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Abstract. The effect of temperature on the performance of a giant magnetostrictive ultrasonic 
transducer (GMUT) was investigated by measuring variations in the resonance frequency and 
mechanical quality factor of the GMUT at different temperatures. The equivalent circuit model of 
the GMUT was presented and the total electrical impedance equation was obtained. Curves of the 
impedance circle were obtained at different temperatures to determine the resonance frequency 
and mechanical quality factor. To verify the impedance-based results and obtain precise values of 
the resonance frequency and effective frequency bandwidth, the amplitude-frequency response 
within the same temperature range was examined experimentally. These results were consistent 
with those of the impedance analysis, which demonstrates the validity of the equivalent circuit 
model. Moreover, the resonance frequency and effective bandwidth of the GMUT were found to 
decrease with increasing temperature, which means that the vibration amplitude is more sensitive 
to variation in the resonance frequency at high temperature owing, for example, to static or 
dynamic system loading, changes in the material properties, or drive-signal variability. 
Accordingly, the temperature in the GMUT should be precisely controlled to improve the stability 
of vibration. 
Keywords: giant magnetostrictive materials, rotary ultrasonic machining, ultrasonic transducer, 
impedance circle, resonant frequency. 

1. Introduction 

Rotary ultrasonic machining (RUM) is used in the machining of hard and brittle materials  
[1-4]. To improve the machining efficiency and surface integrity of brittle materials, high-power 
RUM systems with large vibration amplitudes are required. Two main types of energy-conversion 
material, piezoceramics and giant magnetostrictive materials (GMMs), are widely used in RUM 
systems. GMMs have giant magnetostriction (over 1000 ppm), high energy density, and fast 
response speeds, which make them well-suited as transducer materials for high-power RUM. At 
present, GMMs are widely used as energy-conversion materials in areas such as sonochemistry, 
industrial processing, and medicine [5, 6]. However, the temperature rise in GMMs caused by 
hysteresis and eddy current losses seriously affects the stability of vibration (with respect to the 
amplitude) and the machining accuracy. Thus, understanding and compensating for the 
temperature dependence of the vibration amplitude of GMMs is critical for the continuous 
application of giant magnetostrictive ultrasonic transducers (GMUTs) in high-power RUM [7-9].  

Much attention has been focused on the properties of GMMs and the temperature response of 
magnetoelastic sensors and actuators. To investigate the effects of temperature on the properties 
of GMMs, Clark and Crowder experimentally examined the high-temperature magnetomechanical 
transfer efficiencies and saturation magnetostriction of GMMs [10]. Grimes and co-workers 
studied the resonant-frequency-temperature response of a magnetoelastic sensor at various bias 
magnetic field intensities. It was subsequently shown that the temperature response of the 
magnetoelastic sensor could be made negative, positive, or zero by varying the DC biasing field 
[11, 12]. Jin et al. proposed a 3D nonlinear dynamic model to describe the magneto-thermoelastic 
coupling behavior of actuators [13]. Woollett established the lumped-parameter equivalent circuit 
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of transducers and an effective coupling factor was proposed to quickly reveal the relationship 
between the mechanical vibration and the electrical signals [14]. However, there are few reports 
of the effect of temperature on the vibration amplitude of GMUTs. 

In this work, a GMUT was designed and the stability of the vibration amplitude was examined 
at various temperatures. We first present the equivalent circuit model of the GMUT and the 
impedance circle equation at different temperatures. Based on the magnetostrictive mechanism, 
temperature-dependent variations in the resonance frequency are presented. By testing the GMUT 
impedance, curves of the impedance circle in the temperature range of 26.4-41.4 °C were obtained 
and the resonance frequency, half-power bandwidth and mechanical quality factor were 
determined. Moreover, the amplitude–frequency response within the same temperature range was 
examined experimentally to obtain the precise resonance frequency and effective frequency 
bandwidth to verify the results based on the impedance measurements. 

2. Design and modeling of the GMUT 

2.1. Structure  

The structure of the GMUT, shown in Fig. 1, can be divided into two components: a giant 
magnetostrictive transducer and a horn. The parameters of the GMUT used are listed in Table 1. 
The transducer consists of a GMM (i.e., Terfenol-D), coil skeleton, coil, prestress block, case, flux 
sleeve, output rod, and permanent magnets. To increase the ultrasonic amplitude, a horn with a 
diameter ratio of 2:1 was connected to the transducer. To suppress the eddy current effect, a 
laminated GMM was used with a lamination thickness of 1 mm. A suitable magnetic field is 
provided by the permanent magnet such that the transducer can operate at maximum 
magnetostriction-current sensitivity and with a large vibration amplitude. The driving magnetic 
field is provided by the coil, which is wrapped around the GMM. 

 
Fig. 1. Schematic of the GMUT 

Table 1. Parameters of the GMUT 
Item Value 

GMM 

Material Tb0.3Dy0.7Fe1.92 
Length (mm) 16 
Diameter (mm) 13 
Lamination thickness (mm) 1 

Coil Number of turns 180 
Diameter (mm) 0.6 

Horn 

Material 45# 
Length (mm) 129 
Diameter of the back end (mm) 20 
Diameter of the front end (mm) 10 
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Owing to the single-degree-of-freedom vibration characteristic of GMUTs, a mass spring 
damping system is employed to describe the vibration, as shown in Fig. 2 [15]. Because the 
acoustic impedance of the pre-stress block is much larger than that of the output rod, a vibrating 
terminal is used as a fixed end. Thus, the resonance frequency of the GMUT can be expressed in 
Eqs. (1)-(3): 

଴݂ = ߨ12 ඨ ݇௘௙௙ܯ௘௙௙, (1)݇௘௙௙ = ்݇ି஽ + ݇௠௣௦, (2)்݇ି஽ = ஽ି்ܮ஽ଶ4ି்ܦ஽ି்ܧߨ , (3)

where ݇௘௙௙  and ܯ௘௙௙  are the effective stiffness and effective mass of the GMUT, ்݇ି஽  is the 
Terfenol-D core stiffness, ݇௠௣௦ is the stiffness owing to other mechanisms, ି்ܧ஽ is the Young’s 
modulus of the Terfenol-D core, ି்ܦ஽ is the diameter, and ି்ܮ஽ is the length. 

 
Fig. 2. Equivalent mechanical model of GMUT 

2.2. Equivalent circuit of GMUT 

Because the electric, magnetic, mechanical, and thermal properties are fully coupled in the 
GMUT system, the energy transduction process in GMUTs is rather complicated. The energy 
transduction process in GMUTs can be considered a black box with the system parameters 
estimated. Thus, transduction coefficients are introduced to describe the electromechanical 
coupling. The coupled electromechanical equivalent circuit of the GMUT is shown in Fig. 3(a). 
The electrical system and mechanical equivalent circuit are linked by the transduction coefficients ௠ܶ௘ and ௘ܶ௠ [15, 16].  

 
a) Electromechanical coupling equivalent circuit b) Electrical equivalent circuit 

Fig. 3. Equivalent circuit of the GMUT 
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As shown in Eq. (4), the system can be described by two coupled linear equations: ൜ܷ = ܼ௘ܫ + ௘ܶ௠ܨ,ݒ = ௠ܶ௘ܫ = ܼ௠(4) ,ݒ

where ܷ is the excitation voltage; ܫ is the excitation current; ܨ is the drive force; ݒ is the velocity; ܼ௠ is equivalent mechanical impedance; ܼ௘ is the blocked electrical impedance. 
The mechanical impedance of the GMUT is expressed as: 

ܼ௠ = ܴ௠ + ௠ܮ݆߱ + .௠ܥ1݆߱ (5)

According to the equivalent mechanical model of the GMUT shown in Fig. 2, the mechanical 
capacitance, inductance and resistance can be calculated from the stiffness, mass and damping 
respectively as follows: 

௠ܮ = ௠ܥ   ,௘௙௙ܯ = 1்݇ି஽ + ݇௠௣௦ , ܴ௠ = ܿ, (6)

where ܴ௠ is the equivalent mechanical resistance, ܮ௠ is the inductance, ܥ௠ is the capacitance, 
and ܿ is the damping coefficient. 

Through equivalent transformation, the total electrical equivalent circuit was obtained, as 
shown in Fig. 3(b). Motional impedance is one part of the total electrical impedance and arises 
from transduction of mechanical motion. The total electrical impedance, ܼ௘௘ , the blocked 
electrical impedance, ܼ௘, and the motional impedance, ܼ௠௢௧, are given as follows: 

ܼ௘௘ = ܫܷ = ܼ௘ + ܼ௠௢௧, (7)ܼ௘ = ܴ௘ + ௘, (8)ܼ௠௢௧ܮ݆߱ = − ௘ܶ௠ ௠ܶ௘ܼ௠ = ௠ܶ௘ଶܼ
௠ , (9)

where ܴ௘ is the resistance, and ܮ௘ is the inductance. For reciprocal processes, the two transduction 
coefficients, ௘ܶ௠ and ௠ܶ௘, have the following relationship: 

௠ܶ௘ = − ௘ܶ௠. (10)

Substituting Eqs. (5), (8), and (9) into Eq. (7), the total electrical impedance can be expressed 
as: 

ܼ௘௘ = ܴ௘ + ௘ܮ݆߱ + ௠ܶ௘ଶܴ௠ + ௠ܮ݆߱ + .௠ܥ1݆߱ (11)

The complex motional impedance needs to be considered to calculate the resonant frequency; 
hence: ܼ௠௢௧ = ܴ௠௢௧ + ݆ܺ௠௢௧, (12)

where: 
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ܴ௠௢௧ = ௠ܶ௘ଶ ܴ௠ܴ௠ଶ + ቀ߱ܮ௠ − ௠ቁଶܥ1߱ , ܺ௠௢௧ = − ௠ܶ௘ଶ ቀ߱ܮ௠ − ௠ቁܴ௠ଶܥ1߱ + ቀ߱ܮ௠ − .௠ቁଶܥ1߱ (13)

For the mechanical resonance of the system, the reactive component of the motional 
impedance is zero. Thus, the resonance frequency can be calculated as follows: 

௦݂ = ߨ12 ඨ ௠. (14)ܥ௠ܮ1

According to Eq. (13) and the circuit equivalent transformation, the motional impedance can 
be regarded as a circle with its center at ሺ ௠ܶ௘ଶ 2ܴ௠⁄ , 0ሻ and a radius of ௠ܶ௘ଶ 2ܴ௠⁄ , as described 
below [17]: 

ቆܴ௠௢௧ − ௠ܶ௘ଶ2ܴ௠ቇଶ + ܺ௠௢௧ଶ = ቆ ௠ܶ௘ଶ2ܴ௠ቇଶ. (15)

The total electrical impedance can be obtained through measurement of the GMUT impedance 
with an impedance analyzer; however, the motional impedance cannot be measured separately. 
Moreover, according to Eq. (8), the blocked electrical impedance is a linear function of frequency; 
thus, the reactive component of the total electrical impedance does not equal zero near the 
resonance frequency. Therefore, it is not possible to determine the resonance frequency and 
mechanical quality factor precisely based on the total electrical impedance, particularly for an 
ultrasonic vibration system. In addition, the large inductive impedance limits the ultrasonic power. 
To improve the accuracy of the calculated resonance frequency, mechanical quality factor and 
ultrasonic power, a suitable capacitance should be installed into the GMUT to reduce the reactive 
component of the blocked electrical impedance near the resonance frequency. The compensation 
capacitance, ܥ௘, can be determined from the resonance frequency and electrical inductance using 
Eq. (16). The total electrical impedance is then determined from Eq. (17) and the blocked electrical 
impedance can be expressed as Eq. (18): 

௘ܥ = ଶߨ14 ௦݂ଶܮ௘, (16)ܼ௘௘ = ܴ௘ + ௘ܮ݆߱ + ௘ܥ1݆߱ + ௠ܶ௘ଶܴ௠ + ௠ܮ݆߱ + ௠, (17)ܥ1݆߱

ܼ௘ = ܴ௘ + ௘ܮ݆߱ + .௘ܥ1݆߱ (18)

The mechanical quality factor of a GMUT is generally large; thus, a change in frequency in 
the mobility loop of the total electrical impedance is quite small [5]. Therefore, the dependence of 
the blocked electrical impedance on frequency in the mobility loop can be ignored, and the blocked 
electrical impedance at the resonance frequency is taken as the equivalent electrical impedance at 
all points in the mobility loop. Accordingly, the blocked electrical impedance can be modified as 
follows: ܼ௘ = ܴ௘. (19)

The total electrical impedance of the GMUT near the resonance frequency can be regarded as 
a circle with a center at ሺ ௠ܶ௘ଶ 2ܴ௠⁄ + ܴ௘, 0ሻ and a radius of ௠ܶ௘ଶ 2ܴ௠⁄ , which can be expressed as: 
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ቆܴ − ௠ܶ௘ଶ2ܴ௠ − ܴ௘ቇଶ + ܺଶ = ቆ ௠ܶ௘ଶ2ܴ௠ቇଶ. (20)

According to Eq. (20), the reactive component of the total electrical impedance, ܺ, at the 
resonance frequency is zero; thus, the cross point of the mobility loop and the real axis is the 
resonance frequency. Half-power frequencies can be obtained at ±90° from the resonance 
frequency in the mobility loop. The mechanical quality factor can then be calculated as follows: 

ܳ௠ = ௦݂ଶ݂ − ଵ݂, (21)

where ௦݂ is the resonance frequency, and ଵ݂ and ଶ݂ are the half-power frequencies. 

3. Effect of temperature rise on the vibration amplitude of the GMUT 

3.1. Effect of temperature rise on the Young’s modulus of the GMM 

The parameters in the equivalent circuit of the GMUT are influenced by the operating 
conditions, including the static or dynamic load, pre-stress, and temperature. The temperature rise 
in the GMUT, caused by eddy current and hysteresis losses of the GMM, affects the resonance 
frequency and mechanical quality factor. As a result, the stability of the vibration amplitude is 
influenced by the temperature of the GMUT. 

Young’s modulus is defined in Eq. (22). Owing to magneto-elastic coupling, the strain in the 
GMM is composed of elastic strain, ߝெ, and magnetostrictive strain, ߝఒ, [18, 19], as expressed in 
Eq. (23): 1ି்ܧ஽ = ฬ∂ߪ∂ߝฬ, (22)ߝ = ெߝ + ఒ. (23)ߝ

According to the mechanism of magnetostriction, the magnetization of GMM is composed of 
domain-wall motion and domain rotation. Previous reports have shown that movement of the 
magnetization vector in the direction of the applied field is fundamental to magnetostriction [16]. 
With increasing temperature, the internal energy of the GMM increases and the energy potential 
well of the easy axis of magnetization decreases [20]. Thus, a weaker magnetic field is required 
to overcome the anisotropy energy and the magnetization vector of the domain can move to 
another easy axis of magnetization (i.e., one that is closer to the direction of the applied field). 
Larger magnetostrictive strain can be achieved in a uniform external applied field. This means 
that the magnetostrictive strain increases as the temperature increases in the GMM. Therefore, 
according to Eqs. (22) and (23), the Young’s modulus, ି்ܧ஽ , of the GMM decreases with 
increasing temperature, which results in a lower resonance frequency. However, the electric, 
magnetic, mechanical, and thermal properties are fully coupled in the GMUT system. The 
relationship between the Young’s modulus and temperature is nonlinear because of 
magnetostriction. To investigate the effect of temperature quantitatively, the equivalent circuit can 
therefore be employed.  

A similar conclusion to that described above can be drawn from the equivalent circuit of the 
GMUT. According to Eqs. (3) and (6), a relationship between the mechanical equivalent 
capacitance and Young’s modulus can be established, as expressed in Eq. (24); specifically, the 
mechanical equivalent capacitance increases with temperature and can be calculated from the 
Young’s modulus of the GMM, ି்ܧ஽ . The resonance frequency can then be obtained using 
Eq. (25), according to which the resonance frequency decreases with increasing temperature. The 
frequency of the cross point of the mobility loop and real axis reduces according to Eqs. (13) and 
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(20). This means that the impedance circle equation is appropriate for GMUTs at different 
temperatures, and can be used to reveal the effect of temperature on the resonance frequency and 
mechanical quality: 

௠ܥ = ஽ଶି்ܦ஽ି்ܧߨ1 + ,஽݇௠௣௦ି்ܮ4 (24)

௦݂ = ߨ12 ඨି்ܧߨ஽ି்ܦ஽ଶ + ௠ܮ஽݇௠௣௦ି்ܮ4 . (25)

 

a) b) 
 

c) 

d) e) 
 

f) 

g) h) 
 

i) 
Fig. 4. Impedance circles of the GMUT at different temperatures 

3.2. Properties of ultrasonic vibration obtained from impedance circles 

According to Eq. (16), the compensation capacitance, ܥ௘ , is determined by the resonance 
frequency and electrical inductance. The electrical inductance was measured with a digital 
multimeter at ambient temperature. Because the electrical inductance is independent of 
temperature, a compensation capacitance of 140 nF can be calculated using Eq. (16). The 
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compensation capacitance varies by less than 3 nF when the resonance frequency increases from 
19400 to 19600 Hz; thus, variation in compensation capacitance can be neglected. Thus, the 
compensation capacitance at ambient temperature was used for the measurement of the total 
electrical impedance at all temperatures. 

An impedance analyzer (PV80A, Bandera, China) was employed to measure the total electrical 
impedance. The mobility loops of the electrical impedance of the GMUT are presented in Fig. 4. 
The mobility loop at each temperature approximates a circle, which validates the impedance circle 
equation. The mobility loops enable the determination of the resonance frequency and half-power 
frequencies, and the mechanical quality factor can be calculated with Eq. (21). The half-power 
bandwidths of the GMUT are lower than 50 Hz at all temperatures, which allows the asymptote 
of the blocked electrical impedance in the mobility loop to be used. 

The changes in resonance frequency and mechanical quality factor with temperature are shown 
in Fig. 5. The resonance frequency decreases monotonously with increasing temperature, and the 
relationship between the resonance frequency and temperature is almost linear in the temperature 
range of 27-41.4 °C. These results are in good agreement with the results of the theoretical  
analysis. However, the mechanical quality factor, despite increasing on the whole over this 
temperature range, does not change linearly. A lower mechanical quality means the transducer 
remains effective in spite of variation in the resonance frequency caused by static or dynamic 
system loading, changes in the material properties, or drive-signal variability. Therefore, at 
ambient temperature, the GMUT possesses a wider effective bandwidth, resulting in significantly 
greater stability. 

 
Fig. 5. Resonance frequency and mechanical quality factor as functions of temperature 

4. Validation tests  

4.1. Experimental setup 

To verify the effects of temperature on the resonance frequency and mechanical quality factor, 
the amplitude-frequency responses of the GMUT were investigated at temperatures of 27, 30, and 
35 °C. The experimental system is shown in Fig. 6. A high-speed bipolar power supply (BP4610, 
NF, Japan) was used to generate the excitation signals. Different voltages were used to adjust the 
temperature, which was measured using a temperature sensor and was constant throughout each 
measurement. The electrical signal was monitored using an oscilloscope (MDO3041, Tektronix, 
Ohio) and a laser displacement sensor (LK-G5000, Keyence, Japan) was employed to measure 
peak-to-peak displacement as the frequency was adjusted. 

4.2. Results and discussion 

The peak-to-peak displacements of the transducer are shown in Figs. 7-9 as functions of 
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frequency for constant temperatures of 27, 30, and 35 °C, respectively. It can be seen that the 
resonant frequencies occur at the points of maximum peak-to-peak displacement. To quantify the 
stability of the vibration amplitude at different temperatures, the frequency bandwidth of the √2 2⁄  
maximum peak-to-peak displacement is defined as the effective bandwidth. Because of the high 
mechanical quality factor of the GMUT, the effective bandwidth is narrow and the peak-to-peak 
displacement is sensitive to variations in the frequency, especially near the resonance frequency. 
In addition, the peak-to-peak displacement is also influenced by the temperature of the GMUT. 
As shown in Figs. 7 and 8, the effective bandwidth of the GMUT at 27 °C is wider than that at 
30 °C. This means that the displacement of the GMUT at 30 °C is more sensitive to the frequency. 
However, the effective bandwidths of the GMUT at 30 and 35 °C are similar, which can be 
explained by the similar mechanical quality factors at these temperatures. 

 
Fig. 6. Experimental setup 

Fig. 7. Peak-to-peak displacement as a function  
of GMUT frequency (temperature: 27 °C;  

excitation voltage: 12 ௣ܸି௣) 

 
Fig. 8. Peak-to-peak displacement as a function  

of GMUT frequency (temperature: 30 °C;  
excitation voltage: 15 ௣ܸି௣) 

The resonance frequency and mechanical quality factor at a given temperature can be obtained 
through interpolation of the data shown in Fig. 5. To further validate the equivalent circuit model 
of the GMUT, the results of the impedance analysis and validation test at 27, 30, and 35 °C are 
compared in Table 2. The good agreement between the results of the two methods validates the 
equivalent circuit model. 

The resonance frequency decreased from 19743 to 19721 Hz with increasing temperature, 
because of the lower Young’s modulus of the GMM; this indicates that a temperature rise in the 
GMUT lowers the stability of the vibration amplitude at constant driving power. Because the 
mechanical quality factor varies considerably from 27 to 30 °C, the effective bandwidth is broader 
at the lower temperature. The mechanical quality factor does not vary appreciably between 30 and 
35 °C; thus, the effective bandwidths are similar within this range. These results indicate that high 
mechanical quality factor is corresponding to smaller effective bandwidth. In addition, the 
mechanical quality factor increases on the whole over the whole temperature range, as shown in 
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Fig. 5, so the effective bandwidth reduces with increasing temperature. Therefore, the vibration 
amplitude of the GMUT at high temperature is more sensitive to variation in the resonance 
frequency, which result, for example, from static or dynamic system loading, changes in the 
material properties, drive signal variability. It is therefore evident that the temperature of the 
GMUT should be controlled precisely to improve the stability of the vibration amplitude. 

 
Fig. 9. Peak-to-peak displacement as a function of GMUT frequency  

(temperature: 35 °C; excitation voltage: 18 ௣ܸି௣) 

Table 2. Comparison of the results of the impedance analysis and the experimental results 

Temperature 
(°C) 

Impedance analysis results Validation test results 
Resonance 

frequency (Hz) 
Mechanical quality 

factor 
Resonance 

frequency (Hz) 
Effective 

bandwidth (Hz) 
27 19736 482.96 19743 87 
30 19724 547.86 19731 69 
35 19707 540.85 19721 72 

5. Conclusions 

In this work, the equivalent circuit model of a GMUT was presented and the total electrical 
impedance equation was derived to investigate the influence of temperature on the stability of 
vibration. The following conclusions are drawn: 

1) The resonance frequency and mechanical quality factor can be accurately calculated based 
on the equivalent circuit model of the GMUT over a range of temperatures. 

2) The resonance frequency decreases and the mechanical quality factor increases (albeit 
non-linearly) with increasing temperature. Moreover, the stability of the vibration amplitude at 
high temperature is more sensitive to changes in frequency. Therefore, the excitation frequency 
needs to be adjusted so that the GMUT can operate at maximum amplitude, and the temperature 
should be controlled precisely to improve the stability of the vibration amplitude. 

3) The effect of temperature on the stability of the GMUT can be explained in terms of 
variations in the Young’s modulus of the GMM. At higher temperature, a lower magnetic field is 
required to overcome the anisotropy energy and a larger magnetostrictive strain is achieved under 
a constant external applied field. Thus, the Young’s modulus of the GMM decreases, resulting in 
a lower resonance frequency and effective bandwidth. 
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