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ABSTRACT Stress and deformation are important factors that affect the safe operation of pipelines. Plastic
deformation in the pipeline indicates a state of critical damage. Based on micro-magnetization and stress
equivalent magnetic field theories, the change mechanism of ferromagnetic materials under external stress
is analyzed. The 3D simulation model of the iron—carbon alloy system is established by the Material
Studied software, and the relationship between the system magnetism and stress is obtained by calculating
the electronic spin state distribution changes under different stress applications. The pipeline suppression
experiment is designed to study the change characteristics of the magnetic induction intensity on the pipeline
surface during the repeated suppressions until yield. Results show that the weak magnetic signal continuously
varies as the pressure on the pipeline increases. The greater the pressure, the lower the magnetic induction
intensity on the pipe surface. The pipeline exhibits different weak magnetic signal characteristics in the
elastic and plastic deformation stages. The magnetic signal variation curve has apparent inflection points.
The deformation and damage states of the pipeline can be assessed by the change characteristics of the
weak magnetic signal. Repeated suppression causes the pipeline magnetism to weaken and the initial
magnetization of the material to decrease. The experimental results are consistent with the theoretical

analysis.

INDEX TERMS Critical damage, electron spinning, equivalent magnetic field, weak magnetic.

I. INTRODUCTION

Ferromagnetic pipelines are the main transportation mode of
important energy and media in the world, and their appli-
cations cover various fields such as energy, equipment, and
engineering production. At present, the total oil and gas
pipeline built has exceeded 250 x 10*km worldwide, and
continues to increase every year [1]. Pipeline transportation
of oil and gas has become an important industry related to
national economic and social development. Due to its running
characteristics and work environment, oil and gas pipelines
have characteristics of high pressure, flammability, explo-
sion, and corrosion, which determine the importance of its
safety management. Pipeline operations have two high-risk
periods. One is the pressure test and the trial operation stages
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during the construction and commissioning of newly built
pipelines. Second, after the pipeline has been in service for a
certain period of time, the pipe body gradually incurs defects
such as corrosion, fatigue, and cracks. With the extension
of the pipeline’s service time, the external cyclic loads with
pipeline aging and fatigue bring huge risks to its safe oper-
ations, and may even induce destruction [2]. Given that the
materials have good plasticity and toughness, pipeline failure
accidents are generally caused by yielding or plastic deforma-
tion in the body [3]. Therefore, such local plastic deformation
indicates that the pipeline is on the verge of damage. If this
plastic deformation is effectively detected, then the damage
can be predicted and presents high significance for ensuring
pipeline safety [4], [5].

Under operating pressure, the plastic deformation of the
pipeline is caused by local stress concentration. Inversely,
the plastic deformation can be determined by detecting the
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stress concentration. Magnetic memory testing can charac-
terize the stress concentration degree of the ferromagnetic
material by detecting the irreversible magnetic field change
characteristics on the material surface after the stress appli-
cation in the geomagnetic environment [6]—[9]. On the basis
of magnetic memory, weak magnetic detection is proposed to
assess the stress concentration degree by detecting the weak
magnetic field signal distribution and variation characteristics
on the pipeline surface under the non-excitation state (earth
magnetic field environment) [10]-[13]. This method is an
online detection technology for pipeline stress concentra-
tion [14]-[16]. It has the advantages of lower equipment
weight and strong passage ability for pipeline detection com-
pared to conventional detection techniques. Given that the
mechanism of the magnetic effect of stress has not been
clarified, the qualitative and quantitative relationship between
stress and weak magnetic field signal has always been a
hot research topic [17]-[20]. The generation mechanism of
weak magnetic signal under stress has been examined from
different perspectives, but still no unified theory can explain
all the phenomena of stress-magnetic coupling [21]-[25].
Starting from the micro-magnetism theory of ferromagnetic
materials, this study analyzes the mechanism of weak mag-
netic signal generated by stress and calculates their qualitative
and quantitative relationship through simulation. The weak
magnetic signal characteristics of pipeline under cyclic load
are studied by the actual suppression experiment. The founda-
tion of weak magnetic detection technology for early damage
stage of oil and gas pipelines is established.

Il. ANALYSIS OF WEAK MAGNETIC

DETECTION MECHANISM
When subjected to external force, the local area of the

metal crystal undergoes stress concentration, such as crack
tip, inclusion interface, or near surface damage. When the
external force is small, only elastic deformation occurs,
that is, after the stress is removed, the atoms return to
their original positions and the abnormal signal disappears.
When the external force exceeds a certain limit, a dislo-
cation may occur. According to dislocation multiplication
theory, as the external force increases, the dislocations in the
crystal greatly increases and moves to the surface along a
certain direction. Then, the metal undergoes slip and plastic
deformation.

The magnetic field of ferromagnetic material comes from
magnetization, wherein the interaction between atoms causes
the spontaneous lattice distortion and deformation of its mag-
netic domain. When the ferromagnetic material is magne-
tized by an external magnetic field, the domain structure and
its corresponding spontaneous deformation change, which
results in the magnetostrictive effect. Similarly, the ferro-
magnetic material has an inverse hysteresis effect. When the
ferromagnetic material is deformed under stress, the internal
domain structure changes, resulting in a magnetostrictive
state, that is, the effect of stress is similar to that of an
external magnetic field. Under external force, this magnetism
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is determined by the inverse magnetostriction and hysteresis
effects.

According to equivalent field theory which is propose by
Jiles, the effect of stress on the magnetization process of
ferromagnetic materials can be expressed by an equivalent
magnetic field [26], [27]. In its absence, the non-hysteresis
magnetization energy E of ferromagnetic material can be
expressed as:

E = éo)» + 7S 1)
2
where A is the magnetostrictive constant, o is the stress, T is
the temperature, and S is the entropy.
The stress equivalent magnetic field H, is derived from the
energy to the magnetization M:

1 dE 30 di
Hy=—-—=>—— )
o dM 2 wo dM
When the stress op and the magnetization direction 6
form an angle, the stress o for isotropic materials should be
expressed as:

o = 0y <00529 — Usin29) 3)

where v is Poisson’s ratio.
Then, Equation (2) becomes:

3 dx 3 di
H, = 2O (&) 2% (44 <00526’ — vsin29)
2up \dM /. 2 po \dM J,
4

For a ferromagnet, the magnetization effect caused by
stress is equivalent to that by an equivalent magnetic field H, .
Thus, the non-hysteresis magnetization Man of ferromagnetic
material under stress is given by Langevin equation:

H, a
My, (0) = M |:coth <T> — —] @)

where a = kpT /oM, My is the spontaneous magnetization.

If the magnetostrictive constant A of the material is
obtained by approximation, the relationship between stress
and weak magnetic signal can be obtained using Equation (5).

When the external field intensity decreases to zero,
the magnetic domain cannot return to its initial state, that
is, a certain effect remains and the internal magnetization is
not zero. This remainder results in a certain remanence, and
thereby the hysteresis effect. The change of magnetization
of ferromagnetic material caused by stress can be consid-
ered as magnetizing the material. When the external force is
removed, the magnetic domain cannot completely return to its
initial state due to the moving resistance of the inner wall of
the ferromagnetic material. In addition, the hysteresis effect
also exists, that is, the ferromagnetic material magnetization
decreases but is not complete. A certain residual magnetic
field forms a weak magnetic signal, which reflects the stress
state of the material.
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Ill. THEORETICAL CALCULATION METHOD OF STRESS
WEAK MAGNETIC SIGNAL

According to the equivalent field theory, the study on the
magnetism of ferromagnetic materials under stress can be
carried out by analyzing its micro atomic state. When the
material is subjected to external force, the atomic spacing in
the crystal increases and the potential field of each atom has
a strong binding effect on the electron. An electron that is
close to an atom is mainly affected by its atomic field, and the
effect of others can be regarded as a perturbation. Considering
the internal electronic and free atom states, the microscopic
particle state can be expressed by the energy functional of
electron density:

132
[—2 +U (7)} ¢i(7) = eipi(7) (6)
m

The electron wave function ¢;(7) in Equation (6) is
expanded by Bloch function in K space:

@i(F) = Y Aj, (k)bjy (k,F) )
Y

where {Aj } is the linear combination coefficient and
bj(k, 7) is the Bloch function. In k space, this function is
represented by the linear combination of atomic orbits ¢;(7),
which can be expanded by Fourier series as:

L1 .
btk F) = —= > exp(ik - R)$i(F — T, —Ry)  (8)

where N is the number of lattices in the unit solid volume, j is
the orbital, y represents the different atoms in the unit crystal
cell, 7, is the lattice vector of the y atom of 7 cell, and R, is
the positive lattice vector.

The combination coefficient {Ajy } can be found by substi-
tuting Equation (7) into Equation (6) and changing the inner
product with by s(k, 7):

D Ajy by, ) [H [bys k. P) )
Y

= EY Ay (bjr(k. 7) |bysk. 7)) (9)
14

where H is the Hamiltonian of the system.
According to Equation (8), the Eigenequation can be
obtained:

\Hjy j5(k) = Sjy s (K)E| = 0 (10)
Among them:
Hjy, ys(k) = > exp(—jk - Ry)
n

x (¢(F — 1)) |H| ¢7(F — 15 — Ry)) (11)
Sjyjsk) =Y exp(—jk - Ry)

x (¢i(F — 7)| ¢y(F — 75 — R) 12)
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In Equation (11), the Hamiltonian H is:

., p(r")
H=-— : —dr’ 7
2m, ' 4dmeo ) |F —7| rAv)
SE 7
xc[Pi(r)] (13)
3p(r)

The linear combination coefficient can be obtained from
Eigenequation (10), and then the wave function of the sys-
tem can be obtained using Equation (7). Then, the electron
spin density of states and energy band structure of the solid
system can be calculated by substituting Equation (7) into
Equation (6). The tight binding method has the advantage
that the calculation is relatively small, but only considers
the changes of the electronic states of the outer s-orbitals
of atoms. For the study of the magnetomechanical effect of
ferromagnetic crystals under external force, the electronic
states of d-orbitals also need consideration. Thus, the error
of the model calculation results is large.

IV. SIMULATION OF STRESS FIELD WEAKENING SIGNAL
The steel materials commonly used in pipelines are taken
as the research object, and the software CASTEP is used
based on solid energy band theory. The simulation calcu-
lation model with characteristics of iron carbon alloy is
established. Figure 1 shows the model, a three-dimensional
structure composed of several iron and carbon atoms, includ-
ing a, b, and c crystal directions. This structure can simulate
the three-dimensional stress state of actual pipeline material
under internal pressure.

FIGURE 1. Three-dimensional simulation model.

The tight binding method is used in the model calcula-
tion. The sampling of K point in Brillouin zone is set as
16 x 16 x 16, and the cut-off energy is calculated as 300 ev.
For the system exchange correlation in the theoretical model,
the RPBE function (one of revision functions) in the general-
ized gradient approximation is used.

A. MODEL OPTIMIZATION

According to the law of thermodynamics, as the energy of the
system decreases, the stability increases. In the preliminary
structure model of ferromagnetic crystal, the energy of the
system is not the lowest state, and direct calculation leads
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to errors in the results. Therefore, energy optimization of
the crystal is carried out to obtain the most stable crystal
structure, and thereby accurately calculate the magnetic char-
acteristics under external force.

The model optimization method is geometry optimiza-
tion. In the model optimization, the energy of the system
is continuously circulating and self-consistent, and finally
converges to a lower amount to reach a stable equilibrium
state and reach the optimum structure. Figure 2 shows the
energy optimization of the model.
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FIGURE 2. Model optimization curve.

As shown above, the energy of the ferromagnetic crys-
tal system gradually decreases and reaches the minimum
through multiple cycles. Then, the system finally reaches a
stable state. This result indicates that the energy is optimized
and the model crystal reaches the most stable state. On this
basis, the magnetic properties of materials under stress can
be quickly and accurately calculated.

B. MAGNETIC PROPERTIES OF GROUND STATE

The magnetism of ferromagnetic materials comes from
atoms, and that of atoms comes from the state of electron spin.
Ferromagnetic coupling is calculated to obtain the motion
law and distribution characteristics of spin electrons under
various external forces, including their density of states and
atomic magnetic moment, and then to study the weak mag-
netic signal characteristics of the system under stress.

In ferromagnetic crystals, the atoms have several electrons
whose spin states determine the magnetism. Spin electrons
are distributed in the outer orbits. Less affected by the
Coulomb effect of the nucleus, these orbital electrons there-
fore have spin exchanges with those of neighboring atoms.
At the same time, the outer electrons of ferromagnetic mate-
rials also have exchange between orbits. Therefore, the orbital
electrons of ferromagnetic crystals redistribute, changing the
electron cloud configuration in and between the orbits and
varies from those of individual atoms. The spin electrons in
the outer parts of the system can travel between orbits and
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occupy varying energy states at different times, forming the
electron cloud distribution state. These roving electron clouds
are distributed in the energy band that is composed of several
energy states, thus forming the system structure. By calculat-
ing the electron distribution, the motion characteristics of spin
electrons can be obtained and the magnetic characteristics of
the system can be analyzed.

Figure 3 shows the results of electronic density of states
of ferromagnetic system in the ground state without exter-
nal force. For the ferromagnetic system in the ground state,
the electron spin density is concentrated near the Fermi level
and the peak value of the density of states is large, indicating
a strong ferromagnetism.

w

\S)

Density of States
/(electrons/eV)

—_

-10 -5 0 5 10
Energy /eV

FIGURE 3. Ground state electron distribution of the system without
external force.

C. CALCULATION OF ELECTRON DISTRIBUTION

UNDER EXTERNAL FORCE

The actual pipe wall is subjected to three-dimensional stress
under internal medium pressure, and thus stress in three
directions of a, b, and c is applied to the established model
in the simulation. By changing the applied force, the mag-
netic characteristics of the system under different stresses are
simulated. According to microscopic magnetization theory
of matter, the magnetism of ferromagnets comes from the
movement and distribution of electrons, and their density
of states in the system can be used to assess the magnetic
characteristics. Through the simulation model, the electronic
state change characteristics of the system under four different
stresses of 5, 10, 15, and 20MPa are calculated. Figure 4
shows the results.

The simulation results show that the electron density
of states of the system has strong ferromagnetism under
low external force, and the electron distribution density is
highest near the Fermi level with zero energy. With the
increase of external force, the system still shows charac-
teristics of ferromagnetic state but the electron distribution
density near the Fermi level decreases, which indicates a
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weakening magnetism. When the stress reaches 20MPa,
the change of the electronic state slows down, which indicates
changes in the internal atomic structure due to the generation
of dislocations after the plastic deformation of the material,
which hinders the interaction between atoms. The change of
magnetic properties differs from that of elastic deformation.

D. ATOMIC MAGNETIC MOMENT

Calculating the electron spin density of states under pressure
allows for the qualitative analysis of the influence of stress
on the magnetic characteristics of ferromagnetic crystal.
Thus, the variation law of the magnetic properties of the
system is obtained. To intuitively reflect the abovemen-
tioned effect, we follow these steps: quantitatively analyze
the influence of stress on the weak magnetic signal; clarify
the weak magnetic effect of ferromagnetic materials under
three-dimensional stress state; calculate the atomic magnetic
moment of the system under each stress state; and obtain
the influence of three-dimensional stress on the magnetic
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FIGURE 4. Electronic spin state distribution of the system under different stresses: (a) 5Mpa; (b )10MPa; (c )15Mpa; (d) 20MPa.

coupling relationship of ferromagnetic system and the weak
magnetic effect. The magnetic characteristics of materials
under repeated application of external force are compared by
calculating the atomic magnetic moment of the system for
each loading. Figure 5 shows the results corresponding to
each stress.

Under the three-dimensional tensile stress state, the atomic
magnetic moment of the system gradually decreases as the
stress increases during the two loading applications. When
the stress exceeds 15MPa, the change trend of the atomic
magnetic moment of the system slows down, the slope of
the curve decreases, and the change curve forms an inflec-
tion point. The results show that the weak magnetic signal
characteristics of ferromagnetic system abruptly changes dur-
ing the transition from elastic to plastic deformation under
three-dimensional stress, and the magnetic characteristics of
the ferromagnetic system change under plastic deformation.
At the same time, when the external force is withdrawn
(initial state of the second loading), the change of magnetic
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FIGURE 5. Atomic magnetic moments of two ferromagnetic systems
under triaxial tensile stress.

properties of the ferromagnet are retained to a certain extent.
After the plastic deformation, an irreversible magnetic change
state is formed, which is reflected in the lower magnetic
moment of the ferromagnetic material in the second load-
ing than in the first loading. The slope of the relationship
between the atomic magnetic moment and stress of the plastic
deformation ferromagnetic system is smaller than that of the
normal state, which indicates the weakened coupling degree
of ferromagnetic material. The variation of atomic magnetic
moment under stress is characterized by weak signals of the
ferromagnetic material.

V. EXPERIMENTAL DETAILS

A. EXPERIMENTAL DESIGN

To eliminate the influence of the shape effect of the limited
size test piece on the weak magnetic signal, a 100 m long
experimental pipe was designed. The pipe material is X52 and
the size is 273 x 6 mm. To reflect the repeatability of the
weak magnetic detection signal, we select two locations as the
signal collection points in different directions of the experi-
mental pipe section. Figure 6 shows the experimental design.
The weak magnetic probe is a self-developed, high-sensitivity
sensor based on a differential coil. The minimum resolution
is InT. The probe is placed along the X (radial) and Y (axial)

Pressure Sensor Position 1 Inlet

14 /¥

“

Position 2

L

FIGURE 6. Schematic diagram of experimental design.
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FIGURE 7. Experimental site diagram.

directions to collect the magnetic signals in the corresponding
directions. Strain gauges are placed near the weak magnetic
probe to monitor the deformation state of the pipe body.
Figure 7 shows the fixed position of the weak magnetic probe
and the experimental site.

The experimental method is to apply pressure to the
pipeline. Through water injection and pressurization,
the deformation of the pipe body and the characteristics of
weak magnetic signal under different internal pressures are
detected. Pressure is applied until the yield state and then
the pressure is released to zero. Subsequently, the pressure is
re-applied to detect the weak magnetic signal characteristics
of the pipeline in the yield state and the repeated yielding.
The experiment includes eight cycles of pressure application.
The weak magnetic probe is fixed at position 1 in the first
to fourth pressure application, and at position 2 in the fifth
to eighth pressure application. Table 1 shows the maximum
pressure corresponding to each application.

TABLE 1. Number of applied and maximum pressure.

Sequence 1 2 3 4 5 6 7 8

Maximum

14.377 15.200 15.430 15.728 15.876 16.080 16.239 16.750
pressure/MPa

B. EXPERIMENTAL RESULTS AND ANALYSIS
Figure 8 shows the stress and strain monitoring results of
positions 1 and 2 during the pressure applications.

In the eight cycles, the strain of the pipeline increases
linearly as the pressure increases. When the pressure reaches
the yield point of the pipe, the rate of change of the pipe strain
varies. The curve shows an inflection point, where the plastic
deformation begins. At this moment, the eight applications
of pressure on the pipe reach the yield point. The monitoring
results show that as the number of pressure applications
increases, the yield stress of the pipe also increases, indicating
that the internal dislocation increases and the material contin-
ues to harden.

Figures 9 and 10 show the detection results of the
pressure-magnetic signal changes during the pressure
application.
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FIGURE 8. Strain monitoring results during pressure application:
(a) Position 1 Pressure strain curve; (b) Position 2 Pressure strain curve.

Figure 9 shows that as the applied pressure increases,
the weak magnetic field signals in the X and Y directions of
position 1 gradually decrease, magnetic induction intensity
gradually decreases, and the magnetism of the material weak-
ens. The pipeline reaches yield point when the magnetic field
signal changes slowly. The pressure—magnetic signal rela-
tionship curve has a change point, indicating that the material
has different changing speeds during the elastic and plastic
deformation stages. The curve can be used to determine the
position of material yielding. The change point corresponds
to the yield point of the pipe, and continues to move to
the right as the number of pressure applications increases,
appearing at a greater pressure point. In addition, the initial
value of the magnetic induction intensity of the pipe surface
gradually decreases each time the pressure is applied. After
the pressure is applied, the change in the magnetic field is not
completely removed and a remanence is observed.

Figure 10 shows that in applying pressure, the X-direction
magnetic field at position 2 decreases as the pressure
increases, and the magnetic induction intensity continues to
decrease. When the pipe reaches the yield point, the magnetic
signal slowly changes. The plastic deformation stage also
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FIGURE 9. Position 1 pressure-magnetic signal relationship curve:
(a) X-direction magnetic signal and pressure (1-4 times); (b)Y-direction
magnetic signal and pressure (1-4 times).

shows a different magnetic induction intensity change from
that of the elastic deformation stage, and the curve shows
the change points of different deformation stages. Because
of the inverse measurement direction, the initial value of the
Y-direction magnetic field at position 2 is negative. As the
pressure increases, the absolute value of the magnetic induc-
tion intensity decreases, and the magnetism also gradually
weakens. When the pipe reaches the yield point, the change
speed of the magnetic signal also becomes slow and the
magnetic induction intensity shows a change characteristic
different from the elastic deformation stage. As the number
of pressure applications increases, the change point continues
to move toward greater pressure. At the same time, the test
results show that the initial change of the magnetic field
before each suppression has the same characteristics as the
realization of the X-direction magnetic field, which also
reflects a certain remanence.

The detection results of Figures 9 and 10 show that during
plastic deformation under stress, the weak magnetic field
signal characteristics of the pipe surface changes, and can
thereby serve as a basis for assessing pipeline damage.
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FIGURE 10. Position 2 pressure-magnetic signal relationship curve:
(a) X-direction magnetic signal and pressure (5-8 times); (b) Y-direction
magnetic signal and pressure (5-8 times).

VI. CONCLUSION

(1) Under external force, ferromagnetic materials produce
changes in the electron interaction of the microscopic system,
leading to changes in its magnetic properties. The increase
in pressure causes the magnetic properties of the system to
weaken. In different deformation stages, the magnetic prop-
erties have different change characteristics.

(2) During the stress and deformation of the pipeline,
the weak magnetic signal on the surface of the pipe body
changes accordingly, showing a change in the size of the weak
magnetic field. As pressure increases, the magnetic induction
intensity of the pipe body surface decreases, and behaves so
during the elastic and plastic deformation stages. According
to different speeds, the varying deformation states of the pipe
can be assessed by the changing points of the magnetic signal
curve.

(3) Through detection of the weak magnetic field of the
pipeline, plastic deformation and its impending damage state
can be predicted. Thus, the critical state of the pipeline can
be identified and analyzed based on repeatedly loading and
measurement.
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