friried applied
b sciences

Review

Optical Fiber Current Sensors Based on FBG and
Magnetostrictive Composite Materials

Shaoyi Xu /23

and Ming Li 6%

check for

updates
Citation: Xu, S.; Peng, Q.; Li, C,;
Liang, B.; Sun, J.; Xing, E; Xue, H.;
Li, M. Optical Fiber Current Sensors
Based on FBG and Magnetostrictive
Composite Materials. Appl. Sci. 2021,
11,161. https://dx.doi.org/10.3390/
app11010161

Received: 4 December 2020
Accepted: 22 December 2020
Published: 26 December 2020

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional claims
in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-
censee MDPI, Basel, Switzerland. This
article is an open access article distributed
under the terms and conditions of the
Creative Commons Attribution (CC BY)
license (https:/ / creativecommons.org/
licenses /by /4.0/).

, Qiang Peng !, Chuansheng Li 4, Bo Liang 4, Junwen Sun !, Fangfang Xing 5, Hongyu Xue !

School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou 221116, China;
TS20050035A31@cumt.edu.cn (S.X.); TS19050139P31@cumt.edu.cn (Q.P.); TS20050155P31@cumt.edu.cn (J.S.);
TS18050145P31@cumt.edu.cn (H.X.)

Jiangsu Engineering Technology Research Center on Intelligent Equipment for Fully Mining and Excavating,
China University of Mining and Technology, Xuzhou 221008, China

National Rail Transit Electrification and Automation Engineering Technique Research Center,

Chengdu 610031, China

4 National Institute of Metrology (NIM), Beijing 100029, China; lichsh@nim.ac.cn (C.L.);

liangbo@nim.ac.cn (B.L.)

School of Mechatronic Engineering, Xuzhou College of Industrial Technology, Xuzhou 221116, China;
TS20050152P31@cumt.edu.cn

School of Information and Control Engineering, China University of Mining and Technology,

Xuzhou 221116, China

Correspondence: 5766@cumt.edu.cn

Abstract: Optical fiber current sensors are widely used in the online monitoring of a new generation
power system because of their high electrical insulation, wide dynamic range, and strong anti-
electromagnetic interference ability. Current sensors, based on fiber Bragg grating (FBG) and giant
magnetostrictive material, have the advantages of high reliability of FBG and high magnetostrictive
coefficient of giant magnetostrictive material, which can meet the monitoring requirements of digital
power systems. However, giant magnetostrictive materials are expensive, fragile, and difficult to
mold, so giant magnetostrictive composite materials have replaced giant magnetostrictive materials as
the sensitive elements of sensors. High sensitivity, high precision, wide working range, low response
time, and low-cost optical fiber current sensors based on magnetostrictive composites have become
a research hotspot. In this paper, the working principle of the sensor, the structure of the sensor,
and the improvement of magnetostrictive composite materials are mainly discussed. At the same
time, this paper points out improvements for the sensor.

Keywords: optical fiber current sensor; magnetostrictive composite material; fiber bragg gratings;
sensor structure

1. Introduction

With the rapid development of intelligent power grid technology, optical fiber current
sensors play an important role in power measurement, monitoring, and protection. Optical
fiber current sensors have the following inherent characteristics: anti-electromagnetic inter-
ference, electrical isolation, small size, and light weigh. At the same time, the measurement
object of the optical fiber current sensor is a magnetic field generated by the current, not the
current itself, which avoids the danger of high voltage measurement [1].

Optical fiber sensors are of particular interest for applications in high-voltage environ-
ments of the electric power industry [2]. At present, optical fiber current sensors reported in
the literature mainly include Faraday magneto-optical effect, Rogowski coil photoelectric
hybrid, and magnetostrictive effect combined with optical fiber. In the current sensor
based on Faraday magneto-optical effect, accuracy problems caused by linear birefringence
in optical fiber, the verdet constant drift caused by temperature, and aging problems of
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the sensor head have always been the biggest obstacles to the practical application of
this kind of current sensor; the Rogowski coil photoelectric hybrid current transformer is
still affected by environmental electromagnetic field, high-voltage circuit current supply,
and other factors in practical application; and the magnetostrictive current sensor has
wide current response frequency band and high sensitivity, and can realize distributed
measurement with the cooperation of demodulation instruments. The cost for synchronous
monitoring of multi-point current is relatively low, and it has good industrial application
prospects [3].

Giant magnetostrictive materials (GMM) have the advantages of small size, fast
response speed, high precision, and easy integration [4]. Terfenol-D (TD) alloy is a new type
of rare-earth giant magnetostrictive material, which has high magnetostrictive properties
and is widely used as a sensitive element of the current sensor. However, Terfenol-D
alloy is expensive, fragile, and difficult to form into a specific shape. This can be solved
by combining TD particles with resin to form giant magnetostrictive powder composite
(GMPC) [5]. Magnetostrictive composites also have other excellent properties, such as
enhanced tensile strength and low eddy current loss. Preloading also can be reduced or
even avoided due to the pre-stress generated during curing. In addition, because of the
low content of magnetostrictive materials and a simplified process, the cost of composite
materials is low; at the same time, the magnetostriction of magnetostrictive composites can
compete with the magnetostrictive alloy.

Optical fiber current sensors based on magnetostrictive composite material have the
advantages of high sensitivity, high precision, wide working range, low response time,
and low cost. In this paper, the application of magnetostrictive composite materials in
optical fiber current sensors is summarized, mainly from the working principle of the sensor,
the structure of the sensor, and the modification of magnetostrictive composite materials.
The structure of the sensor is mainly studied according to the shape of magnetostrictive
composite material, the shape of the magnetic permeable material, and the number of
permanent magnets. The improvement of magnetostrictive composites is mainly studied
from aspects of particle volume fraction, binder type, particle size, orientation magnetic
field, and molding pressure.

2. Working Principle of the Sensor

The proposed sensor is composed of a magnetic circuit sensing system and photoelec-
tric testing system. The magnetic circuit sensing system is composed of magnetostrictive
materials (magnetostrictive composite materials), fiber gratings, magnetically permeable
materials, and permanent magnets. The photoelectric test system consists of a light source,
a circulator, and a spectrum analyzer. The magnetostrictive material is combined with the
fiber grating and placed in the magnetic field generated by the current, and the change of
the current can be obtained by demodulating the wavelength drift of the fiber grating [6].
This paper studies the magnetostriction phenomenon and its causes, the working principle
of fiber grating, and the role of permanent magnets.

2.1. Magnetic Circuit Sensing System
2.1.1. Magnetostrictive Material

Magnetostrictive materials extend (or shorten) in size under the action of external
magnetic field, and then return to their original size after the external magnetic field is
eliminated. This phenomenon is called magnetostriction. Since this phenomenon was
first discovered by Joule in Ni materials, it is also called the Joule phenomenon or Joule
effect [7]. Magnetostriction refers to geometric deformation caused by externally applied
magnetic field [8]. The magnitude of magnetostriction is expressed by the magnetostriction
coefficient A = AL/L, where AL refers to the variation of material length and L refers to the
overall length of material, as shown in Figure 1.
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Figure 1. Magnetostriction phenomenon.

The causes of magnetostriction are shown in Figure 2 [9]. Magnetic materials can
be divided into numerous magnetic domains microscopically. When external magnetic
field intensity is 0, the magnetic moment directions of magnetic domains are different,
but the vector sum is zero, and the magnetic moment of the whole object is zero, which
indicates that the material is not magnetic in the macroscopic view, i.e., the material does
not deform. When the magnetic domain is in an applied magnetic field, it will deviate from
the original self-magnetization direction and deviate towards the direction of the applied
magnetic field. When the magnetic domain deflects in the same direction, a magnetic
field force will be generated in this direction, which will cause the ferromagnetic material
to be deformed by the force in this direction, resulting in magnetostriction. Within a
certain range, magnetostriction of ferromagnetic materials will increase with the increase
of the applied magnetic field, but when the applied magnetic field exceeds a certain range,
magnetostriction basically remains unchanged, i.e., the deformation (strain) of the material
reaches saturation [10].
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Figure 2. Schematic diagram of magnetostriction.

2.1.2. Fiber Bragg Grating

After cleaning the surface of the magnetostrictive material, the fiber Bragg grating
(FBG) was bonded to the magnetostrictive material with cyanoacrylate adhesive. When
the current generates a magnetic field, the magnetostrictive material in the magnetic field
will be deformed, and the deformation will be transferred to the bonded FBG.

The function of FBG is essentially to form a narrowband (transmission or reflection)
filter or mirror in the fiber core, as shown in Figure 3. When a beam of broad-spectrum
light passes through the fiber grating, the wavelength meeting the Bragg condition of the
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FBG will be reflected, and other wavelengths will continue to transmit through the fiber
grating. The formula of center wavelength is [11]:

)\B = zneffA (1)

where A is the grating period, and 7. is the effective refraction of FBG.
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Figure 3. Schematic diagram of fiber grating.

When the FBG is subjected to axial stress, it will be strained, and the period and
refractive index of the FBG will change. At this time, the relationship between the central
wavelength change of the FBG and the strain is as follows:

A)\B = )LB(l — Pc)S (2)

where Pc is the effective photo-elastic coefficient, which ¢ is about 0.22 for the silicon
fiber medium.

2.1.3. Permanent Magnet

Magnetostrictive materials have unipolar characteristics, i.e., the expansion and con-
traction of magnetostrictive materials is only related to the magnitude of the applied
magnetic field, but has nothing to do with its direction. When the applied magnetic field
is an alternating magnetic field, although the directions of the positive and negative half-
cycles are opposite, the expansion and contraction directions of magnetostrictive materials
excited by the two half-cycles are the same. The unipolar characteristics of magnetostrictive
materials make a frequency-doubling effect appear in the working process, as shown in
Figure 4.

() (b)

Figure 4. Influence of frequency doubling on magnetostrictive materials. (a) “frequency doubling

”

phenomenon. (b) no “frequency doubling” phenomenon.

Permanent magnets are added to the magnetic circuit to provide a constant magnetic
field. Under the action of a constant magnetic field, the total magnetic field applied
to magnetostrictive materials is all positive or all negative. Therefore, the permanent
magnet avoids the influence of the unipolar characteristics of magnetostrictive materials,
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and enables the sensor to obtain a complete alternating current (AC) cycle, as shown in
Figure 5.
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Figure 5. Role of permanent magnets.

2.2. Optoelectronic Test System

Figure 6 shows the experimental setup for evaluating the performance of the sensor.
An AC-band amplified spontaneous emission (ASE) source or a tunable laser (Agilent
81640B), combined with a 3 dB coupler, was used to illuminate the MC-FBG sensor via ports
1 and 2 of an optical circulator. The reflected wavelengths via ports 2 and 3 of the optical
circulator were split by a 3 dB coupler and then measured by a 125 MHz photodetector
(NewFocus 1811) or an optical spectrum analyzer (OSA) (Agilent 86140A) with a 0.1 nm
resolution. The electromagnet provides a quasi-static magnetic field with a maximum
amplitude of 146 kA /m and a frequency of 1 Hz. The function of the spectrum analyzer is
to demodulate and display signals [12].
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Figure 6. Sensor system diagram.

3. Optical Fiber Current Sensor Based on Magnetostrictive Composite Materials

The performance indices of the sensor are sensitivity, linear working range, linearity,
response time, and measurement accuracy. To improve the performance of the sensor and
reduce the production cost of the sensor, this paper mainly studies the sensor from the
following two aspects: the research of sensor structure, and the research of the magne-
tostrictive composite material.

3.1. Sensor Structure

In 2005, Debashis Satpathi et al. [13] proposed an optical fiber current sensor based on
magnetostrictive material. The proposed sensor uses 40 g cylindrical rod magnetostrictive
material, as shown in Figure 7. Magnetostrictive materials have unipolar characteristics.
To avoid the rectified output of the sensor, a direct current (DC) bias coil is introduced
into the sensor. At the same time, mechanical devices are added to the sensor to provide
preloading stress. It is found that the output of the sensor is non-linear when the preloading
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stress is low. When the preloading stress is high, the linearity of the sensor will increase.
Although the mechanical device improves the linearity of the sensor, it also increases the
complexity of the sensor structure, and the addition of a DC bias coil leads to the sensor
being active.
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Figure 7. Optical fiber current sensor based on 40 g cylindrical rod magnetostrictive material.

In 2013, Cremonezi et al. [14] proposed an optical fiber current sensor for measuring
AC. The proposed sensor uses 144 g annular solid magnetostrictive material, as shown
in Figure 8. The stainless-steel compression ring exerts a certain pressure on the mag-
netostrictive material, which makes the relationship between the strain produced by the
magnetostrictive material and the applied magnetic field approximate to a quadratic func-
tion. At the same time, the linearity of the sensor is better, and the measurement error
is smaller under the action of preloading stress. The proposed sensor has fast transient
response, but the sensor does not introduce DC bias device, which leads to a frequency-
doubling of the output of the sensor.

._7

Figure 8. Optical fiber current sensor based on 144 g annular solid magnetostrictive material.

In 2015, Nazaré and Werneck [15] proposed a new and compact optical fiber current
sensor. The new sensor is composed of 74 g solid rectangular magnetostrictive material,
magnetic conductive material and permanent magnet, as shown in Figure 9. The mag-
netostrictive material is Terfenol-D alloy, the magnetic conductive material is made of
ordinary ferrosilicon, and the permanent magnet is made of NdFeB. The purpose of adding
permanent magnets to the magnetic circuit is to provide a certain constant magnetic field,
so that the sensor can work in a linear region and obtain a complete AC cycle. The magnetic



Appl. Sci. 2021,11, 161

7 of 22

field acting on magnetostrictive material consists of an AC magnetic field generated by
wire and a constant magnetic field generated by a permanent magnet. The author uses per-
manent magnets instead of DC drive coils, so the sensor is passive. Although the proposed
new sensor eliminates the frequency-doubling phenomenon of magnetostrictive materials,
it still does not solve the disadvantage of Terfenol-D alloy being expensive and fragile.

Terfenol-D Rod

Magnet I\\ L

Magnetic Material
(Silicon Iron)

Figure 9. Optical fiber current sensor based on 70 g rectangular magnetostrictive material.

In 2019, Alex Dante et al. [16] proposed a new ring optical fiber current sensor based
on magnetostrictive material. As shown in Figure 10, the proposed sensor is composed
of magnetostrictive material, magnetically permeable material, and a permanent magnet.
Iron bars (99.5% Fe, relative permeability 500) are introduced into the magnetic circuit,
which not only reduces the mass of TD, but also increases the magnetic flux density per
gram of TD. To reduce the mass of TD greatly, the author uses finite element simulation
(FEM) to guide the structure design of the proposed optical fiber current sensor. Compared
with the sensor based on annular magnetostrictive material, the shape of magnetostrictive
material of the proposed sensor is 1/6 annular, the mass is only 5.6 g, and the sensitivity is
higher. The structure proposed by the author not only reduces the consumption of TD and
the cost of the sensor, but also improves the sensitivity of the sensor. However, TD still has
the disadvantage that it is difficult to form.

SENSING FBG (BONDED) |

| 3D PRINTED HOLDER || PERMANENT MAGNETS

Figure 10. Ring optical fiber current sensor based on 5.6 g magnetostrictive material.

Subsequently, Alex Dante et al. [17] proposed an optical fiber current sensor based on
low-quality magnetostrictive materials, as shown in Figure 11. The cost of the proposed
sensor is further reduced, and only 2.0 g of Terfenol-D alloy is used. The finite element
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simulation shows that the magnetic flux density of FBG attached to the fiber-optic current
sensor based on 2.0 g magnetostrictive material is significantly increased compared with
the fiber-optic current sensor based on 5.6 g magnetostrictive material. The sensitivity of
the optical fiber current sensor based on 2.0 g magnetostrictive material is twice that of the
optical fiber current sensor based on 5.6 g magnetostrictive material, and the measurement
error of both is less than 3%. Transient response test shows that there is no obvious delay
between the input and output signals of the sensor, which indicates that the sensor is
suitable for fault detection.

| SENSING FBG (BONDED) I TERFENOL-D

3D PRINTED HOLDER || PERMANENT MAGNETS

Figure 11. Ring optical fiber current sensor based on 2.0 g magnetostrictive material.

Lopez et al. [18] proposed an optical fiber current sensor based on hyperboloid mag-
netostrictive composite material, and the proposed that the sensor only uses 1.5 g of
Terfenol-D alloy. The sensor adopts an open-loop structure, which can not only reduce
the use of magnetically permeable materials, but also allow convenient installation of the
sensor. TD alloy is the main magnetostrictive material. Because TD alloy is expensive,
fragile and difficult to form, magnetostrictive composite material is used instead of magne-
tostrictive material. Magnetostrictive composite material is composed of TD alloy powder
and epoxy resin. FBG embedded in magnetostrictive composite allows the sensor to have
a frequency response of 60 kHz. As shown in Figure 12, the shape of magnetostrictive
composite is hyperboloid, which not only reduces the use of TD alloy, but also improves
the sensitivity of the sensor. When the input signal produces a current step of 150 A, the re-
sponse time of the sensor is only 1.5 ms. The sensor based on hyperboloid magnetostrictive
composite material not only reduces the production cost and improves the sensitivity of
the sensor, but also reduces the response time of the sensor.

Lopez et al. [19] proposed an optical fiber current sensor with concentrated magnetic
flux density based on magnetostrictive composite material, and the mass of Terfenol-D
alloy used in the proposed sensor was only 0.42 g. The author uses FEM to optimize
the geometry of the optical fiber current sensor. As shown in Figure 13, the structure of
the magnetically permeable material is arranged in a ring structure from thick to thin,
which not only reduces the usage amount of the magnetically permeable material, but also
makes the magnetic flux density on the magnetic field telescopic composite material more
concentrated. The author studied the number of different permanent magnets and found
that when the number of permanent magnets is 5, the maximum non-linear error of the
sensor is only 0.15%. The proposed sensor not only reduces the production cost and
improves the sensitivity, but also reduces the maximum non-linear error of the sensor.
As shown in Table 1, several kinds of current sensors based on FBG for high-voltage lines
are compared in this paper.
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Figure 12. Optical fiber current sensor based on 1.5 g hyperboloid magnetostrictive composite material.

MPC (0.42g TERFENOL-D)

3D-PRINTED |
HOLDER
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Figure 13. Optical fiber current sensor based on 0.42 g cuboid magnetostrictive composite material.

Table 1. Comparison: FBG-based current sensorsfor high-voltage lines.

Reference Geometry TD Mass Linear Range
[13] Cylindrical 40 250-700 A
[14] Toroidal 144 320-900 A
[15] Cubic 74 /

[16] Toroidal 5.6 105-650 A
[17] Toroidal 2.0 50-400 A
[18] Hyperbolic 1.5 15-450 A
[19] Cuboid 0.42 100-800 A

Wang et al. [20] proposed a fiber grating current sensor with enhanced sensitivity
based on giant magnetostrictive material. When subjected to preloading stress, GMM sen-
sitivity to magnetic field increases significantly. According to this characteristic, the beam
is added to the conventional rectangular GMM to bear the applied pressure, thus forming
a T-shaped structure, as shown in Figure 14. The material of the beam is 304 stainless-steel.
A T-shaped structure is placed in a copper support structure. A special copper screw is
placed at the upper right of the structure, and the beam of the T-shaped structure is pres-
surized by the screw, so as to achieve the purpose of pressurizing the T-shaped structure.
Therefore, the sensitivity enhanced current sensor is composed of GMM, FBG, copper
support structure, and screws made of copper. Experiments show that the sensitivity of the
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sensor is significantly improved, and the cost of the proposed structure is low. As shown
in Table 2, current sensors with different structures are summarized in this paper.

Optical fiber

304 stainless steel /

Optical fiber

GMM

Screw made of copper

T
[T A T

Copper support structure

Fiber Bragg grating

Figure 14. Optical fiber current sensor based on magnetostrictive material with enhanced sensitivity.

Table 2. Research summary of sensor structure.

Serial Author Architectural Feature Advantages and Disadvantages
Number
. . 140 cyh.ndrlcal rod magnetostrictive material The linearity of the sensor is high, but the
1 Debashis Satpathi [13] 2. preloading stress mechanical device . . .
. . structure is complex and the sensor is active.
3. DC bias coil
The measurement of alternating current is
- 1. 144 g annular solid magnetostrictive material ~ realized with small measurement error, but the
2 Cremonezi [14] . . . .
2. stainless-steel compression ring frequency-doubling phenomenon
will occur in the measurement process.
The sensor is passive and eliminates the
3 Nazaré and Werneck [15] 1. 74 g solid cuboid magnetostrictive material ~ phenomenon of fr.equency-c.:loublmg, .
2. permanent magnet but magnetostrictive materials are expensive
and fragile.
. . The cost of the sensor is greatly reduced, and the
1. 5.6 g annular magnetostrive material e L
4 Alex Dante [16] . . . sensitivity is high, but the magnetostrictive
2. annular magnetic conductive material AR
material is difficult to form.
Further reduce the cost and improve the
5 Alex Dante [17] 1. 2.0 g annular magnetostrive material sensitivity, which is suitable for
fault detection.
6 Juan D. Lopez [18] 1. 1.5 g hyperboloid magnetostrictive material Ijower cost, hlgher sensitivity, faster response
2. open-loop structure time, and easy installation.
1. 0.42 g rectangular magnetostriction material The cost is the lowest, the mfignetlc flux .den51ty
7 Juan D. Lopez [19] 2. circular magnetic permeability material is concentrated and the maximum non-linear
' : . error of the sensor is reduced, but the
from coarse to fine :
temperature error is not compensated.
1. The T-shaped structure is placed in the Sensitivity is enhanced,
8 S. Wang [20] copper support structure

2. the copper screw exerts pressure

but the structure is complex.

3.2. Magnetostrictive Composites

The performance of magnetostrictive composites directly affects the performance
of sensors, so it is necessary to study magnetostrictive composites. There are two main
preparation methods of magnetostrictive composites, namely powder sintering method and
powder bonding method. Powder sintering method refers to grinding magnetostrictive
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alloy into powder under a vacuum or under the protection of rare gas, pressing and
molding in a mold after drying, and finally sintering under the protection of inert gas [21,22].
The bonding method breaks the magnetostrictive alloy into powder by a proper method,
then mixes the powder with the selected binder evenly in proportion, pressing, extruding
or injecting in a magnetic field and finally solidifying at a specific temperature [23].

Kaleta et al. [24] studied the effects of orientation magnetic field and pre-compression
stress on magnetostrictive composites. The author prepared the composite material with
70% particle volume fraction, as shown in Figure 15 for the specific process of preparing
the composite material: First, epoxy resin and curing agent are mixed according to a certain
proportion, then a certain amount of TD particles are added, then the mixture is fully
stirred and degassed in vacuum, then the mixture is poured into a mold, and finally the
mold is placed in a magnetic field to wait for curing. When the pre-compression stress
and the orientation of the magnetic field intensity are the same, the magnetostriction
value of composites with vertical orientation magnetic field direction is greater than that
of composites with parallel orientation magnetic field direction. At the same time, with
the same orientation magnetic field, when the pre-compression stress is from 0 to 9 MPa,
the magnetostrictive value of the composite material gradually increases with the increase
of pre-compression stress. When the pre-compression stress reaches 9 MPa, the composite
material obtains the highest magnetostriction value.

Figure 15. Preparation process of magnetostrictive composites.

Quintero et al. [25] studied the effects of TD particle size, particle volume fraction,
binder type, and pre-compression stress on magnetostrictive composites. As shown in
Figure 16, the fiber grating is embedded in the magnetostrictive composite material. When
the particle volume fraction is 10%, 20%, and 30%, the magnetization of the composites
with 30% particle volume fraction is the highest. When the binder is epoxy resin and
polyurethane resin, respectively, the magnetization of the composite with epoxy resin as
binder is the highest. The author classified the particle size into < 50 um, 74-150 pm and
> 200 pm, among which the magnetization of the composites was the highest when the
particle size was > 200 um. Although the sensitivity of the composite material is lower
than that of the monolithic alloy, the sensitivity and linear range of the sensor are increased
by 40% and 20%, respectively, by applying 8.6 MPa preloading stress.
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Figure 16. Optical fiber current sensor based on magnetostrictive composite material.

Xuan Zhao et al. [26] studied the effects of magnetic field orientation and rare-earth
elements on magnetostrictive composites. The author prepared two samples of the same
composite material, one cured without applying orientation magnetic field, the other cured
with orientation magnetic field. It is found that the magnetostriction of composites with
orientation magnetic field is more than 4 times that of composites without orientation
magnetic field. At the same time, it is found that the magnetostriction of the composites
doped with rare-earth element Y is obviously higher than that of the composites undoped
with rare-earth element Y.

Xufeng Dong et al. [27] studied the effect of titanate coupling agent on magnetostric-
tive composites. Because the bonding strength between resin and TD particles will affect
the properties of magnetostrictive composites, the author treated TD particles with titanate
coupling agent to improve the bonding strength. As shown in Figure 17, when the parti-
cle volume fraction is the same, the magnetostriction of the magnetostrictive composite
material treated with coupling agent is higher than that of the magnetostrictive composite
material without coupling agent treatment. However, the saturation magnetostriction of
the two magnetostrictive composites is almost the same. At the same time, the author
found that the magnetostrictive composite treated by coupling agent has faster response
time, which is beneficial to improve the performance of the sensor.

1000 B
800 +
o 600
2 —=— 20% untreated
~ 400 - —o— 20% treated
—e— 35% untreated
—o— 35% treated
200 A

—— 50% untreated
——50% treated

200 300 400 500 600 700
H(kA/m)

0 100

Figure 17. Comparison of the relationship between magnetostriction and magnetic field strength
of composites with different particle volume fractions when the particles are treated with coupling
agent or not.

Xufeng Dong et al. [28] studied the optimum orientation magnetic field strength
of magnetostrictive composites with different particle volume fractions. Magnetostric-
tive composites with TD particle volume fraction of 20%, 30%, and 50% were prepared.
For magnetostrictive composites with particle volume fraction of 20%, when the orientation
magnetic field intensity is from 0 to 30 kA /m, the saturation magnetostriction of compos-
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ites increases with the increase of orientation magnetic field intensity; when the orientation
magnetic field strength is greater than 30 kA /m, it is almost unchanged. Therefore, for the
composite with 20% particle volume fraction, the best orientation magnetic field strength
is 30 kA /m. Similarly, for composites with 30% and 50% particle volume fraction, the best
orientation magnetic field strength is 80 kA /m and 100 kA /m, respectively.

Bochen Li et al. [29] studied the effects of preloading stress and particle volume
fraction on magnetostrictive composites. As shown in Figure 18, the author compares
the relationship between magnetostriction and applied magnetic field of composites with
different particle volume fractions when the pre-compression stress is 0 MPa and 10 MPa,
respectively. As shown in the figure, when the pre-compression stress is the same, within a
certain range of particle volume fraction, the larger the particle volume fraction, the greater
the magnetostriction of the composite material. When the volume fraction of particles
is 57%, the magnetostriction of the composites is maximum. At the same time, when
the volume fraction of particles is the same, the magnetostriction of composites with pre-
compression stress of 10 MPa is greater than that of composites with pre-compression
stress of 0 MPa.

Figure 18. The relationship between magnetostriction and magnetic field strength of composites with different particle

volume fractions. (a) The pre-compression stress is 0 MPa. (b) The pre-compression is 10 MPa.

Tomiczek et al. [30,31] studied the effects of TD particle size, particle volume fraction,
and preloading stress on composites. Two kinds of samples with different particle size
distribution, namely powder A with particle size of 38-106 um and powder B with particle
size of 106-212 um, were manufactured by the author. It is found that when the pre-
compression stress and particle volume fraction are the same, the magnetostriction of
magnetostrictive composites is the largest when the particle size is 106-212 um. When the
particle size and volume fraction are the same, the magnetostriction of magnetostrictive
composites is the largest when the pre-compression stress is 2 MPa. At the same time,
when the pre-compression stress and particle size are the same, the magnetostriction of
magnetostrictive composites with 20% particle volume fraction is the largest.

Tian Jianjun et al. [32] studied the effects of orientation magnetic field, particle size,
and molding pressure on magnetostrictive composites. The author sifted the powder into
three grades (below 50 um, 50-80 pm, and 80-100 um). When the particle size is 50-80 pum,
the magnetostriction of magnetostrictive composites is the largest. It is found that when
the applied magnetic field is higher than 3 kA /m, the magnetostriction of composites with
orientation magnetic field is higher than that of composites without orientation magnetic
field. In this paper, Cold Isostatic Pressing (CIP) of 200 MPa was used to recompress the
composite, and the density of the composite increased from 6.84 g/cm?® to 7.24 g/cm3.
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Under the same conditions, the magnetostriction of the composites after CIP treatment is
obviously higher than that of the composites without CIP treatment.

Jia Ao et al. [33] studied the effects of TD particle size, particle mass fraction, and mold-
ing pressure on magnetostrictive composites. Magnetostrictive composites with particle
mass fraction of 85%, 90% and 93% were prepared by the authors, and the maximum
magnetostriction of the composites was obtained when the particle mass fraction was
90%. This is because when the mass fraction of particles is low, the distance between TD
particles is large, and the resin hinders the transmission of magnetostriction; When the
mass fraction of particles is high, TD particles are prone to cluster phenomenon; Therefore,
the overall magnetostriction of the composite material is small. Then, the author sifted
TD particles into 0-74 um, 74-150 pm and 150-300 pm. It is found that GMPC has good
magnetostrictive properties when the particle size is 74-150 um and 150-300 um. This is
because fine alloy particles have large specific surface area and are easy to oxidize, which
is not conducive to the properties of composite materials. At the same time, the author
compares the relationship between magnetostriction and magnetic field strength of GMPC
at molding pressures of 200 MPa, 300 MPa, and 450 MPa, respectively. However, with the
increase of molding pressure, the magnetostriction of GMPC increases only slightly. This
shows that when the molding pressure is 200 MPa, the compact bonding between alloy
particles and binder is basically realized.

Zhang et al. [34] compared the effects of orientation magnetic field and particle
volume fraction on magnetostrictive composites during curing, as shown in Figure 19.
First, TD particles and epoxy resin were mixed evenly in a mold, then degassed in vacuum
for 30 min, and finally, the mold was placed in air for curing. The composite material
obtained was called 0-3 magnetostrictive composite material. When the mold is solidified in
a magnetic field, the composite material obtained is called 1-3 magnetostrictive composite
material. When the particle volume fraction is the same, the magnetostriction of type 1-
3 composites is greater than that of type 0-3 composites, and the saturation magnetostriction
of type 1-3 composites reaches 72% of TD alloy. At the same time, the author studied the
effect of particle volume fraction on composites. When the volume fraction of particles
is 30%, the saturation magnetostriction of the composites is maximum. This is because
when the particle volume fraction is low, the magnetostriction of the composite material is
small due to the dilution effect of epoxy resin; when the volume fraction of particles is high,
the magnetostriction of composites decreases due to the poor contact between particles.
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Nersesse Nersessian et al. [35] studied the effects of particle volume fraction and
temperature on the properties of composites. At room temperature, the author selected
Spurr low viscosity epoxy resin as binder, and tested magnetostrictive composites with
particle volume fractions of 13%, 23%, 31%, 37% and 50%, respectively. It is found that
when the particle volume fraction is 50%, the saturation magnetostriction of the composites
is maximum. At the same time, with the same volume fraction of particles, the author
studied the effect of temperature on the saturation magnetostriction of composites. When
the temperature is 0 °C or 10 °C, the saturation magnetostriction of magnetostrictive
composites reaches the maximum.

At present, the research aims of most literature are 0-3 magnetostrictive compos-
ites and 1-3 magnetostrictive composites. Li et al. [36] proposed 2-2 magnetostrictive
composites, i.e., the mixture of TD particles and epoxy resin was annealed for 15 min
under a magnetic field of 240 kA /m under vacuum. The mixture was then cooled to
room temperature under a magnetic field. The obtained sample is 2-2 magnetostrictive
composite material. The relationship between magnetostriction and magnetic field strength
of composites with and without magnetic field heat treatment was studied. It is found that
the magnetostriction of the composites after magnetic field heat treatment is greater than
that of the composites without magnetic field heat treatment. At the same time, the authors
compare the magnetostriction of composite materials under the pre-compression stress of
0 MPa, 2 MPa, 4 MPa, and 6 MPa, respectively. The results show that the magnetostriction
of the composite material is maximum when the pre-compression stress is 6 MPa and
minimum when the pre-compression stress is 0 MPa, regardless of whether the composite
material is heat-treated by magnetic field.

The strain model of magnetostrictive composites was put forward by Jiuchun Yan
et al. [37] The experimental results show that the theoretical model is close to the experi-
mental results. In this paper, the properties of composites with pre-compression stress of
14 MPa and 7 MPa were studied. It is found that the magnetostriction of the composite ma-
terial is greater when the pre-compression stress is 14 MPa than when the pre-compression
stress is 7 MPa. At the same time, the author believes that the saturation magnetostriction
of composites increases with the increase of particle volume fraction at low particle volume
fraction; However, when the particle volume fraction is greater than 85%, the saturation
magnetostriction of the composite decreases with the increase of particle volume fraction.

Rodriguez et al. [38] studied the effects of segment soft-hard ratio, particle size, particle
mass fraction, and orientation magnetic field on magnetostrictive composites. When the
particle size and mass fraction are the same, the magnetostriction of the composites is
the highest when the ratio of segment hardness to segment hardness is 1.5. When the
weight fraction of particles is 30%, the magnetostriction of composites with particle sizes
ranging from 0-38 um, 106-212 pm, 212-300 um and 0-300 pm is compared. It can be
found that when the particle size ranges from 212 um to 300 pm, the magnetostriction of
the composites is the highest. Under the same ratio of soft to hard segments, when the
weight fraction of particles is 70%, the magnetostriction of the composites is maximum.
At the same time, the author compares the properties of the composites when the magnetic
field orientation is 0°, 40°, 60°, 80°and 90°, and finds that the magnetostriction of the
composites is the largest when the magnetic field orientation is 90°.

Minhong Jiang et al. [39—-41] studied the effects of particle mass fraction, preloading
stress, particle size, orientation magnetic field, and surface treatment on magnetostrictive
composites. When the pre-compression stress is 0 MPa and 1 MPa respectively, the mag-
netostriction of composites with pre-compression stress of 1 MPa is greater than that of
composites with pre-compression stress of 0 MPa. The author compared the relationship
between magnetostriction and magnetic field strength of composites with alloy particle
mass fraction of 84%, 87%, 90%, 93% and 96%. When the mass fraction of particles is 93%,
the magnetostriction of the composites is maximum. TD particles are classified into four
grades: 0~80 pm, 80~200 um, 200~450 pm and 450~900 pm, among which the maximum
magnetostriction coefficient of composites is obtained when the particle size is 450~900 pm.
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At the same time, the author found that the properties of the composite material were
further improved after applying orientation magnetic field and particle surface treatment.

Xufeng Dong et al. [42] studied the influence of particle size on magnetostrictive
composites. Magnetostrictive composites with the same particle volume fraction were
prepared by using five narrow distribution particles (30~53 um, 53~150 pm, 150~300 pum,
300~450 pm, 450~500 pm) and one wide distribution particle (30~500 um). The adopted
binder is unsaturated polyester resin. The experimental results show that among the five
narrow distribution particles, the composite with particle size of 53~150 pm has the highest
magnetostriction. However, the magnetostriction of composite materials prepared with
wide distribution particles (30~500 pum) is greater than that of all composite materials
prepared with narrow distribution particles. As far as the average particle size is concerned,
it can be seen from the comparison of five kinds of narrow particle composites that the
saturation magnetostriction coefficient first increases and then decreases with the increase
of the average particle size, and reaches the maximum when the average particle size is
102 um (particle size distribution is 53~150 um).

Ting Deng et al. [43] studied the influence of bonding process on the properties of mag-
netostrictive composites. In this paper, the alloy powders are classified into four different
sizes: 0~100 pm, 100~150 um, 150~300 pm and 300~350 pm. When the applied magnetic
field is 13 kOe and the molding pressure is 100 MPa, the saturation magnetostriction of
the composite material is maximum when the particle size is 100~150 pm. At the same
time, it is found that the magnetostriction of composites increases with the increase of
molding pressure. When the molding pressure is 150 MPa, the magnetostriction reaches
the maximum value, and then decreases with the increase of molding pressure. This
shows that when the molding pressure is 150 MPa, the alloy particles and binder in the
composite have been closely bonded, but with the continuous increase of molding pressure,
the magnetostriction decreases gradually, because the higher molding pressure will hinder
the fluidity of particles in the sample, thus affecting the magnetostriction performance of
the sample.

Liping Jiang et al. [44] studied the influence of milling and other processes on the
properties of magnetostrictive composites. In this paper, the author adopted the milling
process of disc milling and ball milling, and prepared the alloy powder obtained by the
two milling processes into composite materials. The results show that the magnetostric-
tive properties of the composites prepared by ball milling and disk milling have little
difference. Therefore, the milling process adopted in this experiment has little effect on
magnetostrictive properties.

Xinchun Guan et al. [45-47] studied the effects of preparation technology, particle
volume fraction, particle length-width ratio, and curing temperature on the properties of
magnetostrictive composites. In the preparation process of composite materials, the author
treated the mixture of magnetostrictive particles and resin by mechanical stirring and
high-energy ultrasonic, respectively. It is found that the magnetostriction of composites
treated by high-energy ultrasonic method is greater than that of composites treated by
mechanical stirring method. This is because the high-energy ultrasonic method can not only
disperse the particles evenly, but also remove the oxidation on the surface of the particles.
As shown in Figure 20, when the aspect ratio of particles is the same, the saturation
magnetostriction of composites with 50% particle volume fraction is greater than that of
composites with 20% and 30% particle volume fraction. When the particle content is the
same, the saturation magnetostrictive strain of magnetostrictive composites increases with
the increase of particle aspect ratio. However, when the aspect ratio of the composite is
greater than 10, the saturation magnetostriction of the composite has little change with the
aspect ratio of the composite. At the same time, the composite samples were prepared at
the curing temperatures of 15 °C, 40 °C, 60 °C and 80 °C, respectively. When the curing
temperature was 80 °C, the magnetostriction of the composite was the highest.
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Figure 20. Relationship between saturation magnetostriction and particle aspect ratio of composites
with different particle volume fractions.

Guiheng Zhao et al. [48] studied the effects of particle size and molding pressure on
the properties of magnetostrictive composites. The author classified the particle size into
38~58 um, 58~104 um, 104~150 pm, 150~250 um and 250~420 um. It is found that among
the five grades of particle sizes, when the particle size is 250~420 pm, the magnetostriction
of the composites is the largest. At the same time, when the forming pressure is 200 MPa,
400 MPa, 600 MPa, 800 MPa, and 1000 MPa respectively, the magnetostrictive strain of
the composites with the forming pressure of 400 MPa is the maximum. The author thinks
that the molding pressure reduces the voids in the material, increases the density of the
composite, and then improves the properties of the composite.

Lin et al. [49] studied the effect of powder crystal orientation on the properties of
magnetostrictive composites. It is found that the magnetostriction of 0-3 type or 1-3 type
composites presents different trends. When the crystal orientation is < 110 >, the magne-
tostrictive strain of type 1-3 composites is greater than that of type 0-3 composites. When
the crystal orientation is < 100 >, the magnetostrictive strain of type 0-3 composites is
greater than that of type 1-3 composites. However, under the same externally applied
magnetic field, the magnetostrictive strain of 1-3 type composites with crystal orientation
< 110 > is greater than that of 0-3 type composites with crystal orientation <100>.

Hao Meng et al. [50] studied the effects of orientation magnetic field and preloading
stress on magnetostrictive composites. The grain size of magnetostrictive powder used
is 200-300 um. Magnetostrictive composites were cured in oriented magnetic fields with
magnetic field strengths of 0 Oe, 4000 Oe, 8000 Oe and 12,000 Oe, respectively. Converted
to the international system of units, 1 Oe is equal to 1000/4m (~79.5774715) A/m. It is
found that when the magnetic field intensity of the orientation magnetic field is 8000 Oe,
the magnetostrictive strain of the composite material is the largest. At the same time, when
the magnetic field intensity of the orientation magnetic field is 8000 Oe, the author applies
pre-stress of 0 MPa, 5 MPa, 9 MPa, 13 MPa, and 17 MPa to the composite material. Among
them, the magnetostrictive strain of the composites is the largest when the pre-compression
stress is 17 MPa. Compared with the pre-compression stress of 0 MPa, the magnetostriction
of the composite should be about doubled when the pre-compression stress is 17 MPa.

Ran Zhao et al. [51] studied the influence of magnetostrictive materials on the proper-
ties of composites. The author compared the relationship between the magnetostriction of
TbDyHoFe alloy, TbDyHoFe composite material and TbDyFe composite material and the
applied magnetic field. The magnetostriction of TbDyFe composite material reaches satura-
tion at 400 kA /m, and the magnetostriction of TbDyHoFe alloy and TbDyHoFe composite
material reaches saturation at 250 kA /m. In addition, the saturation magnetostriction of



Appl. Sci. 2021, 11, 161

18 of 22

the TbDyFe composite material is the largest, and the saturation magnetostriction of the Tb-
DyHoFe alloy is the smallest. In the low magnetic field (<100 kA /m), the magnetostriction
of the TbDyHoFe composite is the largest, i.e., the sensitivity of the TbDyHoFe composite
is higher under the low magnetic field.

Dong et al. [52] studied the influence of the intensity of the orientation magnetic field
on the properties of magnetostrictive composites. Magnetic fields of 0 kA/m, 50 kA /m,
80 kA/m and 100 kA /m were applied in the preparation of magnetostrictive compos-
ites. It was found that the magnetostrictive strain of the composites gradually increased
with the increase of orientation magnetic field strength. When the orientation magnetic
field intensity is 100 kA /m, the magnetostrictive strain of the composites is the largest.
As shown in Table 3, this paper summarizes the factors affecting the properties of magne-
tostrictive composites.

Table 3. Research Summary of Magnetostrictive Composites.

Serial
Number

Influencing Factors of
Properties of Composite Materials

Views of Different Authors

1. JKaleta et al. think that the optimum preloading stress is 9 MPa
2. Quintero et al. think that the optimum preloading stress is

8.6 MPa

3. Bochen Li et al. think that the best preloading stress is 10 MPa
4. Tomiczek et al. think that the best preloading stress is 2 MPa
5. Li et al. think that the best preloading stress is 6 MPa

6. Jiuchun Yan et al. the optimum preloading stress is 14 MPa

7. Hao Meng et al. think that the best preloading stress is 17 MPa

Preloading stress

Orientation magnetic field direction

GMPC with vertical orientation magnetic field direction is better
than GMPC with parallel orientation magnetic field direction

Orientation magnetic field strength

1. Xufeng Dong et al. believe that the optimal orientation
magnetic field strength of GMPC with particle volume fractions
of 20%, 30%, and 50% are 30 kA /m, 80 kA/m and

100 kA /m, respectively.

2. Hao Meng et al. think that the best orientation magnetic field is
8000 Oe.

3. Dong et al. think that the best orientation magnetic field is

100 kA/m

Particle surface treatment

GMPC treated with coupling agent is better than GMPC
untreated with coupling agent

Types of adhesives Epoxy resin is superior to polyurethane resin

Segment soft-hard ratio

C. Rodriguez et al. think that the best segment soft-hard ratio
is1.5

Nersesse Nersessian et al. think that the best temperature is 0 °C

Temperature or 10 °C

1. Quintero thinks that the best particle volume fraction is 30%
2. Bochen Li et al. think that the best particle volume fraction
is 57%

Particle volume fraction 3. Nersesse Nersessian et al. think that the best particle volume

fraction is 50%
4. Jiuchun Yan et al. think that the best particle volume fraction
is 85%

Particle mass fraction

1. Jia Ao et al. think that the best particle mass fraction is 90%

2. Rodriguez et al. think that the best particle mass fraction is 70%
3. Minhong Jiang and others believe that the best particle mass
fraction is 93%
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Table 3. Cont.

Serial
Number

Influencing Factors of
Properties of Composite Materials

Views of Different Authors

10

Forming pressure

1. Jianjun Tian et al. and Jia Ao et al. think that the best molding
pressure is 200 MPa

2. Ting Deng and others think that the best molding pressure is
150 MPa

3. Guiheng Zhao and others believe that the best molding
pressure is 400 MPa

11

Doping rare-earth elements

GMPC doped with rare-earth elements is better than GMPC
undoped with rare-earth elements

12

Magnetic heat treatment

GMPC after magnetic field heat treatment is better than GMPC
without magnetic field heat treatment

13

Particle size of magnetostrictive material

1. Quintero et al. and Z.R. ZHANG et al. think that the best
particle size range is > 200 um

2. Tomiczek et al. think that the best particle size range is
106212 pm

3. Jianjun Tian et al. think that the best particle size range is
50-80 pm

4. Rodriguez et al. think that the best particle size range is
212-300um

5. Minhong Jiang and others think that the best particle size
range is 450~900 um

6. Xufeng Dongand others think that the best particle size range
is 30~500 pm

7. Ting Deng et al. think that the best particle size range is
100~150 um

8. Guiheng Zhao and others believe that the best particle size
range is 250~420 um

14

Preparation technology

The composites treated by high-energy ultrasonic method are
better than those treated by mechanical stirring method

15

Curing temperature

Xinchun Guan and others believe that the best curing
temperature is 80 °C

16

Particle aspect ratio

Xinchun Guan and others believe that the best aspect ratio of
particles is 10

17

Powder crystal orientation

The properties of composites with different crystal orientations
are different

18

Types of magnetostrictive materials

The properties of composites with different kinds of magnetic

field stretching materials are different

4. Prospect of Optical Fiber Current Sensor Based on Magnetostrictive Composite Materials

The improvement of sensor structure and magnetostrictive composite material not
only reduces the production cost of the sensor, but also improves the performance of the
sensor. The sensor structure is mainly studied from the shape of magnetostrictive material
(magnetostrictive composite material), the shape of magnetic permeable material and the
number of permanent magnets, etc. Among them, the shape of magnetostrictive material
still needs improvement, such as how to make the material smaller and the magnetic
flux density more concentrated. The improvement of magnetostrictive composites is
mainly studied from the aspects of particle volume fraction, binder type, particle size,
orientation magnetic field, and molding pressure. At present, scholars at home and abroad
have not reached a consistent conclusion on the effects of particle size, volume content,
orientation magnetic field, curing temperature, and molding pressure on the properties of
magnetostrictive composites. Therefore, a large number of experiments are needed to unify
the effects of particle size, volume content, orientation magnetic field, curing temperature,
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and molding pressure on the properties of composite materials. The next work is to use
finite element simulation to guide the experiment. At the same time, the strain transfer
efficiency and demodulation technology of fiber grating deserve further study.
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