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Abstract: Ferromagnetic materials have been widely used in industry and risk the hazards of aging and
degradation of their mechanical properties. This paper proposed a non-destructive method for the
measurement of the yield strength of ferromagnetic materials which is influenced by the materials’
microstructure. It is based on the fact that the microstructure influences the pattern of the inverse
magnetostrictive effect of ferromagnetic materials. To verify the results experimentally, an
electromagnetic ultrasonic transducer (EMAT) detection system is set up to measure the yield strength
of ferromagnetic materials. We continuously changed the static magnetic field strengths at the receiver
of electromagnetic ultrasonic transducer, which caused the inverse magnetostrictive effect change. The
relationship between the electromagnetic acoustic transducer signals and the static magnetic field
strengths were obtained, from which we extracted the pattern parameters related with the yield strength.
The regression model of the pattern parameters versus the yield strength was established and then
verified with trials on five test samples. The maximum relative error was 6.3%.
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1 Introduction

The measurement of mechanical properties is fundamental both in industry and scientific research

[1,2], and the yield strength is one of the most important mechanical properties. The ferromagnetic



materials with the same composition may have different yield strength due to the differences of process

conditions. Destructive testing methods [3-5] are costly and thus limited to sampling test. These

drawbacks excited the emergence of non-destructive testing (NDT) methods which can achieve

real-time monitoring of objects with high accuracy. Owing to the fact that the magnetic properties of

ferromagnetic materials, such as permeability and coercivity are relative to the change of their

mechanical properties, some non-destructive testing methods (NDT) have been proposed, including the

Barkhausen noise method [6], eddy current method, incremental permeability method, etc. [7-8].

Variations in the microstructure of ferromagnetic materials are reflected by changes in magnetic

properties. At the same time, material properties change with the variations of microstructure. By the

above relationship, it is likely that material properties are related to magnetic properties. To study the

relationship between magnetic properties and material properties, Fraunhofer IZFP revealed the

correlations between coercivity and the approximate value of skin depth in grinded parts, and this

correlations were used to determine the quantitative hardening depth in steel and cast iron components

[9-10]. In this way, the magnetic properties are relative to mechanical properties [11]. Later, more

magnetic properties, such as remanence and permeability, have been proposed to reflect mechanical

properties. Li et al. proposed a multi-feature fusion method dependent on the pulsed eddy current. It is

used for testing the yield strength of ferromagnetic materials [12]. This method can measure the yield

strength with a maximum relative error of 5.3%, but the eddy current signal is greatly influenced by the

lift-off between the probe and the material. Chen et al. proposed that the incremental permeability can

be used to detect plastic deformation. However, when this method is used to measure a small change of

plastic deformation, its maximum relative error is as high as 20% [13]. Another method based on the

Barkhausen noise has been proved useful on the yield strength measurement [14-15], but it can only



detect signals on the surface of the material due to the skin effect and is easily disturbed by high

frequency noise. Yu et al. proposed a method to monitor the yield strength of the steel strip online [16].

The method periodically magnetizes the steel strip and measured the gradients of the residual magnetic

field intensity on the top and bottom of the strips. Its maximum relative error is 10%.

The Electromagnetic Acoustic Transducer (EMAT) is firstly proposed by Thompson [17] and has

been applied on defect detections of pipeline and metal plate [18,19]. However, few researches have

been reported about applying the EMAT on the yield strength measurements. To explore the application

of the EMAT on the yield strength measurements, we set up an experimental platform and an initial

study based on the magnetostrictive effect at the transmitter was reported in reference [20] wherein BP

neural network was used to establish the relationship between the magnetostrictive characteristic

parameters and the yield strength. This model demonstrated the high accuracy with a maximum relative

error of 10.36%. Theoretically the magnetostrictive effect and the inverse magnetostrictive effect both

influence the EMAT signal. Therefore, further studies based on the inverse magnetostrictive effect are

inspired to explore the potentials of more accurate yield strength measurement of the ferromagnetic

materials. Since an EMAT does not need couplant, this method has good fidelity for high temperature

environment and can be also developed to realize online monitoring of the yield strength.

To study the relationship between the EMAT signal based on the inverse magnetostrictive effect and

the yield strength, our experimental platform was further developed. The pattern parameters were

extracted from the experimental curves because they were sensitive to the yield strength. As opposed to

the BP model in reference [20], we selected regression to build the model between the pattern

parameters and the yield strength. The reliability of the model was then proved experimentally.



2 Principle

The ferromagnetic materials with the same composition may have different mechanical properties.

Taking the cold-rolled steel plate as an example, due to the differences of processing conditions such as

annealing temperature and cold rolling reduction rate, there are also many differences in the sizes of the

magnetized domain, grain sizes and orientations of different cold-rolled steel plate, which influence the

mechanical and magnetic properties [21]. For example, the annealing temperature changes the grain

sizes and their uniformity, which will change the mechanical properties of ferromagnetic materials [22].

Grains are composed of magnetized regions, which is named as magnetic domain. Since the

magnetization direction of each magnetic domain is different and averaged out, ferromagnetic materials

are not magnetized macroscopically [23]. The external magnetic field applied to the ferromagnetic

materials changes the microstructure of the ferromagnetic materials, which causes the permeability to

change. This is because the external magnetic field causes the change of grain orientations, resulting in

the change of magnetoresistance [24]. Figurel illustrates the relationship between the magnetization

and the permeability curves during the magnetization process [25], where B is the magnetic induction

strength of ferromagnetic materials, H is the externally applied magnetic field strength, and p = B/H is

the permeability of the ferromagnetic materials.
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Figure 1. Relationship between the permeability curve and the magnetization curve. The solid line is magnetization curve and the
dashed line is permeability curve. The magnetization process can be roughly divided into four stages. Stage I represents the

reversible displacement of domain walls. The magnetization curve is linear at this stage. If the external magnetic field is removed,



B decreases to zero. Stage II represents the irreversible displacement of the domain wall. The curve is no longer linear and rises
sharply, which is caused by the irreversible jump of the domain wall. At this stage, considerable domains turn to the easy
magnetization direction, which is consistent with the direction of external magnetic field. If the external magnetic field strength
decreases to zero, the structure of the domain and domain wall cannot return to the initial state. Stage III is about the rotation of
domain moment. To be specific, the displacement of domain wall is ended, but with the increase of the external magnetic field

strength, the curve still rises slowly and plateaus finally [26].

The mechanical properties of the ferromagnetic materials, such as the yield strength and the tensile
strength, are influenced by its microstructure [27]. Owing to the difference of annealing temperature in
process conditions, the grain sizes change, which is shown in figure 2. Hall-Petch equation is defined
aso, =0, +kd e , where O is the yield strength, 0 is the lattice friction resistance required to actuate
the dislocation, & is a constant related grain boundaries and d is diameter of the grain size. According to
Hall-Petch equation, the mechanical properties of ferromagnetic materials are greatly influenced by the
grain sizes. When the grain sizes are small, the number of the grain boundaries will increase, which
causes the resistance to dislocation glide to increase [28]. The above reasons cause the microstructure

to affect the mechanical properties.

Figure 2. Grain size at different annealing temperatures [22] of (a) 700°C, (b) 740°C and (c) 780°C.

The grain size increases with the annealing temperature.

As discussed before, the magnetic properties, like permeability in figure 1, are also influenced by the

microstructure. The mechanical properties and magnetic properties are also influenced by the same

microstructure parameters [29]. Therefore, the relationship between the microstructure and the



mechanical properties and the relationship between the microstructure and the magnetic properties can
be expressed as functions respectively [29]. The yield strength Rp is referred to as a function of the

microstructure parameters,

Rp=Rp(R,P,,...), (1)

where P; is the related microstructure parameters. Likewise, the magnetic properties M; are also the

functions of the microstructure, expressed as

M =M(R,P,,...F), 2

where i=1, 2, 3..., m. Combining these two equations by eliminating P;, the relationship between Rp

and M; is

Rp=Rp(M,,M,,...M,). (3)

In this paper, we use EMAT, which excites and receives ultrasonic waves in the ferromagnetic
material [30], to measure the magnetic property of the ferromagnetic materials. The magnetostrictive
effect and the inverse magnetostrictive effect of the ferromagnetic material are the theoretical basis of
an EMAT. When the ferromagnetic materials are subjected to an external magnetic field, the volume
and length change slightly, which is named as the magnetostrictive effect. When the materials deform,
the permeability will change and subsequently a magnetic field is excited in the materials. The strength
of this induced magnetic field varies with the strength of a static magnetic field additionally applied to
the material, which is named as the inverse magnetostrictive effect. The conversion mechanism of the

transmitter and receiver is shown in figure 3.
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Figure 3. Conversion mechanism of the transmitter and receiver. Due to the magnetostrictive effect at the transmitter,

ferromagnetic materials produce dynamic strains, which excites the ultrasonic wave. Then, a changing magnetic field is

generated at the receiver by the inverse magnetostrictive effect, which realize the receiving of EMAT signal.

The ultrasonic excitation takes place at the transmitter. An alternating current in the coil can generate

eddy currents in the ferromagnetic specimen, which creates a dynamic magnetic field. The specimen

will vibrate under the combined effect of the dynamic magnetic field and the static magnetic field

provided by the magnet. This vibration causes the ultrasonic wave. The above process can be expressed

by the following equations [26],
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where 4 is the magnetic permeability of the test specimen, 7 is the magnetic vector potential,

is the total current density in the specimen, 7 is the conductivity of the specimen, S is the

—

cross-sectional area of the coil. The total force on the material is f , which is composed of the

magnetostrictive force f,; and the Lorentz force f, . E' is the inverse piezomagnetic coefficient

matrix, C is the stiffness matrix of specimen, p is the volume density of material and U is the



transpose matrix of displacement.

As soon as the ultrasonic wave reaches the receiver, a dynamic magnetic field is generated at the

receiver due to the inverse magnetostrictive effect. The coil at the receiver generates the induced

voltage in the dynamic magnetic field. This process is described by the following equations [26]
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where EM? is the magnetic induction strength of the ferromagnetic material and it is the function of
permeability 71 , Tﬁ is the current density in the specimen at the receiver and V is the induced
voltage of the coil at the receiver.

Since we mainly studied the inverse magnetostrictive effect at the receiver of the EMAT, the
magnetic field strength at the receiver is adjusted to change the permeability of the materials. As can be
seen from equation (13), a change in permeability results in a change in Bys [31]

Bys=dotu, uH (13)

where d is the piezomagnetic coefficient, O is the stress inside the specimen, f{, is the free space

permeability and its value is 4nx10"H/m , [ is the static magnetic field strength. According to

—

equation (3), permeability £/ can be used to represent the yield strength. Likewise, equation (13)

reflects that £ changes B , which accordingly changes the amplitude of EMAT signal depends

on equations (9)-(12). Therefore, the EMAT signal can be used to reflect the yield strength of



ferromagnetic materials.

3 EMAT detection system

Generally speaking, the EMAT detection system is divided into three modules, an electromagnetic

ultrasonic transmitting circuit, an electromagnetic ultrasonic transducer and an electromagnetic

ultrasonic receiving circuit. When the EMAT detection system works, the pulse transmitting circuit

with a single chip microcomputer as the core transmits the high-frequency pulse train (200KHz in the

experiment). After the power amplifier circuit and the impedance matching network, the pulse train is

fed to the coil. Under the effect of the DC electromagnet, the transmitting coil can excite a series of

vibration signals of the same frequency on the surface of the tested specimen, namely the ultrasonic

wave. When the ultrasonic wave is transmitted to the coil at the receiver, the coil generates an induced

voltage with a small amplitude. After the filtering and amplifying circuit, the electric signal can be

directly collected by the data acquisition card to the PC for processing [32,33]. The electromagnetic

ultrasonic detection system is shown in figure 4.

DC
electromagnet
Transmitter

U-shaped
Yoke

Figure 4. Schematics of the EMAT detection system. An EMAT consists of U-shaped magnet and meander-line coil. A DC
electromagnet is used to provide a constant static magnetic field at the transmitter. An AC electromagnet is used to change the

static magnetic field strength at the receiver. A meander-line coil (not shown in the figure) is placed on the surface of the



ferromagnetic specimen to excite a single direction SH-wave. According to the Faraday's law, an eddy current, opposite to the
direction of the current in the coil, is generated in the specimen. The directions of the static magnetic field and the dynamic

magnetic field generated by the induced eddy current are perpendicular to each other.

The excitation and reception of the ultrasonic wave in the ferromagnetic materials can be realized

either by a Lorentz force or a magnetostrictive force [34]. As the effect of the inverse magnetostriction

on the electromagnetic ultrasonic transducer is studied in this paper, the meander-line coil and the

magnet are positioned to avoid the influence of the Lorentz force, as is shown in figure 5. In figure 5,

since the direction of the bias magnetic field is parallel to the direction of the eddy current generated by

the coil in the testing sample, so the influence of the Lorentz force can be ignored [26].

A meander-line coil

Figure 5. Relationship between the magnet and the coil. The direction of the current in the coil is

parallel to that of the external magnetic field, thus avoiding the influence of the Lorentz force as much

as possible.

The static magnetic field at the transmitter is provided by a DC electromagnet and the direction of

this field is parallel to the direction of the current in the long side of the meander-line coil. Under the

cooperation of the static magnetic field and the induced dynamic magnetic field, the ferromagnetic

specimen generates periodic deformation which is in phase with the dynamic magnetic field, thus the

SH-wave is excited inside the specimen. When the SH-wave signal reaches the receiver, the

meander-line coil picks up an induced voltage, which is the EMAT signal. The static magnetic field

strength at the receiver is adjusted by an AC electromagnet to change the permeability of the material



and then the amplitude of EMAT signal.

4 Experiments and analysis

In this paper, five cold-rolled strip steel specimens of the same length and width, 200 mm x 300

mm, were used. Table 1 shows their thickness, nominal yield strengths and initial permeability.

Table 1 Parameters of specimens

Specimen 1 2 3 4 5
Thickness/mm 0.66 0.75 0.65 0.70 0.75
Yield strength/MPa 144 162 248 283 363

Initial permeability/H/ m 0.052 0.051 0.052  0.051 0.051

In the experiment, the static magnetic field strength at the transmitter remained fixed, and that at the

receiver was changed by adjusting the AC electromagnet. Since the energy will decay in the process of

ultrasonic transmission, the amplitude of EMAT signal is related to the ultrasonic transmission distance

(the distance between the transmitter coil and the receiving coil), and with the increase of the distance,

the EMAT signal amplitude gradually decreases. Owing to this reason, we set the distance between the

receiving coil and the transmitting coil as 20cm. The corresponding electromagnetic ultrasonic waves

were recorded for the five specimens respectively, and we selected one of them to show in figure 6. It

can be seen from figure 6 that we chose the current intervals between the two peaks I,, the current

intervals between two valleys |, the peak-to-valley value Ep, the slope k (between the right peak and

two amperes) and the area of the curve S as a set of pattern parameters.
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Figure 6. Relationship between the amplitude of EMAT and the current at the receiver; The slope k is
calculated between the points of right peak and two amperes. The amplitude of EMAT signal is the
induced voltage V in equation (12) and the value of current can represent the static magnetic field
strength at the receiver. A W-shaped curve has two local peaks and two local valleys between the two
linear zones. In this stage, the permeability mainly affects the amplitude of the EMAT signal. In the
linear parts the EMAT signal is dominated by the static magnetic field.

Five measurements were performed for each specimen. The experimental data were shown in figure
7. Figure 7 suggest that Iv, Ip and Ep increase approximately with the increase of the yield strength. On
the contrary, S and k decrease with the increase of the yield strength. At the same time, we also used
Pearson correlation coefficient to analyze the relationship between pattern parameters and the yield
strength, which is shown in Table 2. Table 2 suggests a strong correlation between the pattern
parameters and the yield strength of specimens, which is consistent with the variation trend of pattern
parameters in figure 7. To predict of the yield strength of each specimen, multiple linear regression
analysis was applied to the 20 experimental results by Statistical Product and Service Solutions (SPSS).
The values of R? and the adjusted R? of the obtained linear model was only 0.976 and 0.972, indicating

that the linear regression model was reliable. The final regression equation of the yield strength y was



given as
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Figure 7. Relationships between yield strength and the pattern parameters

relation with the yield strength. The current intervals between the two peaks I, the current intervals between two valleys I, and

. Each pattern parameter has an approximate linear




the peak-to-valley value E, increase with the yield strength Rp, while the slope k and the area of the curve S decrease with the

increase of the yield strength Rp.

Table 2 Pearson correlation coefficient between pattern parameters and the yield strength Rp

Pattern parameters  Iv Ip S k Ep

Rp 098 0.86 -0.97 -0.84 091

In order to verify the reliability of the regression model, we used the established model to test the
remaining five samples and used the relative error to evaluate the accuracy of the model. Relative error

is defined as

Y; A

Yi

RE = x100% , (15)

where y; is the predicted value and Y; is the actual value. Figure 8 shows the prediction results of
the remaining samples obtained by the regression equation. The maximum relative error is 6.3%.
Therefore, the regression model is considered qualified for the yield strength measurement.

The thickness of the specimens in this paper ranges from 0.65mm to 0.75mm. Compared with the
model in reference [17], when the model presented in this paper is used to test a thicker specimen, the
amplitude of EAMT signal will drown in the noise and cannot be analyzed effectively. Besides, we do

not have enough samples of the similar thickness. Both of these could cause the prediction error.
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Figure 8. Comparison between predicted values(bule) and actual values(red). The relative error is between 0.1% and 6.3%, which

verifies the accuracy of this model.

5 Conclusion

In this paper, a method based on the inverse magnetostrictive effect of EMAT was proposed to
realize the non-destructive testing measurement of the yield strengths of ferromagnetic materials. The
yield strength can be indicated by the curve of the applied static magnetic field and the amplitude of the
EMAT signal. A regression model was developed to describe the yield strength as a function of the
pattern parameters extracted from the curves. Testing samples showed a maximum relative error of
6.3%, proving the feasibility of our method to measure the yield strength of the cold rolled steel with
the same composition and different process conditions. Accuracy can be further improved by adding a

filtering function or increasing the number of samples in subsequent studies.
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