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In order to study the physical mechanism of the magnetization reversal phenomenon of
ferromagnetic specimens, the Q235 steel plate was simulated by ANSYS simulation software.
When the maximum stress is greater than 252MPa, the magnetization reversal phenomenon
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INTRODUCTION

In 1994, Russian professor DOUBOV first proposed the metal magnetic memory detection technology [Ren Jilin, 2016]. The metal magnetic
memory detection technology uses the geomagnetic field as the excitation. Under the combined action of the stress and the geomagnetic field, the
magnetostrictive strain is generated inside the ferromagnetic specimen, and the spontaneous magnetization direction of the magnetic domain
inside the ferromagnetic material is changed, resulting in stress concentration at the defect. , these phenomena are macroscopically manifested as
the generation of leakage magnetic fields. Due to the advantages of metal magnetic memory detection technology without excitation source,
green environmental protection, no pollution, and high detection sensitivity, since the advent of this technology, it has attracted the attention of a
large number of scholars at home and abroad: Jiles [Jiles, 1995] et al proposed the law of proximity, and established Models of magnetization,
external magnetic field, and stress are presented. Ren Shangkun [Ren Shangkun, 2019] et al. carried out a series of fatigue tests for weld defects,
combined with radiographic detection technology, and established a fatigue damage model with magnetic field vector gradient characteristics as
damage parameters. Yang Lijian [2021] and others proposed a pipeline stress detection method based on the force-magnetic coupling effect and
the molecular current theory. Chen Shangong [2021] and others conducted fatigue tests on the specimens, analyzed the metal magnetic memory
signals of the specimen surfaces under different fatigue loads, and established a fatigue damage model. With the development of metal magnetic
memory technology, scholars at home and abroad have done a lot of research and experiments on the force-magnetic coupling, but there are
relatively few studies on the magnetization reversal effect (Li, 2013; Ren Shangkun, 2010; Ren Shangkun, 2008; Ren Shangkun, 2004). In this
paper, the magnetization reversal effect is further studied from the two aspects of finite element simulation and theoretical analysis: using the
ANSYS finite element simulation software, the change law of the magnetic memory signal of the ferromagnetic specimen under tensile stress is
simulated. The phenomenon of magnetization reversal and the change of the extremum point of magnetization reversal of ferromagnetic
specimens with the change of the maximum tensile stress are two phenomena.
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Microscopic models are established to explain the above two phenomena, and the magnetization reversal is given. The physical mechanism of
the effect. The essence of the magnetization reversal effect is that the change of the applied stress causes the change of the internal magnetization
of the material, that is, the magnetic effect of the stress. In the actual detection process, since the magnetization of the material is difficult to
directly measure, this paper measures the leakage magnetic field strength of the test piece to reflect the change characteristics of the
magnetization inside the material [Al-Naemi, 2006].

ANSYS finite element simulation

ANSYS Simulation Process: The simulation uses Q235 steel plate as the research object, the thickness of the test piece is 3mm, its size is shown
in Fig.1, and the technical parameters are shown in Table 1. A detection path with a length of 180mm was taken in the middle of the specimen,
and the value of the magnetic memory normal component H(y) under different stresses at point M on the path was extracted by APDL language.
The mesh adopts tetrahedral mesh, and the division method adopts free division. In order to ensure the calculation accuracy while taking into
account the calculation speed, the mesh is refined by artificial mesh division near the M point. The mesh division is shown in Fig.2.
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Fig. 1. Q235 dimension drawing (unit is mm)
Table 1. Q235 steel plate technical parameters
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Fig. 2. Q235 steel plate finite element partition model

The simulation adopts the sequential coupling method, including nonlinear static analysis and magnetostatic analysis. Firstly, the nonlinear static
analysis is performed, the element type is solid185, the left end of the specimen is restrained, and the right end is subjected to tensile load, which
is applied in four stages: the first stage is the elastic stage, and the tensile load is applied from 0 to 162MPa; The second stage is the plastic stage,
and the tensile load is applied from 0 to 252MPa; the third stage is the plastic stage, and the tensile load is applied from 0 to 306MPa; the fourth
stage is near the tensile strength, and the tensile load is applied from 0 to 378MPa. stage restarts the simulation, the four stages are not related.
After the statics simulation is over, the element stress is extracted into the array and converted into the element permeability in preparation for
the magnetostatic analysis. The magnetostatic analysis adopts solid95 element, and the nodal degree of freedom is MAG. An air domain is
established in the outer layer of the specimen to simulate the terrestrial magnetic field. The magnetic potential on the left side of the air domain is
0, and the magnetic potential on the right side is 39.8A/m. Use the *VREAD and EMODIF commands to assign the unit permeability to each
unit, and use APDL language to extract the H(y) value of the M point under the action of the geomagnetic field. The lift-off height is set to 0, and
the relevant results are saved.

ANSYS Simulation Results: Fig.3 shows the relationship between the magnetic memory signal value H(y) at point M and the stress when the
maximum stress of the Q235 steel plate is 162MPa. In fact, when the ferromagnetic specimen is subjected to tensile stress, the specimen is
approximately magnetized into a magnet, and the value of the magnetic memory signal at both ends of the specimen shows an opposite variation
law, and the farther from the midpoint of the specimen, the magnetic memory signal bigger. The M point is located between the midpoint of the
specimen and the right end point, which can not only generate a relatively obvious magnetic memory signal value, but also reduce the end
interference. It can be seen from Fig.3 that in the elastic stage, the value of the magnetic memory signal at point M increases with the increase of
the stress, which is approximately linear with the stress, and there is no magnetization reversal phenomenon. When the tensile load is close to the
yield strength of the specimen, as shown in Fig. 4: the value of the magnetic memory signal first increases with the increase of the tensile load.
When the tensile load reaches 84MPa, the value of the magnetic memory signal increases with the increase of the tensile load. The magnetization
reversal phenomenon appears obvious. When the tensile load further increases, the specimen enters the plastic stage, as shown in Fig.5: the value
of the magnetic memory signal increases with the increase of the tensile load.
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Fig. 3. The relationship between H(y) and stress when the maximum tensile stress is 162MPa
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Fig. 4. The relationship between H(y) and stress when the maximum tensile stress is 252MPa
When the tensile load reaches 170MPa, the value of the magnetic memory signal increases with the tensile load. The magnetization reversal

phenomenon appears, and with the increase of the maximum tensile stress, the extreme point of the magnetization reversal keeps moving to the
right.

70 T T T T T T

H(y)/(Alm)
w b O O
S © © o

N
o

10

0 50 100 150 200 250 300 350
o/MPa
Fig. 5. The relationship between H(y) and stress when the maximum tensile stress is 306 MPa

It can be seen from Fig.6 that when the maximum tensile load is close to the tensile strength of the specimen, the magnetization reversal
phenomenon occurs when the tensile load is 273MPa, and the extreme point of the magnetization reversal moves further to the right, which is the
same as that in Fig. 4 and Fig. 5. have similar rules.
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Fig. 6. The relationship between H(y) and stress when the maximum tensile stress is 378MPa
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Theoretical Model Research and Analysis of Magnetization Inversion Effect

A magnetization reversal model based on the principle of least energy: Under the combined action of the tensile stress coaxial
with the external magnetic field and the external magnetic field, the Gibbs free energy of the ferromagnetic material is mainly

composed of the external magnetic field energy Eyand stress energy £4 [Zhang Peng, 2013]:

E=Ey +Es =—y0MHcos9—%ﬁsacos20
)

In the formula: E is the Gibbs free energy of the material; £y is the external magnetic field energy; is the stress energy;Mis the
magnetization; H is the external magnetic field;is the vacuum permeability; is the angle between the magnetization direction of the
internal magnetic domain of the material and the external magnetic field; is the saturation magnetostriction coefficient; is the
stress. According to the principle of minimum energy, when a ferromagnetic material is subjected to the combined action of stress
and external magnetic field, the change trend of the magnetization direction of the internal magnetic domain of the material and
the angle between the external magnetic field always minimizes the free energy of the material, so there are:

a4 _ HoMHsin® +3Ag0 cosfsind =0

do 2

When the stress is tensile stress, is greater than 0. It can be obtained from formula (2) that when or, The Gibbs free energy E
has an extreme point, which is the minimum point of and the maximum point of . Assuming that the applied stress and the external
magnetic field are constants, then the relationship between the free energy £ and is shown in Fig.7.
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Fig. 7. The relationship between E and 6

When a ferromagnetic material is subjected to external stress, a magnetostrictive effect occurs inside it. When the tensile stress is
small, the material is in the elastic stage. After the tensile stress is removed, the interior of the material returns to the initial state,
so there is no magnetization reversal phenomenon in the elastic stage. When the tensile stress increases, reaching or even
exceeding the yield strength of the material, the spontaneous magnetization direction of the magnetic domain walls inside the
material changes irreversibly. As shown in Fig. 7, as the stress increases, the spontaneous magnetization direction of the magnetic
domain wall gradually approaches the stress direction. During this process, the spontaneous magnetization direction of the
BoME

magnetic domain with the angle greater than e ) gradually approaches the stress direction. The Gibbs free energy
first increases and then decreases, and the macroscopic performance is that the magnetization reversal phenomenon occurs in the
ferromagnetic specimen.
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Stress Equivalent Magnetic Field Model for Stress Magnetization Reversal: When a ferromagnetic material is subjected to
tensile stress, the effect of the stress can be equivalent to the stress field Hr:[ JILES, 2004]:

H¢,=3—(7 Ar (coszﬁ—vsin2 6’)
2uy\ dM

3

In the formula: zis the stress field; 4is the magnetostrictive coefficient; Hris the magnetic permeability in vacuum; v is the
Poisson's ratio; & is the angle between the stress and the external magnetic field. The magnetostriction coefficient 4 is related to
the stress “ and the magnetization M, and is an even function of M [13]. The Taylor series is used to expand the A, and the higher-
order terms are omitted to simplify the calculation, as follows:

/1(0', M):(m+nO')M2 )
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The equivalent field of the ferromagnetic specimen under the combined action of stress and external magnetic field is:

Hy,=H +aM +3—0(ﬂj(cosz 0 - vsin? 6’)
M ®)

20

In the formula: is the effective field; is the Weiss molecular field coefficient, which represents the interaction between the
magnetic domains. Under the premise of linear response, the magnetization of the ferromagnetic specimen can be expressed as:

M= yH,
Mle (6)

In the formula: ~represents the magnetic susceptibility of the ferromagnetic material. Substituting equations (4) and (6) into
equation (5), the relationship between effective field  and stress  is obtained:

oyH + 3—0(711 + na);(H(cosz 0 — vsin? 49)
Hy=H+ #0

-y a+3(m0'+n0'2j(coszt9—vsin2 49) @)
H0

— — — — -7 2 — — °
The model parameters are as follows:, 11 = #0A/m,a = 0.001, ¥ = 500,4o = 4m X 107"N/A%v = 0.28,6 =27 (7) can be

simplified as:

20 +3.53 % 1010[m0' + nazj

Hy, =40+
0.5—8.76 x 108(m0' + naz) (8)

Formula (8) takes the derivative of the stress o and sets its derivative to 0, the extreme point of the effective field H, can be obtained as g, =
—m/2n, and g, corresponds to the magnetization reversal point in Fig.4, as follows:n = —6 X 10™°m.According to [14], the value of m is7 X
1078m?2 /A2 at this time n = —4.2 X 10726 Takingn; = —3 X 1072%,n, = =4 X 10726,n; = —5 x 1072%, the relationship between the
effective field H, and the stresso is shown in Fig.8:With the increase of stress, the effective field shows a trend of first increasing and then
decreasing, and there is an extreme point. As n increases, the extreme point moves to the right, and the position of the extreme point is affected
by m/n, which is related to the maximum stress on the ferromagnetic specimen. As the maximum stress increases, the magnetization reversal
point shifts. to high stress locations. When m/n remains unchanged, the larger the n value, the more obvious the force-magnetic coupling effect
of the material. It can be seen that the magnetization reversal phenomenon of the ferromagnetic specimen is related to the magnetostrictive
parameters m and n, and the stress-effective field model can well explain the magnetization reversal phenomenon.
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Fig. 8. The relationship between effective field H, and stress o

Magnetic permeability model for stress magnetization reversal: Under the combined action of stress and external magnetic
field, the ferromagnetic specimen will have a piezomagnetic effect inside, which will lead to corresponding changes in the
magnetic domain structure. The final performance is that the magnetic permeability will change with the change of stress. The
relationship between the strength B, the magnetic field strength H, and the magnetization strength M is:

B=py(H+M) )
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From equations (5) and (6), we can get:
yH

I—Z{a+3(m0'+n0'2j(00526’—vsin2 6’)} (10)
HO

M =

Substituting Equation (9) into Equation (10), the relationship between the magnetic induction intensity B and the external
magnetic field A and stress  is obtained:

H
B= Ho X + poH
3 .
-y 05+—(ma+no-2 cos—vsin? 8) (11)
Hyo
Formula (11) is derived from the external magnetic field H to obtain the permeability ~ under the influence of stress only:
HoX
Ho= 3 THO
-y a+—(ma+n02 cosf—vsin? 9) (12)
Ho
Set some parameters as follows:0 = 0, by = 1,(12) can be simplified as:
1+ ! I+ b
ILIG == =
1 —
—a—3(m0'+n0'2j (a0'+1)[k(0' 1)+1] (13)
x

According to the equivalent infinitesimal formula: when o = 0,1 + ac~€2°,(1 + o)™ — 1~no,Then (13) can be simplified as:

-k _—aoc
=l+bo "e
Equation (13) takes the derivative of stress o and sets its derivative to 0, the extreme po-int of permeability j1; can be obtained as o, = —k/a,
and o, corresponds to the magnetization reversal point in Fig.4,as follows: k = —84a.k, b can be calculated from Reference [15] directly gives:

k =2.64332,b=2x 107>, and a = —0.03148 can be obtained from k. Takinga,; = —0.02148,a, = —0.03148 and a; = —0.04148,the
relationship between permeability p and stress o is shown in Fig.9; takingb; = 2 X 1075,b, = 2.3 X 1075,b; = 2.6 x 107> and b, = 2.9 X
1075, the relationship between permeability p and stress o is shown in Fig.10.
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Fig. 9 The effect of fitting coefficient a on permeability

It can be seen from Fig.9 that with the increase of the stress o, the stress-permeability curve shows a trend of first increasing and then decreasing,
and an extreme point appears; the fitting coefficient a increases with the increase of the maximum stress on the material. With the increase of a,
the magnetic effect of stress is obviously enhanced, and the extreme point is obviously shifted to the right, corresponding to the magnetization
reversal point of the material.It can be seen from Fig.10 that when k/a remains unchanged, as b increases, the stress-permeability curve rises
slowly, and the extreme point of the curve remains unchanged.It can be seen that the fitting coefficient b is related to the properties of the
material itself and has nothing to do with the applied stress; while the fitting coefficient a is affected by the maximum stress, and the force-
magnetic coupling effect on the material is stronger than that of the fitting coefficient b.The permeability of the material can be equivalent to the
magnetization of the external magnetic field, so the stress-permeability model can reflect the magnetization reversal phenomenon of the material.



55787 International Journal of Development Research, Vol. 12, Issue, 05, pp. 55781-55787, May, 2022

13 y .
—b,=2x10"°

15 ——b,=2.3x10°

12} b,=2.6x10"

—b 4=2.9x1o'5

2145

111

1.051

0 100 200 300 400 500
oIMPa

Fig. 10. The effect of fitting coefficient b on permeability

CONCLUSION

Through the simulation test of Q235 steel plate, it is found that there is obvious magnetization reversal phenomenon. By
measuring the value of the leakage magnetic field component at the fixed point under different stresses, it is found that when the
maximum stress is 162MPa, the relationship between the magnetic field value and the stress is approximately a straight line, and
there is no magnetization reversal phenomenon; when the maximum stress is greater than 252MPa, the magnetic field value and
The relationship of stress becomes a broken line, which shows a trend of increasing first and then decreasing. There is an obvious
magnetization reversal phenomenon, and with the increase of the maximum stress, the magnetization reversal point keeps moving
to the right. Starting from the principle of minimum energy, combined with the external magnetic field energy and stress energy,

the models of free energy £ and & are established, and the magnetization reversal effect is explained microscopically. At the same
time, the stress-effective field model and the stress-permeability model are established, and the influencing factors of the
magnetization reversal are given. The two models can well reflect the magnetization reversal effect of the material.
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