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ABSTRACT In this paper, we theoretically investigated stress-induced magnetic anisotropy and presented
a model based on a unidirectional tensile stress experiment. Firstly, the theoretical model was simulated
based on the work of Jiles. Secondly, experiments were conducted, and data under unidirectional tensile
stress were collected and analyzed. Finally, the model was developed by correlating the experimental data
and theoretical model. Our model provides a good description of stress-induced magnetic anisotropy under
unidirectional tensile stresses and lays down a foundation for the quantitative testing and evaluation of stress
of ferromagnetic materials through the magnetic method.

INDEX TERMS Magnetomechanical effect, stress-induced magnetic anisotropy model, stress testing.

I. INTRODUCTION

Ferromagnetic steels are widely used in manufacturing the
key mechanical components and in petroleum, chemical,
mining, and other industries because of their excellent
mechanical properties. In the service and manufacture of
components, mechanical damages are the most critical fac-
tors affecting the safety of structures. The detection and
evaluation of stress state of ferromagnetic steel structures
are important because most mechanical damages are closely
related to stress. Stress testing and evaluation technologies
using the magnetic method have recently attracted attention
due to their simple and convenient application [1]-[5].

The magnetomechanical effect is the physical mechanism
underlying magnetic stress testing. Jiles and Atherton [1]
established a model (J-A model) to explain magnetomechani-
cal relationship on the basis of the approach law and effective
field theory. The J-A model builds a quantitative relationship
between stress and magnetization [6]. A series of analyses of
the relationships between the stress of ferromagnetic mate-
rials and surface magnetic field signals was performed based
on this model [7]-[11]. Li and Xu [12]-[14] modified the J-A
model to provide an accurate description of magnetic proper-
ties under tension and compression. Moreover, the modified
J-A model can be used to describe metal magnetic mem-
ory (MMM) mechanism in elastic stress stage and analyse
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MMM field changes at fatigue process. Shi et al. [15]-[17]
established several magnetomechanical models that correlate
stress with the surface magnetic signals of stress concentra-
tion zone. The proposed theoretical model can predict the
MMM signals in a complex environment a nonlinear coupled
model is proposed to improve the quantitative evaluation of
the magnetomechanical effect. This theoretical model can be
adopted to quantitatively analyze magnetic memory signals.
It is found that the magnetic output is different when the
stress direction and the magnetic field direction are different.
Cullity observed that when stress is applied in the direction
of the external magnetic field for low-carbon alloy steel,
magnetization is enhanced by tensile stress but weakened by
compressive stress [18]. Yang et al. [19] studied the influ-
ence of stress and external magnetic field on the residual
magnetic field of ferromagnetic steel and found that the
direction of the residual magnetic field is affected by the com-
bined action of stress and external magnetic field. They also
reconstructed the magnetization inside the structure by using
surface magnetic field signals and found that stress-induced
magnetization under geomagnetic field is directed along the
stress and the intensity of the stress-induced magnetization
is linearly related to the applied stress [20]-[22]. Sun et al.
found that stress-induced magnetic anisotropy is represented
by stress dependence of magnetic permeability in different
directions [23]. Although numerous works were conducted
and many substantial results were obtained in this field, ver-
ification studies that extend the magnetomechanical effect
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theory are insufficient. Moreover, reports on stress-induced
magnetic anisotropy are few and far between [24], [25], and
no model was proposed based on experimental data.

This study investigated stress-induced magnetic anisotropy
and presented its model under unidirectional stress experi-
ment. First, the theoretical model of the stress-induced mag-
netic anisotropy was simulated with the J-A model. Second,
experiments were conducted, and data were collected and
analyzed. Finally, new model was developed by comparing
the experimental data with the theoretical model.

Il. THEORETICAL FRAMEWORK

The J-A model was established by Jiles and Atherton based
on micro magnetism and Weiss’s molecular field theory [1].
According to this model, the effect of stress o on magnetiza-
tion is equal to the effective magnetic field of H,. The total
magnetic field Hyyq 1S given by

Hiotat = H +aM + H,, (1)
30 di

s =2l @)
2 o dM

where H is the external magnetic field, « is the coefficient
of the magnetic domain coupling, M is the magnetization,
o is stress, A is the magnetostriction, and wg is the air
permeability.

Given that A is symmetric in M, the relationship between
magnetostriction A and magnetization M at low magnetiza-
tion range is given by [26].

)= bM?>. (3)

This leads to the derivative

dxr
— =2bM, “
am
where b is a coefficient that can be determined by using
experimental data. Therefore, the effective magnetic field H,
is calculated as follows:
_ 3o0bM

H, = . 5)
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When the direction of the principal stress o is non-coaxial
with the direction of M, the stress o in (5) for isotropic
materials can be calculated as

o =0y (cos2 6 — vsin® 9) , 6)

where 6 is the angle between the principal stress o and the
magnetic field H, and v is the Poisson’s ratio. The equation
for the stress-induced magnetic anisotropy model is

3 di 3o00bM
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For simplicity, under a state of unidirectional stress, (6) equals
o = 0pcos’ 0. ®)
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FIGURE 1. (a) Relationships between B and ¢ under different ¢ values,
where ¢¢ = [0, 20, 40, 60, 80, 100, 120] MPa. (b) Relationships between
Br and o under different ¢ values, where ¢ = [0°, 15°, 30°, 45°, 60°, 75°,
90°], M = 1.6 x 105A/m, and b = 2.4 x 10~ 18(A/m)~2.

Therefore, the effective magnetic field H, under unidirec-
tional stress equals

3o (dk) _ 3o0bM
2po \dM ], Ko

cos? 6. ©)]

o

The theoretical magnetic field induced by H,, Br(00,6) is

BT(0y.0)=MoHy = ;o (5_1\3)0 = 3bMogcos’d. (10)

According to (10), Br(s0,0) values for a series of stresses
op and angles 6 are calculated and shown in Fig. 1, where
Br(s0,6) is represented by Br. Fig. 1(a) shows the relation-
ships between Bt and 6 under different oy values, where
oo = (0,20, 40, 60, 80, 100, 120) MPa. Fig. 1(b) shows the
relationships between Bt and op under different 6 values,
where 6 = (0°, 15°, 30°, 45°, 60°, 75°, 90°). M and b
are given values of simulation as 1.6 x 10°A/m and 2.4 x
10~ 18(A/m)~2, respectively.
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FIGURE 2. Shape and size (mm) of the specimen and experiment system
(a) Front view, (b) Left view.
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FIGURE 3. Magnetic field measurement system.

IIl. EXPERIMENTS

The stress-induced magnetic anisotropy model under unidi-
rectional tensile stress was experimentally verified, as shown
in Fig. 2. Two specimens fabricated with Q195 ferromag-
netic steel and silicon steel were tested. The yield strengths
of Q195 and the silicon steel were 195 and 216 MPa, respec-
tively. Fig. 2 shows the shapes and sizes (in mm) of the
specimen, TMR probe, and U-shaped coil, where Fig. 2 (a) is
the Front view of them, Fig. 2 (b) is the Left view. A series
of elastic tensile stress from 0 MPa to 120 MPa, with interval
of 20 MPa, was imported into the specimens along the length
direction of the specimens with a CMT5305 tensile machine.
The principal stress oy was directed along the length of the
specimen. 6 is the angle between the principal stress o and
magnetic field H. At each state of stress, magnetic field
H was applied to the specimens in different directions by
rotating the U-shaped coil from 0° to 180° with interval
of 15°.

Fig. 3 shows the principle diagram of the magnetic field
measurement system. A sinusoidal excitation of 300 Hz pro-
vided by a signal generator of Puyuan DG4102 and amplified
by a power amplifier of NF HSA4014 was imported into a
U-shaped coil with 1200 turns coils, which excited a magnetic
field and imported it into the specimen. The exciting magnetic
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FIGURE 4. Magnetic hysteresis loops (B-H curves) of Q195 specimen with
angles ¢ from 0° to 90° under a stress of 60 MPa.
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FIGURE 5. Relationships between B and ¢ with different o, values of (a)
Q195 steel and (b) silicon steel, where ¢ = (0, 20, 40, 60, 80, 100, 120)
MPa, (*<%:%0,0) = experimental data, solid lines = fitting lines.

field H and the induced magnetic field B sensed by a tunnel-
ing magnetoresistance probe were collected by the AD CHI
and AD CH2 channels of a Puyuan DS4014 oscilloscope,
respectively.
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FIGURE 6. Relationships between parameters of (a) P;, (b) P,, and stress
oo, Where [*] = experimental data, solid lines = fitting lines.

A series of B-H curves in 0°~180° angles under stresses
of 0-120 MPa of the two specimens was collected.
Fig. 4 shows the B-H curves of the Q195 specimen with
angle 6 from 0° to 90° under stress of 60 MPa.

IV. ANALYSIS AND DISCUSSION

Fig. 4 shows the B-H curves change with the angles of 6. The
experimental values of B under the action of the maximum H
(Hpmay) of all B-H curves were extracted for the comparison
of the variations of B in different angles and stresses and
summarization of the change law of B with angle 6 and
stress og. All extracted B values subtracted the extracted B
values of 0 MPa, and the experimental Bg under H,,,, induced
by stress was obtained.

The susceptibility x value changes with the intensity of the
exciting magnetic field H in ferromagnetic materials, such as
Q1095 steel and silicon steel, but the susceptibility x values
under H,,,, are the same in theory because the H,,,, values for
all B-H curves are constant. In the magnetization M = xH,
the M values excited by the H,,,, for all B-H curves are the
same. According to (10), the experimental Bg induced by
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FIGURE 7. Relationship between B and stress oy under different angles 6
of (a) Q195 steel, (b)Silicon steel, where [*<*:°:0:0] = experimental
data, solid lines = calculated results by developed model.

stress mainly changes with stress o and angle 6. Fig. 5 shows
the relationships between Bg and 6 under the different o
values of the two specimens, where o¢ = (0, 20, 40, 60, 80,
100, 120) MPa.

The experimental data in Fig. 5 are shown in a cosine form,
so the experimental data Bg induced by stress can be
described as

Bg = P cos? 6 + Py, (11)

where P and P» are the fitting parameters. The relationship
between parameters Py, P>, and stress oy is shown in Fig. 6
for the exploration of P; and P; correlations with stress og.

Fig. 6 shows parameters P; and P, have good linear rela-
tion with stress o, Therefore, parameters Py and P can be
formulated with stress o as

P = ajop + by, (12)
Py = axo0 + by, (13)
where aj, by, az, and by are fitting parameters. In Q195,
a; = 0.0095, b; = 5.8865, ap = 0.0737, and b, = 0.4640.

In silicon steel, a; = 0.0073, b; = 4.4244, a, = 0.0619, and
by = 0.3791.
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Substituting (12) and (13) into (11), the following equation
can be obtained:

Bg(o9,6) = a109 cos2 6 + arop + by cos? 0 +by. (14)

Recombining (14) in the form of (10), the following equa-
tion can be obtained:

B(s,0) = 3bM oy <0032 0+ C) + by cos® O + by, (15)

where M can be calculated by Br and Hpnax, M = Bg/uo-
Hypax, M = 9.18 x 108A/m for Q195 steel, and M = 1.2 x
10° A/m for silicon steel. b can be calculated by b = a1 /3M,
b = 3.4 x 107'2(A/m)~2 for Q195 steel and b = 2.0 x
10~ '2(A/m)~2 for silicon steel. C = a»/3 bM, C = 7.7579
for Q195 steel, and C = 8.4795 for silicon steel.

According to the comparison between (15) and (10),
the experimental model (15) involves two terms, 3 bM(cos
29 + C)og and by cos 20 + by, which describe the stress-
induced magnetic anisotropy of ferromagnetic materials. The
stress-induced magnetic field B excited by H,,,, was calcu-
lated by using the developed model in (15). Fig. 7 shows
the relationship between B and stress o, and B increased
almost linearly with increasing the stress. Thus, we can quan-
titatively evaluate the stress by B. Fig. 7 also indicates that
the calculated results used in (15) are consistent with the
experimental results. This finding verifies the correctness of
the developed model of stress-induced magnetic anisotropy
under unidirectional tension.

V. CONCLUSIONS

A stress-induced magnetic anisotropy model under uni-
directional tensile stress was developed by connecting
experimental data with the theoretical model. The fact that
the experimental results match very well with the results
obtained from the model implies the validity of the stress-
induced magnetic anisotropy model reported in this paper.
These results also lay a foundation for the quantitative testing
and evaluation of stress of ferromagnetic materials through
the magnetic method.
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