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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 (GMUTSs) 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

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716 1307



1972. EFFECT OF TEMPERATURE ON THE PERFORMANCE OF A GIANT MAGNETOSTRICTIVE ULTRASONIC TRANSDUCER.
WANCHONG CALl, PINGFA FENG, JIANFU ZHANG, ZHIJUN WU, DINGWEN YU

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.

Permanent magnet GMM Coil OuI;;t rod

I \ /S /]
. 4
4 Lro /
\ 1
| I \
Prestress block Case  Flux sleeve Coil skeleton Hom
Fig. 1. Schematic of the GMUT
Table 1. Parameters of the GMUT
Item Value
Material TbosDyo.sFe1.92
Length (mm) 16
GMM Diameter (mm) 13
Lamination thickness (mm) 1
Coil Number of turns 180
Diameter (mm) 0.6
Material 45#
Horn Lf.:ngth (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 GMUTSs, 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

Egs. (1)-(3):

1 |k
fo=5= 3 (1)
s Meff
keff =kr_p+ kmps' 2
nEr_pDf_p
=~ 3
kT—D 4LT_D ) ( )

where k¢ and M, are the effective stiffness and effective mass of the GMUT, ky_p, is the
Terfenol-D core stiffness, ks is the stiffness owing to other mechanisms, Er_p, is the Young’s
modulus of the Terfenol-D core, Dy_p, is the diameter, and Ly_p is the length.

S k-7 !
A 7 A7 |
: M !
T,
Fixed end | K : M4
C
/

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 GMUTSs 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
Tine and T, [15, 16].

electric impedance

impedance

I

I 2

| Lo 3., <S7i  motion
I

I
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L : mechanical
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I
I

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:

U=12,1+T,,v,
{F =Tnel = Zpv, (4)

where U is the excitation voltage; I is the excitation current; F is the drive force; v is the velocity;
Z ., 1s equivalent mechanical impedance; Z,, is the blocked electrical impedance.
The mechanical impedance of the GMUT is expressed as:

) 1
Zm =R, +]0)Lm +]'(U_Cm. (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:

1

Ly =Mgse, Cpp = ——,
" eIt " kT—D + kmps

Rm =c, (6)

where R,, is the equivalent mechanical resistance, L,, is the inductance, C,, is the capacitance,
and c 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, Z,,, the blocked
electrical impedance, Z,, and the motional impedance, Z,,,;, are given as follows:

U
Zee = 7 =Ze + Zmots @)
Zo =R, +jwl,, ®)
TemTine Tr%ze
Z = —— = 9
mot Zm Zm ( )

where R, is the resistance, and L, is the inductance. For reciprocal processes, the two transduction
coefficients, T,,, and T,,,, have the following relationship:

The = —Tem- (10)
Substituting Egs. (5), (8), and (9) into Eq. (7), the total electrical impedance can be expressed
as:
. Tie
Zee :Re +](1)Le+ 1 - (11)
Rm + ijm +

JjoCp

The complex motional impedance needs to be considered to calculate the resonant frequency;
hence:

Zmot = Rmot + JXmot (12)

where:
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2 __1
_— T2 R e T2 (@l wcfn) ] )
RZ, + (wLm - m) RZ, + (O.)Lm - m)

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:

1|1
- |— 14
fs = o LnCom (14)

According to Eq. (13) and the circuit equivalent transformation, the motional impedance can
be regarded as a circle with its center at (T;2,/2R,,,0) and a radius of T;2,/2R,,, as described
below [17]:

T2, \’ T2, \’
(Rmot _ﬁ> +Xmot2 = (2;;> . (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, C,, 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):

1
R T (16)
Zoo =R, + jwlL, + ! + Tme
ee — Mg T JWL, - )
C . 1 (17
Jwle R, +]0.)Lm +j(L)_Cm
Zo = R+ joLe + 520 (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:

Z, =R, (19)

The total electrical impedance of the GMUT near the resonance frequency can be regarded as
a circle with a center at (T2, /2R, + R,, 0) and a radius of T;2, /2R,,,, which can be expressed as:
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T2, 2 T2, \*
R — —R Xz =—==]. 20
( 2R, e) * 2R, (20)

According to Eq. (20), the reactive component of the total electrical impedance, X, 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:

_k
-

where f; is the resonance frequency, and f; and f, are the half-power frequencies.

Qm (21)

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, &,;, and magnetostrictive strain, &, [18, 19], as expressed in
Eq. (23):

1 d

| (22)
ET—D do

£ =gy + & (23)

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 Egs. (22) and (23), the Young’s modulus, E;_p, 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 Egs. (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, E;_p. 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 Eqgs. (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:

Cn = > : (24)
TEr_pDi_p + 4Lr_pkinps
2
1 |mEr_pD2_p + 4Ly pkpps 5
fi= > T : (25)
T m
30 30 30
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"=19718H; ! £=19700Hz
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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, C,, 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.

19760
—&— Resonant frequency & 620

19750 - —4A— Mechanical quality factor Q 1
600
19740

19730

w
2

1

w
=Y
1=

19720 1=

wn
=y
=3

1
v
he}
S

19710 -

Resonant frequency/Hz
»
=

19700

Mechanical quality factor Q|

N
=
£

19690 &

460

19680 1 I 1 1 I 1 L 1 1
24 26 28 30 32 34 36 38 40 42

Temperature/ C
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 v2/2
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.

| Capacitance

Temperature Laser displacement Oscilloscope
sensor sensor

Fig. 6. Experimental setup

6 8

—a— Measured value —A— Measured value
A — Fitted value gl B e s —— Fitted value

[

N

w

Peak-peak of displacement/um
Peak-peak of displacement/pum

1
[}
1
]
!
I
I
I
|
1

5 /=19731Hz
f=19702H7] £ ~19789Hz . £=19699H7 : | f719768Hz
1 1 L I: 1 1 1 ! 1 1 Il L 1 1 : 1 ! Il 1 1
19650 19675 19700 19725 19750 19775 19800 19825 19850 19650 19675 19700 19725 19750 19775 19800 19825
Frequency/Hz Frequency/Hz
Fig. 7. Peak-to-peak displacement as a function Fig. 8. Peak-to-peak displacement as a function
of GMUT frequency (temperature: 27 °C; of GMUT frequency (temperature: 30 °C;
excitation voltage: 12 V;,_,) excitation voltage: 15 V},_,)

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.

—aA— Measured value
4 Ada —— Fitted value
= \,

Peak-peak of displacement/pum
=
T

R

——m—mmm—m—————— -

£,=19685Hz |

2 L 1 - 1

| =

: S,=1975THz

2 1y 1 I I
19625 19650 19675 19700 19725 19750 19775 19800 19825

Frequency/Hz
Fig. 9. Peak-to-peak displacement as a function of GMUT frequency
(temperature: 35 °C; excitation voltage: 18 V,_,)

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

Temperature Impedance analysis resplts . Validation test results .
°C) Resonance Mechanical quality Resonance Effe.:ctlve
frequency (Hz) factor frequency (Hz) 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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