upper and lower limits of normal stresses acting
on the platforms (sections) of the metal structure. The essence of the measurements is
based on the existence of a relationship between the mechanical stresses and the magnetic
properties of the medium, characterized by magnetoelastic sensitivity:

λ =
∂B
∂σ

, (1)

where B is magnetic induction (characterized by the magnitude and direction of action),
and σ is mechanical stress.

The principle of operation of a typical magnetoanisotropic transducer [43] is based
on the rotation effect of the magnetic induction vector B created by the primary winding
in the measurement zone. The voltage value at the output of the measuring winding U is
described by Formula (2):

U = K·Bav·S0· fv·sinβω, (2)

where Bav is the average value of the induction; S0 is the area covered by the wind-
ing; K is the coefficient of proportionality; β is the angle between the plane of the mea-
suring winding ω and the magnetic induction vector B; and fv is the frequency of the
supply voltage.

The formula was obtained for the co-directional vectors of magnetic induction and
mechanical stress. The rotation of the magnetic induction vector can be characterized by a
change in its orthogonal components.

As a result, the magnitude of the signal U of the magnetic anisotropic transducer is
proportional to the difference in the principal mechanical stresses (DPMS):

σDPMS = σ1 − σ2, (3)

and the level of equivalent stresses in the surface layer of a given section of the metal
structure, accordingly.

4. Materials and Methods

Lamellar specimens of low-carbon pipe steel (~0.2% C) were used to substantiate the
application of the magnetic anisotropy method for determining the hydrogenated sections
of a steel pipeline based on the results of measuring the difference in the main mechanical
stresses of the original, and hydrogenated to different hydrogen content level specimens;
this was followed by the recalculation of the obtained DPMS values into the values of the
generated stresses. The recalculation was carried out based on the results of calibration
tests carried out on plates of the same steel at their tensioning.

4.1. Test Preparation

Specimens in the form of plates, cut from rolled steel, were subjected to tension on a
ZwickRoell testing machine. The load was applied to the specimens in steps of 5 × 103 N
(by an increase in stress in the plate cross section of 33 × 106 Pa), until the “yield point” was
reached on the “force”—“relative deformation”—curve. After an exposure of at least 60 s
at each stage, using a mechanical stress scanner “Stressvision” with an operating principle
based on the magnetoanisotropic method, with a scanning depth of up to 2 × 10−3 m,
ten DPMS measurements were carried out in the middle part of the plates (Figure 2), and
the arithmetic mean value was determined. The load at each step was recalculated to a
corresponding tensile stress σ in the plate cross section, the value of which was compared
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with the corresponding average value of the DPMS. The comparison results are presented
in the graph of Figure 3.
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the authors).
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Figure 3. Dependence between the DPMS (mean value from 10 measurements) and tensile stress in
the low-carbon steel plate (dashed line is an approximation line) (compiled by the authors).

As follows from the test results (Figure 3), for all analysed values of tensile stresses
σ, except for the initial one, where σ = 0, the DPMS (measured in conventional units)
signal has a positive value. However, in the entire stress range up to values close to the
yield strength of steel (σT = 174–183 × 106 Pa), the value of the DPMS signal increases in
accordance with the following linear dependence:

DPMS = DPMS0 + K σ, (4)

or σ = ∆/K (5)

where DPMS0 is the signal value corresponding to the level of residual equivalent stresses
(compressive ones, as can be concluded) in the original plate (for this plate, DPMS0 = −10 c.u.);
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∆ = DPMS − DPMS0—the change in the level of DPMS as a result of the occurrence of
additional tensile stresses in the process of the plate tensioning; and K is the coefficient of
proportionality between the change in the DPMS signal magnitude and the magnitude of
the stress σ that caused this change (K = 0.73 c.u./106 Pa)

The revealed dependence was used to determine the stresses occurring in plate speci-
mens of the same steel as a result of hydrogenation.

4.2. Testing

Specimens in a form of plates of 0.15 × 0.05 × 0.003 m, cut from rolled low-carbon
pipe steel and subjected to milling and grinding were the object of the analysis. The entire
surface of the specimens was covered with a special dielectric insulation for protection
from the impact of the environment, except for a small area of S = 0.05 × 0.05 m on one of
the sides of the plate. Using the above stress scanner “Stressvision”, the values of DPMS0
were recorded at three fixed points of the specimen working area, located at a distance of
0.04 m from each other.

Each of the specimens 1 (Figure 4) was placed in container 4 filled with electrolyte—5%
H2SO4 solution with the addition of thiourea CS(NH2)2 (1 g/L). Graphite plate 2 was
immersed in the same solution at a distance of 40 mm from the working area of the plate,
with the area of contact with the electrolyte (1 × 0.05 × 0.002 m) significantly exceeding the
specimen working area. The specimen was connected to the positive pole of DC source
3, and the graphite plate was connected to the negative one. After activating source 3,
the specimen, electrolyte, and graphite plate were subjected to a constant electric current
I of a set value, in which the specimen served as a cathode, and the plate served as an
anode. The current density was calculated relative to the cathode as j = I/S. Throughout
the experiment, the values of I and j were maintained constant.
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Figure 4. Scheme of installation for hydrogenation of specimens: 1—working electrode (specimen),
2—auxiliary (counter) electrode, 3—power supply, 4—container with electrolyte, 5—open metal
surface, 6—dielectric isolation (compiled by the authors).

As a result of the electrolytic process, atomic hydrogen was released on the working
unprotected part of the specimen; the main part was subjected to recombination and, in
the form of bubbles, went up to the surface of the solution, whereas the remaining part
was adsorbed on the surface of the specimen, from where it diffused into the metal. It
is considered that, with such an electrolytic saturation of the metal with hydrogen, the
concentration of the absorbed hydrogen, i.e., hydrogen diffused into the metal, increase
as the current density increases during electrolysis. This point of view is in line with
the data [44], which indicate that the concentration of absorbed hydrogen atoms will
continuously increase, together with the cathodic polarization potential.
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Therefore, to obtain specimens saturated to different hydrogen concentration levels,
the electrolytic process was carried out at two significantly different cathode current
densities: j1 = 500 A/m2 and j2 = 1360 A/m2. When selecting the indicated values j, we
were aware of the opinion of the authors of [45,46], who believe that the results of specimen
hydrogenation using such relatively high current densities are unrepresentative. However,
as the performed analysis [47] shows, most scientific studies, for example [48–52], use
similar current densities in the electrolytic saturation of specimens with hydrogen. Apart
from changing the current density in the experiments, we also varied the hydrogenation
time (t from 15 to 223 min), which, according to the authors, could also affect the difference
in the concentration of absorbed hydrogen in the hydrogenated specimens.

The possibility of obtaining different concentrations of CH hydrogen in metal during
its hydrogenation at various current densities was confirmed in original and hydrogenated
(j = 500 and 1360 A/m2, t = 30 min) control specimens (cylinders ∅0.006 × 0.05 m), in which
the integral mass fraction of the hydrogen content, similar to [1,11,53–56], was determined
by the reductive melting method. The method is based on melting a specimen in a container
made of ceramic material in a flow of an inert carrier gas (nitrogen), extracting hydrogen
from the specimen, and determining its amount by physical or physicochemical methods.
However, other methods for determining the hydrogen concentration could be used for
this purpose; for example, the immersion of a hydrogenated specimen in a glass flask with
silicone oil [45] followed by the determination of the volume of released hydrogen, during
anodic dissolution of a hydrogenated specimen [27,57], using a mass-spectrometer [1], with
a calculation according to Faraday’s law [46] or as per the empirical dependencies [45,51].

Next, the DPMS values were recorded in the same 3 points of each specimen, having
undergone electrolytic hydrogenation at a given mode, which were then compared with
the initial DPMS0 values. The values of this difference ∆av, averaged for three points, were
recalculated using Formula (5) into the values of generated stresses σ, and compared with
the hydrogen content in the steel.

5. Results and Discussion

The results of the experiments on registering the DPMS signals from the specimens
are presented in Table 2, as well as the stresses occurring in the specimens as a result of
hydrogenation, calculated (5) based on the difference in the values of the recorded signals.

As follows from the data in Table 2, all recorded signal values, both for the original
DPMS0 and hydrogenated specimens, have a negative sign, which, in accordance with
the results of calibration tests (Figure 3), indicates the presence of compressive stresses in
the surface layer of the metal. Milling and surface grinding used in the manufacture of
specimens are the source of their occurrence. However, the signals in different points of the
same specimen differ from each other significantly (for example, up to 34% for specimen
no. 2), which stems from the fact that different forces are applied by the tool to different
points of the specimen during the surface processing. This is also evidenced by the uneven
distribution of isolines on the DPMS maps, which is different for different specimens
(Figures 5 and 6). It can be noted that for specimens cut directly from rolled products,
without the indicated mechanical treatments, such as those used in calibration tests, the
values of residual stresses and, consequently, the DPMS values, also have a negative sign,
but are significantly lower in absolute value.

After hydrogenation, the pattern of the isolines’ distribution and their sign remains
the same (Figures 5 and 6); however, the values (in terms of absolute value) are reduced by
∆ (Table 2), which corresponds, as it can be concluded, to tensile stresses generated due to
hydrogen saturation of the specimen, which partially compensate for the existing residual
compressive stress in the specimens. (Measurement of the DPMS in parts of the specimen
protected from hydrogenation did not show a change in the signal value exceeding the
measurement error (±2.5 c.u.)).
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Table 2. Comparison of the difference values between the main mechanical stresses of the original
and hydrogenated specimens of low-carbon steel (compiled by the authors).

Specimen No. j, A/m2 t, min
The Value of the DPMS at Three Points of the Specimens

Original (DPMS0) Hydrogenated ∆ ∆av

1

500

30
−273 −250 23

24−275 −246 29
−291 −270 21

2 90
−98 −67 31

29−127 −100 27
−132 −103 29

3 90
−226 −206 20

26−251 −220 31
−267 −240 27

4 223
−162 −140 32

27−198 −175 23
−214 −188 26

∆av1 = 26.5
σ1 = 37 × 106 Pa

5

1360

15
−118 −84 34

33−131 −85 46
−131 −113 18

6 45
−118 −74 44

35−131 −106 25
−131 −96 35

7 180
−231 −201 30

31−299 −262 37
−299 −272 27

∆av2 = 33
σ2 = 46 × 106 Pa
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The conclusion on the occurrence of tensile stresses due to the exposure to hydro-
gen complies with the results of [1] on the slot enlargement in notched specimens dur-
ing hydrogenation (Figure 1), but does not confirm the data of [28], and for this reason
requires clarification.

It can be noted that the values of the indicated stresses (37–46 × 106 Pa), calculated
(5) using the values ∆ from the table, are close to the stress values determined physically
on hydrogenated steel specimens under similar modes (j = 1000 A/m2, t ≥ 85 min), for
instance, 60–70 × 106 Pa [35].

As follows from Table 2, the value ∆ for the same current density as that in [1]
(Table 1) is essentially independent of the hydrogenation time: for example, with an
increase in exposure from 30 to 223 min for j = 500 A/m2 and from 15 to 180 min for
j = 1360 A/m2, the value ∆ changes only by 2 units. This may indicate that during
the time t ≤ 15 min, the surface layer of the metal, which is less or equal in thickness
to the signal penetration depth (up to 2 × 10−3 m), is saturated with hydrogen to its
ultimate equilibrium concentration, which does not increase with further continuation of
the electrolytic process. This conclusion confirms the results of experiments [35], which
imply that, during electrolytic hydrogenation the resulting stresses are concentrated in a
thin layer, with a thickness of about 3–4 × 10−5 m.

According to the results of the physical–chemical analysis of the specimens carried
out using the method of reduction melting in a nitrogen flow, with an increase in current
density during electrochemical saturation, the hydrogen content in the specimens actually
increases: up to 1.8 ppm for a specimen hydrogenated at j1 = 500 A/m2 and up to 2.1 ppm
for j2 = 1800 A/m2. Since this method determines the integral hydrogen content over the
entire volume of the hydrogenated specimen, but practically only its thin surface layer is
hydrogenated, it can be concluded that the hydrogen content in this layer proves to be
significantly higher than 1.8 ppm or 2.1 ppm. If we assume that all hydrogen that has
penetrated into the metal as a result of electrolytic saturation is concentrated in the surface
layer with a depth of ~0.7 × 10−3 m [58], then its concentration in this layer will be 4.5 and
5.2 ppm.



Energies 2023, 16, 5585 11 of 15

It should be noted that the dependence of the DPMS signal increase on the increase
of hydrogen content in steel, found in this study, slightly contradicts the data [27]. When
studying the effect of the hydrogen concentration in hydrogenated low-alloy steels on the
parameters of the magnetoacoustic emission (MAE) signal, the authors [27] discovered that
an increase in the sum of the MAE signal amplitudes is observed up to a certain hydrogen
concentration C* (~0.4 ppm), and then they decrease (amid an overall increase in the sum
of amplitudes compared to the original state of the material). As a result, the value C* for
each grade of low-carbon steel is different. The authors attribute this dualistic nature of
MAE signal variation to the dual influence of hydrogen concentration on the number of
dislocations in the metal, the number of which decreases with an increase in hydrogen
concentration up to values C*, and then increases with stress relief when C > C*. From
this point of view, the decrease in compressive stresses under the influence of dissolved
hydrogen discovered in this paper could be explained not by changes in the stress state of
the crystal lattice, but by the localized hydrogen-induced plasticity (HELP mechanism) [59].

In this regard, the following can be outlined. The method of magnetic anisotropy
proposed by the authors of this paper is based on the dependence of the value of the DPMS
signal on the difference between the principal mechanical stresses present in the surface
layer of a metal structure. In this case, the DPMS signal variation for carbon and low-alloy
steels, as found by the authors, is directly proportional to the increase or decrease in one
of these stresses. At the same time, the authors of [27] do not report the existence of such
a linear relationship between the MAE signal and the stress in the specimen. It is quite
possible that, as in the case of the dependence MAE = f (CH*), it is shaped as a broken curve:
the MAE signal increases up to a certain stress value σ*, and then it decreases. In this case,
an increase in the hydrogen content above CH*, although accompanied by an increase in
stresses in the metal above σ*, will lead to a decrease in the MAE signal.

Moreover, there are data [60] confirming the linear dependence of the stresses variation
in the specimen depending on the concentration of dissolved hydrogen.

In [60], cylindrical specimens of X80 steel were hydrogenated using the electrolytic
method at parameters (j = 2 ÷ 200 A/m2, t = 48 h) close to those used in this study, followed
by the determination of the integral hydrogen content in the specimens by putting them in
a glass flask with silicone oil and counting the released hydrogen. Using a tensile testing
machine, the original and hydrogenated specimens were subjected to uniaxial tension until
ruptured, with a recording of the stress Sk at which one or another specimen was destroyed.
The magnitude of the occurring stress σ for each hydrogen concentration in the specimen
was set as the difference between the values Sk0 of the non-hydrogenated and Ski of the
hydrogenated specimens.

This interpretation of the experimental results implies that the stresses induced by the
hydrogen presence in the specimen are tensile, complementary to those occurring from the
tensile stress of the specimens Ski to the required critical level Sk0. It can be noted that the
stresses determined in such manner, caused by dissolved hydrogen (up to 40 × 106 Pa), are
of the same level as that determined as per the DPMS signal variation in the present study
(37–46 × 106 Pa).

The data of the author of [58], albeit indirectly, also confirm the conclusion of the
existence of a linear relationship between the parameters CH and σ. This paper presents the
results of experiments on hardness variation of the low-carbon steel surface layer subjected
to electrolytic hydrogenation up to various concentrations of hydrogen CH. Here, the
distribution of hydrogen over the cross section of the specimen was determined by the
method of stepwise anodic dissolution, i.e., by repeatedly removing thin layers of metal
from the specimen in sequence, with intermediate weighing and measuring of the volume
of hydrogen corresponding to this removed layer. As appears from the graph in Figure 7
of [58], there is a linear dependence between the microhardness of steel and the hydrogen
content in it, in the concentration range of 1.3–9.7 ppm.
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Since the hardness of steel is proportional to the relative deformation of the specimen,
which, in turn, is a function of the stress applied to the specimen, these data can also
indicate the existence of a linear dependence between the hydrogen concentration in the
metal and the stresses resulting from hydrogenation.

6. Conclusions

In this article, a relationship is established between the hydrogen content in the metal,
the stresses that arise during hydrogenation, and the change in the magnetic properties
of ferromagnetic materials, characterized by the magnitude of the DPMS signal. For the
example of lamellar specimens of pipe low-carbon steel subjected to varying intensity
of electrolytic hydrogenation, the possibility of using the magnetoanisotropic method to
register sections of underground pipelines with a high hydrogen content is substantiated,
which can become the basis for a method for diagnosing sections of pipelines with broken
insulation for their susceptibility to stress corrosion and the possibility of their further use.
Here, adjacent sections of the pipeline with unbroken insulation can act as comparison
points (values DPMS0). Since the method can be used for ferromagnetic steels of any grade,
it is, as a result, applicable to most main and process pipelines.

Also, using the method of magnetic anisotropy, it was confirmed that when steel
samples are saturated with hydrogen, tensile stresses arise in their surface layers, the
magnitude of which increases with increasing hydrogen concentration in the metal.

The method proposed by the authors for non-destructive testing of the level of hydro-
gen content in the walls of underground pipelines, based on the physical phenomenon of
magnetic anisotropy, will have a number of advantages when implemented, the main ones
being the mobility of research equipment and the absence of the need for mechanical action
on the pipeline wall. Its application in practice, accompanied by the collection of statistical
data on the behaviour of various pipeline steels, will lead to a more detailed study of the
properties of these materials and possible discoveries in the field of materials science, as
well as a possible refinement of the proposed method.

The authors see the development of this method in carrying out measurements of the
RGMN on other pipeline steels, which are, among other things, in the form of hydrogenated
pipe fragments, as well as in comparing the results with those obtained by other methods
for monitoring the stress state of a metal surface, for example, such as MAE, microhardness,
and X-ray diffraction.
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