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Abstract: The principle of symmetry is one of the general methodological principles of science.
The effects of any external influences, such as deformation, stresses, temperature, etc., could lead
to the anisotropy (asymmetry) of properties in constructional materials. During operation, metal
structures and machine parts are exposed to time-varying external mechanical loads, which can
cause changes in the metal structure, the initiation of cracks, and, as a result, the destruction of
the product. The application of nondestructive testing methods prevents changes in the stress–
strain state and, consequently, the destruction of the object. This article contains the results of
studying the effects of elastic–plastic deformation by uniaxial tension and torsion on the change in the
structure and magnetic parameters of low-alloy 13Cr-V pipe steel. Modern methods of metallography
and magnetic nondestructive testing methods were used as part of this study. The results of the
EBSD analysis showed that deformation during torsion, in contrast to uniaxial tension, is unevenly
distributed over the sample cross section. In the cross section of the sample, the most severely
deformed grains with a change in their geometry are observed near the surface; in the center, there
is no change in geometry. During tension, the deformation over the cross section of the sample is
uniformly distributed. Correlations between the applied normal and tangential stresses and magnetic
characteristics of the 13Cr-V structural steel were determined. Informative parameters that could be
used for the development of nondestructive testing methodologies for solving concrete tasks were
determined. Different methods of deformation lead to diverse structural changes in grain structure.

Keywords: elastic and plastic deformation; tension; torsion; magnetic properties; stress–strain state;
coercive force; residual induction; maximum magnetic permeability

1. Introduction

Metal structures and machine parts are subjected to time-varying external mechanical
loads during operation, which can cause changes in the structure of the metal and the accu-
mulation of microdefects, and, consequently, the formation of macrodefects, the initiation
of cracks, and, as a result, the destruction of the object. Despite the development and active
introduction of modern materials (composite, metal-ceramic, etc.), the use of steels and
alloys as the main material for critical metal structures is still widespread, especially in the
railway industry [1,2], the pipeline and oil and gas industries [3–5], heavy engineering [6],
etc. Severe operating conditions of such facilities could lead not only to material losses, but
also, in certain situations, to a negative impact on the environment and the death of people.
Information about the existing stresses makes it possible to take preventive measures, e.g.,
to strengthen the dangerous zone, or to remove the stresses by making changes to the
elements of the existing structure.

Along with standardized methods for assessing the stress–strain state (tensometric,
acoustic and X-ray), interest is also shown in magnetic methods for monitoring the stress–
strain state of steel structures. A sufficient amount of work has been devoted to the
application of the Barkhausen magnetic noise method for assessing the stress–strain state
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of steel objects [7–11]. Some work has been devoted to evaluating the level of residual
stress in metallic materials [7], while other work provides data on the possibilities of
assessing applied stresses [8,10,11], including those under biaxial loading [9]. The use of
electromagnetic methods based on the measurement of magnetic incremental permeability
and magnetic flux leakage [12,13] and ultrasonic methods [13] also allows one to estimate
the level of applied stresses. However, the use of magnetic methods is not always possible,
and often has a limited range of applicability [14]. Some work shows such limitations and
the possible solutions, including the use of several techniques simultaneously [12,15,16]. In
general, we can say that the application of magnetic methods is based on the correlations
between the mechanical and magnetic characteristics of structural materials.

In the field of nondestructive testing, the study of magnetoelastic phenomena in
structural ferromagnetic materials makes it possible to make progress in the issue of
estimating the parameters of the stress–strain state of individual structural elements. As a
consequence, the use of these parameters in modelling representations of the mechanics
of deformation and fracture mechanics will allow the development of a methodology for
assessing the state and resourcefulness of individual elements and the structure as a whole.

It should also be noted that any changes in physical, including magnetic, parameters
are determined by changes occurring in the structure of the material (grain, dislocation,
etc.), as well as a change in the level of residual stress in the material [17,18] under external
deformation action. So, for example, the chemical composition of steel has a significant
effect on the magnetic parameters, since varying the content of alloying elements in steel
could lead to a change in the grain (for example, the formation of a reinforced structure,
which, in turn, leads to an increase in the values of the coercive force [19,20]), dislocation
(dislocations and their clusters impede the movement of domain walls and, hence, the
process of magnetization [21]) of the structure, as well as to the transition of steel from one
class to another (from purely austenitic to austenitic-ferritic, for example [22]). The analyses
of magnetic parameters’ behavior and their symmetry (or asymmetry) distributions could
contribute to that of the stress–strain state parameters of the investigated material.

Despite the large number of existing publications, the results of which can be used
to create physical nondestructive methods for diagnosing the current state of structural
materials and assessing their resourcefulness, this problem has not yet been completely
solved and remains relevant. In addition, each specific object made of a particular steel,
or a group of objects with similar operating conditions, requires a more detailed study.
This article contains the results of studying the effect of elastic–plastic deformation by
uniaxial tension and torsion on the change in the structure and magnetic parameters of
low-alloy 13Cr-Vsteelpipe. Ensuring the safe operation of critical facilities, such as pipelines
operating under pressure, makes the problem of performing a reliable assessment of their
current stress–strain state more relevant. In this work, an experiment was implemented
that makes it possible to simulate the effect of both normal and shear stresses on the change
in magnetic characteristics. Moreover, it was possible to carry out measurements of the
magnetic parameters in situ. No such studies have been carried out for 13Cr-V-grade steel.

2. Materials and Methods

The studies were carried out on cylindrical samples cut from 13Cr-V steel pipe, the
chemical composition of which is given in Table 1.

Table 1. Chemical composition of the steel under investigation, wt. %.

C Si Mn Cr Ni Mo Cu V P S

0.04 0.31 0.65 0.56 0.09 0.01 0.15 0.06 0.006 0.002

Mechanical tests of uniaxial tension and torsion were carried out on the samples
at room temperature using universal testing equipment, created on the basis of IES UB
RAS, until the sample ruptured. The maximum allowable tensile force was 50 kN and
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the maximum torque was 200 N·m. The appearance and layout of the setup are shown
in Figure 1a,b. The setup also allows for internal pressure tests, but no such studies were
carried out in this work. The type of investigated sample is shown in Figure 1c. This type
of sample was used for both tension and torsion. The working part of the sample, where
the deformation took place, was under the action of an electromagnet. The measuring coil
was placed in the middle of the working part. At least three samples were used for each
type of loading. The error in the measured values of the magnetic parameters was no more
than 7%.

Figure 1. Appearance (a) and layout (b) of the installation for studying the effect of elastic–plastic
deformation on the magnetic characteristics of materials, and the type of investigated sample (c) (all
dimensions are in mm).

Deformation of the samples by tension and torsion was carried out with simultaneous
recording of the magnetic hysteresis loops. Upon reaching a certain degree of deformation,
the process of loading was stopped without load removal of the sample, and the magnetic
hysteresis loops (MGL) were recorded by means of a Remagraph C-500 magnetic measuring
complex. Magnetic measurements were carried out in a closed magnetic circuit according
to the permeameter method. The strength of the magnetic field used during the experiment
was up to 500 A/cm and was applied along the sample axis. The MGL were used to
determine the values of the coercive force Hc, residual induction Br, and magnetization in
the maximum applied field Mmax (approximately equal to the saturation magnetization).
The error in measuring the field and induction did not exceed 3%. The maximum magnetic
permeability µmax was determined from the main magnetization curve.

The mechanical properties of the samples (yield strength σY, ultimate strength σU, and
relative elongation δ) were determined in accordance with GOST 1497-84 (State Standard
of the former USSR). The stress–strain diagram of the investigated 13Cr-V steel is shown in
Figure 2. The diagram reveals a tooth and a yield plateau typical of low-carbon steels.
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Figure 2. The stress–strain diagram of the investigated 13Cr-V steel. The curve originates from the
tensile test in accordance with GOST 1497-84.

Tensile elongation of the samples was determined using the Strain Master non-contact
strain measurement system (video extensometer) from LaVision.

The deformation degree of the samples at the i-th step of tensile deformation was
determined as [23]:

εi = ln(li/l0), (1)

where l0 is the initial length of the working part of the sample and li is the length of the
working part of the sample after the i-th loading step.

In the case of torsion, when the deformation over the cross section of the sample is
unevenly distributed, the average value of the degree of deformation was calculated [24]:

ε
cp
i =

2
3

εi =
2
3
· ϕiD

2l0
√

3
=

ϕiD
3l0
√

3
, (2)

where ϕi (rad) is the current twist angle of the sample and D = 6 mm is the diameter of the
working part of the sample.

Microstructure studies were performed using an optical microscope, as well as a
Tescan scanning electron microscope equipped with an Advanced AZtecHKL diffraction
(EBSD) analysis system. For microstructural studies, a sample was cut in the initial state,
as well as after deformation by tension and torsion. After tension and torsion, the sample
for preparing a transverse section was cut at a distance of no more than 2 mm from the
fracture zone (Figure 3). The section was subjected to grinding on diamond pastes and
final polishing with a colloidal solution. The recording of diffraction patterns using the
diffraction (EBSD) analysis system, both in tension and in torsion, was carried out in two
places: in the center of the transverse section and closer to the surface.

Figure 3. Scheme of sample cutting for the preparation of a thin section of the sample after fracturing
for use in microscopic studies. This figure shows the example after the uniaxial tensile test. For
torsion, the cutting method is similar (all dimensions are in mm).
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3. Results and Discussion
3.1. Microstructure Investigation

In the initial state, the microstructure of 13Cr-V steel (Figure 4) is a mixture of ferrite,
pearlite, and a small fraction of acicular bainite. The grain size of the metal is 8–15 microns.
According to the recrystallization maps in the initial state, deformed grains were not
identified in the sample structure (Figure 4c).

Figure 4. The microstructure of 13Cr-V steel in the initial state: (a) optical microstructure, (b) EBSD
maps of misorientations, and (c) the map of recrystallization.

The mechanical properties of the investigated steel are given in Table 2. Tests to
determine the mechanical characteristics were carried out according to GOST 1497-84
(the Russian standard) at room temperature during uniaxial tensile tests. Table 2 shows
the results averaged over three samples; the error was no more than 5%. The table also
shows the ratio of the yield strength to the tensile strength σY/σB, which characterizes the
material’s work-hardening ability, usually specified by the normative documentation for
the material. This indicator is often used in regulatory documentation for pipe products.

Table 2. The mechanical properties of the investigated steel.

Steel Grade σY, MPA σU, MPa σY/σU δ, %

13Cr-V 490 ± 25 640 ± 32 0.77 17 ± 1

From the point of view of mechanics, torsion is a softer deformation method than
uniaxial tension. Under uniaxial tension, it is considered that the deformation of the
working part of the sample occurs uniformly. Under torsion, the situation is different: the
deformation over the sample cross section is distributed unevenly, with a maximum on
the surface and a minimum in the center of the sample. Figure 5 shows EBSD maps of
misorientations in the center of the cross sections of the studied steel after uniaxial tension
(a) and torsion (b), prepared in the plane of the transverse axis of the sample. Since the
section was prepared directly adjacent to the fracture zone in the region of neck formation,
it can be assumed that the deformation in this place was practically the maximum for
each type of test (uniaxial tension or torsion). In the central part of the samples, both
after tension and after torsion, the microstructure consists of deformed (red color on
recrystallization maps), but mostly form-unchanged, grains. Figure 6 demonstrates EBSD
maps of misorientations near the surface of the cross sections of the studied steel after
uniaxial tension (a) and torsion (b). It can be seen from the given figures that, under tension,
the grains mostly retain their shape, i.e., remain close to the equiaxed form, although
deformation and grinding occurs (Figures 5a and 6a). During torsion, it is clearly seen that
the grains are deformed and stretched at a certain angle to the radial direction (Figure 6b),
so the grains change their geometry. This is due to the fact that torsion deformation occurs
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in a plane perpendicular to the axis of the sample, in contrast to tension, where the direction
of deformation coincides with the axis of the sample. For a sample after torsion, texture
formation is observed in the deformation plane, mainly in the <111> direction; it should be
noted that along these crystallographic axes, iron and iron-based alloys have maximum
strength [25].

Figure 5. EBSD maps of misorientations of the central sections of ruptured samples after uniaxial
tension (a) and torsion (b), prepared in the plane of the transverse axis of the sample. The scheme of
sample cutting used for these investigations is shown in Figure 3.

Figure 6. EBSD maps of misorientations near the surface sections of ruptured samples after uniaxial
tension (a) and torsion (b), prepared in the plane of the transverse axis of the sample. The scheme of
sample cutting for these investigations is shown in Figure 3.

With an increase in the degree of plastic deformation, the density of dislocations in the
sub-boundaries of the material increases and, as a result, crystallographic misorientations
between subgrains grow, which leads to the transformation of sub-boundaries into ordinary
high-angle grain boundaries [26]. As a result, a new, more dispersed deformed structure is
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formed. Thus, we observe fragmentation of the structure during plastic deformation [27].
Moreover, similar mechanisms are applicable for uniaxial tension and torsion. After
destruction of the sample near the destruction zone, the volume fraction of deformed grains
after uniaxial tension was 93%, and after torsion, it was 87% (EBSD images were taken
closer to the surface, because during torsion, the maximum deformation is observed in
this region).

Figure 7 shows the histograms obtained by EBSD analysis, which describe the distri-
bution of misorientations of elements of the subgrain structure of the samples after tension
(a) and torsion (b). It can be seen that, in the initial state, the misorientation angle varies
from 0 to 1.2◦, with the average size being 0.5◦. After uniaxial tension, the misorientation
angle changes from 0.05◦ to 11.65◦. In this case, the calculated average size of the misorien-
tation angle inside the grain was 7.2◦. During torsion, a slight shift in the misorientation
angles of the subgrain structure towards larger angles occurs. Thus, the average size of
the misorientation angle inside the grain was 8.2◦. This fact confirms the association of
deformation processes with a change in the level of distortions of crystallographic lattices
of structural components.

Figure 7. Angles of misorientation of elements of the subgrain structure of 13Cr-V steel samples in
the initial state (a), after uniaxial tension (b) and after torsion (c). The studies were carried out on
samples after the fracture in the plane of the transverse axis of the sample. The cutting scheme of the
sample used for EBSD analysis is shown in Figure 3.

3.2. Investigation of Magnetic Properties

A change in the stress–strain state leads to a change in all types of energies in a
ferromagnet, which, in turn, affects the course of magnetization and demagnetization
processes in it [28]. Therefore, one of the objectives of the research is to determine a
structure-sensitive parameter (or a combination of several parameters) that will change
monotonically depending on the magnitude of the applied stresses. Figure 8 shows the
dependences of the magnetic characteristics (the coercive force Hc, residual induction Br,
and the maximum magnetic permeability µmax) on the applied normal and shear stresses
of the studied steel.

A change in the structure under external action, in our case, deformation, is accom-
panied by a change in the energy state of the ferromagnetic material and, accordingly, its
domain structure, which is reflected in the magnetic characteristics [29]. The action of elastic
deformation is accompanied by the formation of a special domain structure (the so-called
magnetic texture), which determines the processes of magnetization and magnetization
reversal in a ferromagnet.
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Figure 8. Dependences of magnetic parameters (coercive force Hc, residual induction Br, and
maximum magnetic permeability µmax) on applied normal (tension) (a) and tangential (torsion)
(b) stresses. The error in the determination of magnetic properties was no more than 3%.

The Hc(σ) and µmax(σ) dependences show an extremum in the region σ = 120–150 MPa
(Figure 8a). These extrema in the elastic region of tension can be explained by the forma-
tion of a magnetic stress texture, also called induced magnetic anisotropy [30]. If the
magnetostriction of the material and the external stresses are of the same sign, then the
predominant orientation of the magnetic moments of the domains will be along the direc-
tion of application of the load, and, therefore, during magnetization along the tension axis,
a decrease in the values of the coercive force and an increase in the maximum magnetic
permeability (positive magnetoelastic effect) are observed. In this case, when the domain
structure is rearranged, a preferential direction of the magnetization vectors of the “easy
magnetization axis” type arises, and the processes of magnetization reversal in the direction
of stress action are facilitated. However, upon further loading, the magnetostriction of iron
and iron-based alloys can change sign [31,32], due to which the type of magnetic texture
changes from the “easy magnetization axis” to the “easy magnetization plane”, and the
coercive force will increase and µmax will decrease (negative magnetoelastic effect). The
action of stresses reaching and exceeding the yield point leads to the destruction of the
magnetic stress texture [30–32], and the main factor affecting the coercive force in the region
of plastic deformation is an increase in the density of dislocations and dislocation clusters
(Hc ~ N1/2, where N is the dislocation density [33]).

It is also clearly seen in Figure 8a that in the transition from the elastic region of
deformation to the region of developed plastic deformation, the coercive force and the
maximum magnetic permeability change abruptly. This fact can be used to determine the
conversion of a material under investigation from the elastic deformation region to the
plastic deformation region.
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In contrast to the coercive force and maximum magnetic permeability, the residual
induction, depending on the applied uniaxial tensile stresses, varies unambiguously over
the entire range of applied stresses. It was shown in [28] that some magnetic characteristics
of more alloyed steels become monotonic over the entire range of elastic deformations. This
allows us to say that residual induction may be the most suitable informative parameter for
developing methods for diagnostic changes in the stress–strain state of details and elements
made of 13Cr-V steel.

Figure 8b shows the change in the magnetic characteristics of 13Cr-V steel under the
action of shear stresses. In our case, under the action of shear stresses, all the presented
magnetic parameters change unambiguously over the entire range of applied shear stresses.
This fact could be explained by the fact that during torsion, compared with the tension
and the compression, two types of magnetic texture are simultaneously formed in the
material [30]: 1—a type of “easy magnetization axis”, which coincides with the direction of
application of the load and facilitates magnetization along the sample axis; 2—a type of
“easy magnetization plane”, which is perpendicular to the sample axis and makes it difficult
to magnetize along the sample axis. In earlier work, it was shown that tangential stresses
have a weaker effect than normal stresses on the magnetic characteristics of constructional
steels [22,34]. It was found in [28] that shear stresses arising during torsion are the same as
a pair of normal, mutually perpendicular tensile and compressive stresses located at an
angle of 45◦ to the sample axis.

In our case, all the studied characteristics (coercive force, residual induction, and
maximum magnetic permeability) change unambiguously over the entire range of applied
shear stresses during torsion. At the same time, it should be noted that in some earlier
work [22,34], it was shown that the magnetic parameters are much less sensitive to changes
in tangential loads than to normal loads. In this study concerning 13Cr-V steel, the sensitiv-
ity to the action of shear stresses is comparable to the sensitivity of the magnetic parameters
to the action of normal stresses.

4. Conclusions

The effect of applied normal and shear stresses on the structure and magnetic parame-
ters of low-carbon 13Cr-Vsteel pipe has been studied.

It is shown that torsion deformation leads to dispersion and the formation of elongated
grains with a predominant crystallographic orientation in the structure near the surface, in
contrast to the case of uniaxial tension, in which the grains are deformed uniformly, both in
the center of the sample and near to the surface.

The presence of a sharp change in the level of coercive force and maximum magnetic
permeability during the transition from the region of elastic deformation to the region of
plastic deformation makes it possible to use them to indicate the conversion of a material
from the elastic region of deformation to developed plastic deformation.

The residual induction changes unambiguously over the entire range of applied
normal stresses, which makes it possible to use this parameter as information for developing
methods for assessing the stress–strain state of products made of 13Cr-V steel during
operation.

In the case of the action of shear stresses, coercive force, residual induction and
maximum magnetic permeability, in view of the monotonicity of their change depending
on the applied shear stresses, can be used later in the development of specific nondestructive
testing methods for the objects made of the investigated steel.

At the same time, the sensitivity of the established magnetic parameters, both for the
action of normal stresses and tangential stresses, is quite high.
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