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Magnetostrictive Ultrasonic Waveguide Transducer for In-Pile
Thermometry

Drew Keller, Braden Robinson, Alex Draper, Amanda White, Joshua Daw, Zhangxian Deng, Member, IEEE

Real-time, reliable temperature measurement for nuclear fuels
is crucial for the safe operation of existing pressurized-water
reactors and future advanced nuclear reactors. Magnetostrictive
materials deform when subjected to a magnetic field, or exhibit
magnetization variation when stressed. Based on these unique
properties, this study prototyped an ultrasonic thermometer (UT)
consisting of a magnetostrictive waveguide, a DC coil for
providing appropriate magnetic biasing, and an AC coil for
generating an acoustic impulse and detecting the resulting
acoustic echoes. By tracking the time-of-flight between the pulse
excitation and the echoes, the UT can detect nuclear fuel cladding
temperature from a long distance. In this study, magnetostrictive
iron-gallium alloys (i.e., Galfenol) were selected to configure the
UT, due to their large magnetostriction, superior temperature
survivability, excellent radiation resilience, and high mechanical
robustness. A multiphysics finite element model considering
electrical, magnetic,c, and mechanical dynamics in the
magnetostrictive UT was then developed. The modeling error for
time-of-flight was under 0.24%. Such accuracy enabled computer-
aided design and guided the signal processing in this study.
Eventually, the Galfenol-based UT was characterized at up to
120°C and benchmarked against an existing magnetostrictive UT
based on iron-cobalt-vanadium alloys (i.e., Remendur). The
sensitivities of Galfenol- and Remendur-based UTs are 162.8 16
~6/°C and 107.3x107%/°C, respectively. Both waveguides
exhibited superior linearity within the selected temperature range.

Index Terms—Galfenol, ultrasonic transducers, magnetostric-
tive, multiphysics modeling, thermometry

I. INTRODUCTION

A total of 11 core melt accidents have occurred worldwide
since 1952, including the famous Chernobyl and Fukushima
disasters [1]. Therefore, reliable and real-time measurement of
nuclear fuel rod temperatures is paramount to reactor safety, as
the number of worldwide operational nuclear reactors increased
from 230 to 443 from 2009 to 2019 [2], [3]. Ideally, in-pile
thermometers must fit in tight spaces inside fuel claddings,
withstand gamma and neutron flux radiation, and detect
centerline temperatures exceeding 1500°C [3]. Current
techniques include melt wire sensors, thermocouples, and linear
variable  differential transformer (LVDT) expansion

thermometers [3]. Melt wire sensors are a large collection of
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metals whose melting points spread out at intervals of 5-12°C.
They can only record a maximum temperature, not a
temperature profile [3]. Type-K and type-N thermocouples can
provide continuous temperature profiles at up to 1260°C, but
exhibit significant thermal drift and limited lifespans [4].
Tungsten-rhenium  thermocouples  have  demonstrated
survivability at up to 2100°C while experiencing transmutation
decalibration [5]. LVDT affords indirect temperature measure-
ment by tracking the thermal expansion of a rod connected to
the LVDT core [6]. Because the LVDT must be positioned
close to the point of measurement, its measurement range is
constrained by coil oxidation, coil insulation degradation, and
the Curie temperature of the LVDT core [7].

Metals soften and their speed of sound reduces as the ambi-
ent temperature increases. Based on this working principle,
previous studies have devised ultrasonic thermometers (UTs)
consisting of metal waveguides and ultrasonic transducers
for in-pile temperature monitoring [8], [9]. By using a long
waveguide, ultrasonic transducers can be positioned away
from extreme temperatures or corrosive environments [5].
Carlson et al. systematically explored refractory metals (e.g.,
stainless steel and titanium) as waveguide materials, and
confirmed their feasibility for ultrasonic thermometry at up to
2900°C [10]. But the existing piezoelectric ultrasonic
transducers used in UTs either exhibit relatively low
mechanical robustness or degrade rapidly in high-
temperature and irradiation environments [8].

The Joule effect describes a property of magnetostrictive
materials that causes them to deform when subjected to a
magnetic field [11], [12]. Magnetostrictive materials also
exhibit magnetization variation, or the Villari effect, when
stressed [13], [11], [14]. These unique properties have resulted
in innovative ultrasonic transducer designs [13], [15], [16]. By
welding magnetostrictive iron-cobalt-vanadium (Remendur)
ultrasonic transducers to the refractory metal waveguides, Daw
et al. devised and verified a Remendur-based magnetostrictive
UT at up to 800°C [17]. However, Remendur is not ideal for
radioactive environments, since cobalt atoms in Remendur will
be irradiated due to neutron activation. Magnetostrictive iron-
gallium alloys (Galfenol), on the other hand, are of particular
interest to nuclear applications, because of their steel-like
mechanical robustness [18], high Curie temperature (~700°C)
[19], [20], [11], large field-induced strain (~400 x 10-%) [21],
[22], and superior radiation tolerance (>8.68x10%°n/cm?
neutron fluence and >7.23x10%'y/cm? gamma fluence) [8].
Currently, no theoretical models are available to guide the
development of Galfenol-based UTs. Experimental validation
of Galfenol-based UTs is also lacking.

This study first prototyped a Galfenol-based UT operating
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in pulse-echo mode. An equivalent circuit model was then

derived to identify system resonance. A multiphysics finite element
model that accounted for the electrical, mechanical, and magnetic
dynamics in Galfenol-based UTs was later developed. This model

was used to optimize the UT signal-to-noise ratio and guide signal

post-processing. Finally, the Galfenol-based UT was experimentally
validated at up to 120°C and benchmarked against a Remendur-based
UT.

II. ULTRASONIC THERMOMETER DESIGN
A. Thermometer Configuration

Figure 1 shows the new magnetostrictive UT developed in
this study. The Galfenol waveguide is 0.83 mm in radius and
111.29 mm in length, which is cut from a <100>-oriented,
highly textured, polycrystalline, and unannealed Galfenol rod
(at 18.6 wt.% Ga) using electrical discharge machining. A 120-
turn DC coil (40 turns per layer) made from 18 AWG (Amer-
ican Wire Gauge) polyester-coated copper wires is wrapped
around a 3-D-printed polylactide bobbin and driven by a B&K
precision DC power supply for the purpose of offering
appropriate magnetic field biasing along the Galfenol
waveguide. Unlike the permanent magnet biasing used in
previous magnetostrictive UTs, the DC coil is more tolerant to
harsh environments if high-temperature wires (e.g., ceramic-
coated Inconel) and refractory bobbins (e.g., alumina) are used.
Previous studies also confirmed that the magnetic biasing
offered by a DC coil fosters more significant magnetostrictive
responses than those offered by permanent magnets [23]. A
100-turn AC coil (50 turns per layer) made from 32 AWG
polyester-coated copper wires is secured right in the center of
the DC coil bobbin through press fitting. Driven by a pulse-
echo transducer (EUT3160 from US Ultratek), the AC coil
induces a longitudinal magnetic field pulse, thus initiating an
impulsive acoustic wave in the Galfenol waveguide. The
echoes from the ends of the Galfenol waveguide later generate
voltage signals across the AC coil in return. The voltage signal
is filtered by a 12 kHz-9 MHz bandpass filter, and ambient
temperature data can be derived from the time-of-flight
between the impulse excitation and the resulting reflections.

B. Design Parameters

Preliminary experiments showed magnetostrictive UT

performance to be sensitive to the following parameters:

o Electrical excitation. The Ultratek pulse-echo transducer
can output a tone burst signal with customized
fundamental frequency f and magnitude Vj. The signal-
to-noise ratio available from the UT first improves as Vj
increases. Further increasing Vj distorts the UT wave-
forms and introduces nonlinearity in time-of-flight mea-
surement, due to the magnetic-field-induced Young’s
modulus variation in Galfenol or the Delta-E effect [24],
[25]. Therefore, to maintain the “small perturbation”
assumption and alleviate the Delta-E effect, the tone burst
setting in the Ultratek system is set to Vo= 100V,
resulting in a ~0.6 V magnitude tone burst across the AC
coil. To maximize the energy coupling efficiency between
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Fig. 1: (a) 2-D axisymmetric cross-sectional view and
(b) physical assembly of Galfenol-based UT.

the AC coil and the Galfenol waveguide, the tone burst
frequency fy is selected to match one of the waveguide’s
natural frequencies.

Current through the DC coil. The current through the
DC coil is noted as Ij. The Galfenol waveguide exhibits
the most significant magneto-mechanical coupling when it
operates at its “burst region,” where the magnetic energy
offered by the DC coil balances with the mechanical
energy associated with acoustic waves. Otherwise,
Galfenol saturates and exhibits no magnetostrictive
responses. Thus, there exists an optimal Iy for
maximizing the magneto-mechanical coupling in the
Galfenol waveguide and the signal-to-noise ratio of the
Galfenol-based UT.

Waveguide position. The relative position between the
waveguide and the DC coil is defined by L, as shown
in Figure 1(a). When L, is large and the AC coil only
partially covers the waveguide, the effectiveness of the
DC coil degrades because the magnetic flux tends to leak
at the edge of the waveguide, and the signal-to-noise ratio
reduces because less Galfenol is coupled with the AC coil.
When L, is small and the AC coil sits in the middle of the
waveguide, the acoustic impulse induced by the AC coil
propagates along both directions and is reflected by both
ends of the waveguide. This phenomenon causes
interference in acoustic reflections and complicates signal
processing. As a result, there exists an optimal L,, for
balancing the signal-to-noise ratio and signal processing
difficulties.

A set of design parameters (i.e., fo, Iy, and L,) was first
selected manually via time-consuming trial and error. Figure 2
shows the voltage signal from the manually tuned UT in which
the signal-to-noise ratio remains significant at up to the
reflection, and the interference between the adjacent reflections
is negligible. However, the design parameters are

Sth
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system-dependent, and manual tuning for each and every
magnetostrictive UT will prove unrealistic. Hence, a
convenient, reliable model for guiding the design parameter
tuning is necessary to accelerate commercialization and
deployment of magnetostrictive UTs.

Reflection #1
/ Reflection #2

/ /Reflection #3

Reflection #4
Reflection #5

Voltage [V]
o

0 100 200 300 400 500
Time [u s]

Fig. 2: Voltage measured cross the AC coil for fy = 100 kHz,
Ip=1A, and L, = 82.5 mm.

III. MODEL-GUIDED SYSTEM TUNING

An equivalent circuit model and a multiphysics finite ele-
ment model were developed to facilitate the tuning of fy, I,
and L, at room temperature.

A. Electrical Excitation

An equivalent circuit model (see Figure 3) first guides the
selection of electrical excitation frequency fy. For the electrical
system, R.and L, are the resistance and inductance of the AC
coil, respectively. The mechanical system is represented by a
single-degree-of-freedom spring-mass damper, where k is the
system stiffness, cq is the damping coefficient, and m is the
equivalent dynamic mass. This model can only target one of the
system resonances or acoustic modes at a time. The magneto-
mechanical coupling is described by a gyrator:

Vin =Ty and f,, =11, (1)
where V,,, is the voltage induced across the AC coil, due to the
Villari effect; 7 is the magneto-mechanical coupling
coefficient; g is the velocity of the equivalent spring-mass-
damper system; f,, is the force experienced by the
waveguide, due to the Joule effect; and ¢ is the current
through the AC coil.

R. L, Cd

< >.
1 Y

Fig. 3: Equivalent circuit model for magnetostrictive UTs.

Using the Laplace transform and Kirchhoff’s law, the
system function can be written in matrix format as:

Vi 14 Tqgl

o) [ ]l
where V is the excitation voltage. The electrical impedance
of the magnetostrictive UT is:

Zee = Ze + T2Z;;,1’ (2)

where the contribution from the AC coil alone is Z, = R. +
L.s and the mechanical impedance Z,, = ms + cq+ ks 1.

The value of Z.. was characterized using an impedance
analyzer (Keysight E4990A). At low frequency (20 Hz), Z.. ~
R.. The AC coil impedance Z.. was then measured between 50
and 90 kHz. As shown in Figure 4, when the excitation
frequency is far away from the mechanical resonances of the
waveguide (highlighted in red), the magneto-mechanical
coupling is negligible, and Z.. ~ Z.. Therefore, the value of L.
is obtained by curve-fitting the Z.. in the selected regions. The
coil parameters R.and L. are independent from the mechanical
impedance and are applicable to the entire frequency range.
Three resonances are observed at around 58, 69, and 82 kHz, as
shown in Figure 4. However, the spring-mass-damper model
can only handle one resonance at a time. In this study, the
coupling coefficient 7 and other mechanical parameters are
identified for the resonance at 69 kHz by fitting the Z.. data
between 65 and 75 kHz to Eq. (2). The identified model
parameters are summarized in Table I. The modeling result is
compared to experimental data in Figure 5(a). A transfer
function T' F' (s) is then defined to describe the relationship
between acoustic signal strength ¢ and electrical excitation V:

B T

T T2+ 2.7,
As shown in Figure 5(b), the T F(s) magnitude peaks,

and the UT achieves the optimal signal-to-noise ratio, at fj

= 68.8 kHz. The same method can also identify other
potential UT excitation frequencies.

TF(s) 3)

20
— Zee
S18| o 7,
3
G 16
o
g
g14

121

50 60 70 80 90

Frequency [kHz]
Fig. 4: Electrical impedance Z,. between 50 and 90 kHz.

B. Current through the DC Coil

A 2-D-axisymmetric model was configured in COMSOL
Multiphysics following the geometry presented in Figure 1(a).
As with other finite element models for magnetostrictive
devices in the literature [26], [27], the magnetic dynamics are
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Fig. 5: (a) Model fitting results of Z..; (b) UT fundamental
frequency predicted by the equivalent circuit model (fy =
68.8 kHz).

TABLE I. Parameters for the equivalent circuit model (for
the resonance at around 69 kHz).

Parameter Value Parameter Value
Rc 1.050 Q2 m 16.948 ug
L¢ 35.551 uH k 3.164 MN/m
cq 0.365 kg/s T 0.563

modeled for all components, as well as for the surrounding air
domain, using Maxwell’s equations; the mechanical dynamics
are only modeled in the waveguide using Newton’s second
law. Because the waveguide is narrow and can hardly be
magnetized along its radial direction, the magnetostrictive
effect is assumed to be one-dimensional (only along the lon-
gitudinal direction); the Joule effect and the Villari effect are
modeled using two separate lookup tables [26], [27]. This finite
element model was first solved by a static solver to investigate
the impact of the current [y. An ideal Iy should drive the
Galfenol to its burst region, where the flux density is around 0.8
T [13], [24].

A parametric study was carried out by varying I from 0 to
2.0 Ain 0.1 A step sizes. To simplify the discussion, L, is set to
82.5 mm. As shown in Figure 6, the average magnetic flux
density in the coupling region (i.e., the section of Galfenol
covered by the AC coil) is close to 0.8 T, and the
magnetostrictive waveguide operates at its burst region when I
= 1.0 A. This simulation result closely matches the manual
tuning outcome. Hence, the finite element model is an effective
tool to predict Iy in the future. Moreover, Figure 6 shows that
severe magnetic flux leakage occurs at the end of the
waveguide. By adding a soft magnetic base close to (but not in
contact with) the waveguide, the magnetic flux

leakage can be alleviated and the required I reduced. This
improvement will also enhance the magneto-mechanical
transduction efficiency in the UT by offering a more uniform
flux density distribution in the coupling region.

Magnetic flux density norm (T)

0.8 DC Coil

0.4 AC Cail
0.3 Coupling
0.2 region “SNg

.

Galfenol

Fig. 6: Magnetic flux density distribution around the AC coil
when Ip=1.0 A and L, = 82.5 mm.

C. Waveguide Location

The same finite element model is then coupled with a time-
dependent solver to optimize the waveguide location L,. Other
design parameters are set to I = 1.0 A and fy = 100 kHz. A
virtual spring foundation with a low stiffness of 1 Nm™! is
connected to the right end of the Galfenol waveguide to
eliminate the rigid body motion in simulation, while
capturing the free-free boundary conditions in practice.
Compared to the static simulation, modeling of Galfenol-
based UTs in time-domain faces additional challenges.

First, both the Joule effect and Villari effect in Galfenol
depend on the magnitudes of external cyclic excitations. The
magnetostrictive effect originates from the interplay between
magnetic and mechanical energies. When either energy form
dominates, magnetostrictive materials saturate and magne-
tostrictive responses no longer occur. As the cyclic stress or
magnetic field are large enough to drive the magnetostrictive
materials between the field- and stress-induced saturation
states, magnetostrictive materials follow the so-called major
loops, which are described by the lookup tables used in the
current finite element model. Otherwise, the magnetostrictive
materials follow minor loops, which were previously modeled
via a discrete-energy-averaged constitutive model [28], [29].
Minor loops exhibit weaker magnetostrictive responses than
major loops [30], [24]. Therefore, the Joule effect and Villari
effect directly calculated from the lookup tables must be
adjusted to avoid overpredicting the magnetostrictive UT
responses. Figure 7 presents the measurement of the actual
tone burst voltage pulse experienced by the AC coil when the
pulse-echo transducer settings are fo= 100 kHz and V=100 V.
Driven by this tone burst voltage, the average longitudinal
stress oy and magnetic field H; inside the coupling region of the
Galfenol waveguide are estimated using a COMSOL model,
without any major/minor loop adjustments. By feeding the
resulting o; and Hy into the DEA model, this study discovered
that the Joule effect and Villari effect minor loops induced by
the tone burst voltage (see Figure 7) are 44% and 66% of their
major loops, respectively. The outputs of the lookup tables in
COMSOL are
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adjusted accordingly to accommodate the major/minor loop
discrepancy.

0.6 —
= / Puise width
- T
204/ |
E :‘
6 ‘\
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S |
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0
0 5 10
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Fig. 7: A tone burst pulse wave generated by the Ultratek
pulse-echo transducer when fy = 100 kHz and V, = 100 V.

The third challenge in time-domain finite element modeling
is to account for the electrical dynamics in the magnetostrictive
UT, including the AC coil, Ultratek pulse-echo transducer, and
the electromagnetic interaction between the AC coil and the
waveguide. In Figure 8, the AC coil is represented by an
inductor L, a resistor R., and a voltage source V,,,, following
the equivalent circuit model. The pulse generation and echo-
receiving features of the Ultratek system are described by a
tone burst voltage source V and a resistor Ry = 10 MY,
respectively. The electrical circuit is initially on the pulse
generation mode, or switch SW1 is closed and switch SW?2 is
open. Once the tone burst is complete (after 5 s, in this case),
both switches are flipped, such that the system operates in
receiver mode, where R, denotes the receiver impedance. The
voltage across Rs is considered the system output and modeled
in the time-domain at up to 500 us, with a time step size of 0.1
ws. This simulation is repeated for a series of L, ranging from
75 to 90 mm, in a 2.5 mm step size. The design objective is to

maximize the signal-to-noise ratio while reducing the
interference between adjacent reflections.
7 R, L.
l> VWA
SW1 SW2
Vv R2 va

Fig. 8: Electrical circuit used in the COMSOL simulation.

Figure 9 compares the experimental and simulation results at
selected L, values. When L, is large, the AC coil only partially
covers the Galfenol waveguide, and the signal-to-noise ratio is
low due to inhomogeneous magnetic flux distribution and
magnetic flux leakage (see Figure 9[a]).

These negative impacts are alleviated, and the signal-to-noise
ratio improved, as L, decreases and the AC coil moves toward
the center of the Galfenol waveguide. Further decreasing L,
eventually has negligible impact on the signal-to-noise ratio,
but reflections become indistinguishable (see Figure 9[c]). This
is because the acoustic pulse generated at the coupling region
propagates along both directions, and the resulting reflections
interfere with each other when returning to the coupling region.
Overall, the finite element simulation accurately predicted
signal waveforms, despite changes in L,. The discrepancy is
more significant at small values of L., because any small
modeling error in phase will cause large mismatches in wave
interference predictions. The finite element model confirms our
previous manual tuning result: a good balance between signal-
to-noise ratio and reflection interference is achieved when L, =
82.5 mm. To further reduce L, and enhance the signal-to-noise
ratio, one potential modification is to add a damping
mechanism to the right end of the waveguide and eliminate the
reflection interference.

D. Signal Processing

The Ultratek pulse-echo transducer delivers an electrical
energy to the AC coil. Part of this energy is converted to
acoustic vibrations through the electromagnetic coupling and
the Joule effect. The rest of the energy is stored up on the AC
coil and gradually released back to the Ultratek receiver.
Experimental results show that this energy discharge procedure
lasts for 100-120 ps. However, the first reflection arrives
within 90 us. Therefore, the first reflection is unreliable and
must be removed from the time-of-flight calculation. Previous
studies used the Hilbert transform to process the acoustic data
and identify the time of flight in the time domain [17].
However, the Hilbert transform introduced relatively large
measurement uncertainties. This study implements wavelet
analysis and identifies acoustic wave positions in the frequency
domain.

To mimic the hardware filtering in experiments, the modeled
voltage data were run through a band-pass filter with half-power
frequencies at 26 kHz and 4 MHz. Both the experimental and
modeling results were processed using a perfect symmetric
Morse wavelet with a time-bandwidth product of 3.01. The
wavelet analysis results are compared in Figure 10. The acoustic
wave is dispersive, since its fundamental frequency gradually
decreases as time goes by. The wave dispersion is neglected due
to the short time of flight. A cross-section cutting through the
local maxima (the “A-A” view indicated in Figure 10) is
replotted in Figure 11. Table II summarizes the time-of-flight
data calculated between the peaks identified in Figure 11. The
average times of flight from the model and the experiment are
85.1 and 84.9 us, respectively, corresponding to a 0.24%
simulation error.

A. Experittnit G sLENRERADRE, X {yADATION

To evaluate the performance of the developed Galfenol-
based UT, a Remendur-based UT was created by replacing
the Galfenol waveguide in Figure 1 with a Remendur
waveguide that is 0.5 mm in radius and 126.2 mm in length.
The design parameters
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Fig. 9: Experimental and modeling results
(a) 85, (b) 82.5, and (¢) 70 mm.

of magnetostrictive UT output at Ip = 1 A and fy = 100 kHz, while L, are

Frequency (Hz)

200 300

Time (us)
(b)

400 500

Fig. 10: Wavelet analysis results for the (a) experimental data and (b) modeling results.

N

=

& 10°

)

> v

e A

L

104
200 300 400 500
Time (us)
(a)

0.06 . Model

0.05 | eflection #1 Experiment
% 0.04 ¢ ) Reflections #2-4
003}
=
(=]
= 002+

0.01

0 " A
0 100 200 300 400 500
Time [us]

Fig. 11: Cross-section view (“A-A”) of the 3-D wavelet
analysis scalograms.

for the Remendur-based UT are Iy = 1.4 A, fo = 65 kHz,
and L, = 82.5 mm, which are selected via manual tuning.

The time of arrival ¢; for the i" reflection at a given
temperature was obtained by following the wavelet analysis
method in Section III-D. To reduce measurement uncer-

TABLE II: Time-of-flight results at room temperature, obtained
via experiments and simulation using the wavelet analysis.

Experiment
Reflection Time Time of flight
# (u8) (p8)
2 174.8
3 259.8 85.0
4 3447 84.9
5 429.4 84.7
Average (us) 84.9
Simulation
Reflection Time Time of flight
# (p8) (p8)
2 174.9
3 260.0 85.1
4 3449 84.9
5 430.3 85.4
Average ((1s) 85.1

tainty, the average time of flight At was then calculated as:

n—1
Ap = 2uiza (i1 —t)
n—2 ’

“

where n indicates the last reflection included in the data
acquisition and n = 5 in this study. Figure 12 shows At as
measured from the Galfenol- and Remendur-based UTs at
different temperatures. Through linear regression, the
temperature-varying At is fitted by a straight line whose slope
is k. The
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UT sensitivity is then calculated as:

S = ki /Aty, (5)

where Aty is the time of flight at room temperature 7. The
linearity of magnetostrictive UTs is described by the coefficient
of determination R?. The temperature measurement resolution
0T'is derived from:

1

T fAbS

where f5 is the sampling frequency. The measurement resolu-
tion improves with respect to increasing f,. Due to the limited
buffer size, an excessive f; results in a short measurement
duration, leads to a small n value, and introduces more
uncertainties in At measurement. Therefore, the sampling
frequency was set to 80 MHz in this study.

The relative measurement uncertainty at a given temperature

is quantified by:
Vit

where 6t is the variance in At measurement.

5T (6)
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Fig. 12: Time of flight versus ambient temperature from the (a)
Galfenol-based UT and (b) Remendur-based UTs.

TABLE III: Performance of Galfenol- and Remendur-based
UTs.

Sensitivity R? Resolution | Uncertainty
(x1075/°C) | () (&) (%)
Galfenol UT 162.8 96.1 0.45 2.9
Remendur UT 107.3 99.9 1.25 1.9

Table III compares UT performance in terms of
sensitivity, linearity, resolution, and measurement
uncertainty. The

Galfenol-based UT exhibits a sensitivity 51.7% higher than
that of the Remendur-based UT. Under the same sampling
frequency, the measurement resolution of the Galfenol-based
UT is 64% smaller. The Remendur-based UT exhibits
superior linearity, while the Galfenol-based UT exhibits sig-
nificant nonlinearity at 70-90°C. Theoretically:

Pw.
E,’
where L,,, py, and E,, are the length, density, and Young’s
modulus of the waveguide, respectively. As temperature in-
creases, L,, increases and p,, reduces due to thermal expan-
sion, while F,, decreases due to the reducing inter-atomic
forces. Both the thermal expansion coefficient and Poisson’s
ratio of Galfenol are nonlinear functions of temperature
[31]. Thus, the temperature dependencies in these parameters
are complicated and have not yet been studied
comprehensively.

The first potential cause of the nonlinearity in the Galfenol-
based UT is that the variation in p,, dominates at 70-90°C. To
validate this hypothesis, both longitudinal and lateral thermal
expansion must be characterized within the future temperature
range of interest. The second hypothesis is that the temperature-
driven anelastic relaxation or phase transformation in Galfenol
causes dramatic changes in F,, and induces nonlinearity in At
measurement [32]. The anelasticity and phase transformation
also cause nonlinearity in material damping. Therefore, the
waveguide damping, as described in terms of the acoustic
attenuation coefficient o, is analyzed to preliminarily validate
this hypothesis. As shown in Figure 13, the envelopes are found
through the Hilbert transform, and the acoustic signal strength
is depicted by A;, which is the envelope peak associated with
the i'" reflection.

At = 2L, (8)

4
it+1
o 6Lw;2010g10( A ) )
S Data
%‘ Oé @ Envelope
g o
9-05 ‘ ‘ :
0 100 200 300
Time [us]
> 06 (b
202
£
L-02
0 50 100 150
Time [us]
Fig. 13: Envelopes enclosing signals between the 2% and 5"

reflections: (a) Galfenol- and (b) Remendur-based UTs.

Figure 14 shows the acoustic attenuation coefficient as a
function of temperature for both the Galfenol and Remendur
waveguides. Overall, the Galfenol waveguide exhibits much
more significant damping, since it has a larger diameter and
experiences more severe eddy currents. It is also noted that
Remendur shows temperature invariant
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damping, while « in Galfenol peaks at around 80°C. This
nonlinear damping matches the temperature-driven anelastic
effect previously observed in Galfenol, thus preliminarily
supporting the second hypothesis. However, a more com-
prehensive high-temperature material characterization (e.g.,
differential scanning calorimetry testing) is needed to confirm
this conclusion.
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Fig. 14: Acoustic attenuation coefficient versus temperature
for (a) Galfenol and (b) Remendur waveguides.

V. CONCLUSIONS

This paper prototyped a new magnetostrictive UT consisting
of a Galfenol waveguide, a DC coil, and an AC coil. This
ultrasonic sensor can also support the surveillance, diagnosis,
and prognosis of other critical nuclear energy system
parameters such as pressure, geometry changes, and structural
health. Experimental validation was presented, along with an
equivalent circuit model and a multiphysics finite element
model. Both models accurately captured the multiphysics
coupling between the mechanical, magnetic, and electrical
domains. Using these models, the electrical excitation
frequency, waveguide position, and biasing magnetic field were
optimized to improve the signal-to-noise ratio and facilitate
signal processing. The performance of the Galfenol-based UT
was characterized from room temperature to 120°C. Compared
to a similar Remendur-based UT, the Galfenol-based UT
exhibits a higher sensitivity of 162.8x1076/°C, as well as
superior measurement resolution at down to 0.45°C. However,
the Galfenol waveguide showed more severe measurement
uncertainty and more significant acoustic attenuation. Future
UTs should use thinner wires (e.g., reduce the wire diameter
through centerless grinding) to mitigate the eddy current
loss. The Galfenol sample used in this study contained
18.4 wt.% gallium and

exhibited limited ductility. The other option is to use Galfenol
samples with 10 wt.% gallium that can be directly drawn into
thin wires. The Galfenol-based UT also showed significant
nonlinearity at around 80°C, due to nonlinear thermal
expansion and/or temperature-driven anelastic effects. A more
comprehensive characterization within the selected temperature
range is required to sort out the origins of the nonlinearity.
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