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A shear-mode piezoelectric accelerometer using YCa;O(BO3); single crystals (YCOB) was designed, fab-
ricated and successfully tested for high temperature vibration sensing applications. Dynamic modeling
of the accelerometer was presented first, followed by YCOB single crystal sample preparation, sensor
assembly and experimental setup establishment. The prototyped accelerometer was tested at tempera-
tures ranging from room temperature to 1000°C and at frequencies ranging from 50 Hz to 350 Hz. The
sensitivity of the prototype was found to be 5.9 + 0.06 pC/g throughout the tested frequency, temperature
and acceleration ranges. In addition, YCOB piezoelectric accelerometers retained the same sensitivity at
1000 °C for a dwell time of 9 h, exhibiting a high stability and reliability.
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1. Introduction

In aerospace propulsion systems, high temperature (HT) sensors
are required for intelligent propulsion system design and oper-
ation, and for enhancement of system maintenance and safety.
Automotive combustion parts including injectors and valves for
operations with repeated high temperature cycles require monitor-
ing of ignition timing and the shape of the pulse for high combustion
efficiency [1-5]. For reliable monitoring, sensors need to be located
as close as possible to the high temperature source (e.g. engine)
[6-9]. HT sensors for these applications are usually required to
work properly at high temperatures greater than 1000 °C. To date,
many types of sensors such as thermocouples, resistance tem-
perature detectors (RTD), silicon carbide (SiC) sensors, and fiber
optic sensors have been developed for high temperature appli-
cations [10,11]. Thermocouples have been most widely used as
thermometers in laboratories and factories since temperatures can
be directly measured up to 1750°C. Silicon carbide (SiC) is one of
the most promising semiconductors for implementing 400-600 °C
integrated electronics due to its prominent electrical and mechan-
ical properties, and chemical stability. Furthermore, competing
electronics technologies such as silicon and silicon-on-insulator
are physically incapable of functioning at high temperatures, or
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are significantly less-developed (GaN, diamond, etc.). Fiber optic
sensors are also widely used in hostile environments due to their
immunity to electromagnetic interference and intrinsic safety.
However, challenges remain in fiber optic sensors such as fabrica-
tion complexity and expensive signal processing system [12,13].
While the above HT sensors can be applied in a broad range of
HT applications, HT accelerometers for vibration sensing remains
to be a challenge. The traditional types of accelerometers are
piezoresistive-type and capacitive-type accelerometers which are
based on silicon devices [1]. Piezoresistive accelerometers are less
susceptible to electromagnetic interference (EMI) compared to
capacitive accelerometers but they are not suitable for high tem-
perature applications due to the temperature dependence of the
resistivity [14,15]. Capacitive accelerometers have the advantage
of low thermal drift, high resolution and good noise performance.
This type of sensor could suffer from the influence of parasitic
capacitance which can have similar value as capacitance of the
sensors [16-18]. Fiber optic HT accelerometers are tolerant to elec-
tromagnetic interference and can offer reduced weight, and high
operating temperature (<2000°C) [19]. Up to date, HT accelerome-
ters with simple structures, high sensitivity, high stability, long life
time and higher operation temperature range have been actively
investigated [1,2,11].

High temperature piezoelectric accelerometers are of partic-
ular interest because they have simple structures, fast response
time, and easy integration with other parts where the high tem-
perature piezoelectric materials are the mainstay [10]. Various
types of piezoelectric materials for high temperature applica-
tions have been developed including quartz (SiO5), lithium niobate
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(LiNbO3, LN), gallium orthophosphate (GaPO,), langasite (LGS) and
aluminum nitride (AIN). Quartz is one of the most widely used
piezoelectric materials in electronic devices since it has excellent
electrical resistivity (higher than 1017  cm at room temperature),
ultralow mechanical loss (high mechanical quality factor), nar-
row bandwidth, high stability when exposed to high temperatures.
However, the use of quartz at high temperatures is limited by high
losses above about 450°C and « to 3 phase transition tempera-
ture at 573°C [20,21]. LiNbO3 possesses interesting properties at
room temperature including high electromechanical coefficients.
At high temperature, however, this material suffers from chemical
decomposition (starts at 300 °C), increased attenuation and inter-
growth transition. Furthermore, the lifetime of LiNbO3 is limited to
10days at 400°C and 0.1 days at 450°C due to its decomposition
[22-24]. GaPO4 has been extensively studied for various appli-
cations since it has high mechanical quality factor (about 20,000
at room temperature) as well as high electromechanical coupling
and greater piezoelectric sensitivity below the phase transition
temperature at 970°C. However, the mechanical quality factor
decreases significantly at temperatures above 700°C as the struc-
tural disorder increases [25,26]. Langasite also has been extensively
investigated because of its lack of phase transition prior to its melt-
ing point (1470 °C) as well as the availability of high quality crystals.
However, the sensing capabilities of resonant devices made from
langasite can be limited because the increased conductivity leads
to decreased quality factor at elevated temperatures due to oxygen
ion transport and diffusion in the lattice [26-29]. Aluminum nitride
(AIN) has gained much attention for high temperature applications.
AIN is an intrinsically poled, non-ferroelectric material which has
no known Curie point. It can maintain its piezoelectric properties
up to 1150°C. This material is also a strong candidate for high fre-
quency ultrasonic transducers since the deposition of thin films can
be easily done, but it is tough to get good quality and large size bulk
material [30-32]. On the other hand, recently discovered piezoelec-
tric single crystal yttrium calcium oxyborate YCa4O(BO3)3; (YCOB)
is known for its stable piezoelectric properties at high tempera-
ture. Due to the absence of phase transitions up to its melting point
(~1500°C) and its phenomenon high resistivity, YCOB has been
reported as a promising high temperature sensing crystal [3-5].

A high temperature piezoelectric accelerometer using YCOB
monolithic compression-mode was fabricated and tested recently,
demonstrating stable performances at high temperature up to
1000°C [10]. Generally, for high temperature sensors, thin film
electrodes (~100nm thickness) capable of withstanding high
temperature operation are essential [33,34]. Various thin film elec-
trodes, including Pt/Zr, Ir/TiAIN, IrO, /Ti, Pt/Ir and Pt/Rh, have been
developed for high temperature applications. Nonetheless, their
operating temperature is limited by the degradation at tempera-
tures above 700°C [35-40]. Therefore, high temperature sensors
without thin film electrodes are attractive for reliable high tem-
perature applications. Initial study finds that the absence of thin
film electrodes in the sensor structure provides more stable per-
formance of the accelerometer at high temperatures because there
is no degradation of thin film electrode at elevated temperatures
[41-43].But the poor electric contact for piezoelectric sensors with-
out thin film electrodes could lead to decreased sensitivity.

A shear mode YCOB high temperature vibration sensor with-
out thin film electrodes was demonstrated recently in authors’ lab
and initial test results were reported in [44]. In this paper, details
on design, fabrication and testing of a shear-mode piezoelectric
accelerometer using YCOB crystals are presented. Unlike previ-
ous work, a lock-in amplifier was used to avoid the noise from
power sources (60 Hz) which could affect the sensitivity of the sen-
sor. Furthermore, dynamic model of shear-mode YCOB vibration
sensor was, for the first time, established and compared to exper-
imental results. YCOB sample preparation, sensor assembly and
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Fig. 1. A schematic sketch of a shear-mode piezoelectric sensor.

experimental setup were described in details. In addition, the
tested frequency range was changed to a lower frequency to
avoid resonance frequency and longer dwelling time test was per-
formed successfully. The prototyped accelerometer was tested at
the temperature ranging from room temperature to 1000 °C and at
frequency ranging from 50 Hz to 350 Hz. The sensor stability and
reliability were also measured for dwelling test at 1000 °C.

2. Sensor design and experimental setup
2.1. Shear-mode sensor modeling

Fig. 1 shows the schematic sketch of a shear-mode piezoelec-
tric sensor. When the substrate is vibrating, an inertial force is
generated and applied to the piezoelectric crystals and hence
charge is generated. Charge output from piezoelectric crystals is
proportional to the acceleration of the seismic mass. In a typical
shear-mode accelerometer design, the sensing crystals are clamped
or bonded between a center post and seismic masses. Under accel-
eration, a shear stress from the seismic mass is applied to the
sensing crystal, generating a charge signal. By separating the sens-
ing crystals from the base, reduced thermal transient and base
bending effects can be obtained in comparison with other types
of accelerometers.

For the dynamic response model, the accelerometer system can
be divided by a mechanical and electrical system [45]. The differ-
ential equation of a vibrating system can be derived from the free
body diagram of the accelerometer, as shown in Fig. 2:

mX; = mXg + cxo + kxo (1)
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Fig. 2. Free body diagram of shear-mode accelerometer.
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Fig.3. (a)Electriccircuitand (b) equivalent circuit of the shear-mode accelerometer.

where m, ¢, k, X, X, are the seismic mass, the damping coefficient,
the spring constant, the shaker displacement, the relative displace-
ment between the seismic masses and the shaker. Assuming the
initial condition is,

X(0) =%0(0) =0 (2)

Using the Laplace transformation, Eq. (1) can be expressed by
the mechanical transfer function, H;;,, which shows the relation
between the input acceleration and the relative displacement:

Hin(s) = ;O(S) m wi

- 3
o) ~ K 524 2Ewns £ 02 @)

where wj, is the resonant frequency of the sensor device and & is
the damping ratio. The resonant frequency can be estimated by the
following equation.

Wn = \/7 (4)
1 k
fn = 2]_[\/; (5)

In electrical system, the relationship between the output charge
and relative displacement is:

S|~

Q= quO (6)
A
ko =2C g ™

where kg, A, G, and [ are the charge output of unit displacement, the
area of the crystal, the shear modulus and the length of the crystal,
respectively. From the electric model of the accelerometer (Fig. 3),
the electric system governing equation can be derived as follow:

RﬂmPRleak
=—— """ =~R 8
RC”TIP + Rleak anp ( )
C= CCrys + Cwire + Cﬂmp (9)
. kq . Vo
= A3, -2 1
o= X - — (10)

where Rgmp and Rjeqi, are resistance of the amplifier and crystal,
Cerysy Cwire and Caqmp are capacitance of the crystals, wires and the

amplifier, v, is output voltage from the sensor and 7 is RC time con-
stant, respectively. By applying the Laplace transformation to Eq.
(10), the electrical transfer function (H.) which shows the relation
between the relative displacement and output voltage is:

Vo(s) kg TS

He(s) = Xo(s)  Cts+1

(11)

The dynamic response model of the accelerometer can be com-
pleted by combining the mechanical and electrical function as
following:

vo(8) s w3

%(5) ~ TS+ 152 1 2Ewns + w2

(12)

The magnitude ratio can be found from Eq. (12) by substituting
the frequency operator jw for s. At the flat frequency response range,
w> 1/t and wy > w, the voltage sensitivity, St, and the charge sen-
sitivity, Sq, at low frequencies can be approximated as follows:

_kgm

Sr= K (13)

Sa=SrxC=ky'p (14)
2.2. YCOB crystals preparation

The raw materials Y503 (PIDC, 4 N-99.99% purity), CaCO3 (Alfa
Aesar, 4N) and H3BO3 (Alfa Aesar, 4N) were weighed according
to the nominal composition and mixed. The YCOB compound was
synthesized by calcining the mixed powder at 1000°C for 10h,
and then sintered at 1250 °C to further shrink the volume for cru-
cible filling. The sintered materials were loaded into an iridium
crucible and melted at 1530°C. The crystals were grown by the
Czochralski pulling technique using a crystal pulling system. The
atmosphere was nitrogen with 4% volume oxygen for all melt-
ing and growth stages. The crystal-pulling rate was on the order
of 1Tmm/h with a rotation of 15-30rpm. The as-grown crystal
boule(s) were slowly cooled down to room temperature over a 24-
h period, to avoid the cracking [46]. YCOB is a monoclinic biaxial
crystal belonging to the space group Cy,. The physical axes X, Y, Z
were determined according to the IEEE Piezoelectric Standard [47],
where the Y axis is parallel to the b axis, Z to the c axis, and the X
axis is perpendicular to both the Y and the Z axes to form a right-
hand orthogonal system. In this study, thickness shear mode was
used in the accelerometer design. Based on earlier investigations,
(YXt) —30° cut samples exhibited the highest thickness shear piezo-
electric and electromechanical properties [48], thus, (YXt) —30°
cut samples with dimensions of 20 mm x 10 mm x 1 mm were pre-
pared and polished using SiC powder. Then platinum thin film
electrodes were deposited by vacuum sputtering for electrical mea-
surements. The capacitance of the sample was measured at 100 kHz
frequency using HP4284A multi-frequency LCR meter, while the
resonance and anti-resonance frequencies of the thickness shear
vibration were recorded by HP4294A impedance phase-gain ana-
lyzer, from which, the coupling kg, elastic compliance sgg and
piezoelectric constants d,g and g were calculated according to
the following formulae [3-5]:

7 fr 7T fr
k2 =——cot(——) 15
=275\ (1)
1
St = ——————— 16
O AprfA(1 - 1) (e
d2. = k3. x sE. x (827-2> 17)
26 = K26 X S¢6 %o
d
g6 = =2 (18)
€22
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Table 1

Properties of YCOB crystals.
Crystal cut & kezs das (PCIN) &6 (Vm/N) SEs (m2/N) Q2 p (S2cm)
YXt 0° 123 0.19 8.0 0.17 x 10°10 9000 2 x 107 (@ 950°C)
YXt -30° 123 0.22 10 0.18 x 10710 16,000

where fr, fq, 852, and &g are the resonance frequency, anti-resonance
frequency, absolute permittivity of the piezoelectric crystals and
permittivity of free space, respectively. Table 1 listed electrical
properties of (YXt) —30° cut YCOB crystals with thickness shear
vibrations, and compared to non-rotated YX cut samples [46].
The properties including the dielectric constant, electromechan-
ical coupling factor, piezoelectric strain coefficient, piezoelectric
voltage coefficient, and elastic constant were measured at room
temperature, while the electrical resistivity was measured at
950°C. The dielectric constant was found to be 12.3, maintained
the same values for various crystal cuts, while the electromechan-
ical coupling factor k,g was found to be 0.19 for YXt 0° cut sample,
increased to 0.22 for YXt —30° cut. Correspondingly, the piezoelec-
tric strain coefficient dyg and piezoelectric voltage coefficient gog
were around 8 pC/N and 0.07 Vm/N for YXt 0° cut samples, increased
to 10 pC/N and 0.09 Vm/N for YXt —30° cut sample, respectively. Of
particular interest is the high mechanical quality factor, being on
the order of 9000-16,000 for the thickness shear vibration, together
with the high electrical resistivity, being of 2 x 107 Q cm at elevated
temperature of 950 °C, exhibiting the YCOB thickness shear vibra-
tion promising for high temperature sensing applications [26,48].

2.3. Sensor assembly

Fig. 4(a) illustrates a schematic cross section of the proto-
typed shear-mode accelerometer. The overall dimensions of the
accelerometer are 30 mm x 26 mm x 17 mm. Four pieces of YCOB
crystals (1) were assembled symmetrically on both sides of the
center post (2) and rigidly secured via the seismic masses (3) by a

Fig.4. (a) The expanded view of the sensor assembly and (b) assembled prototyped
shear-mode accelerometer.

bolt (4), washer (5) and nut (6) without using an adhesive connec-
tion. The seismic masses and the center post, made of Inconel 601
and electrically isolated from each other, acted as electrical connec-
tions. Inconel 601 was used due to its exceptional resistance to high
temperature oxidation and corrosion as well as its excellent elec-
trical conductivity [41-43]. The induced charge from each crystal
was directly collected through the Inconel center post and seismic
masses. The conductivity of Inconel is not as high as that of thin
films such as gold and platinum, but the elimination of these films
greatly reduces thin film degradation at high temperatures [40]. In
this case, the contact condition of surfaces and the applied contact
forces between the crystals and Inconel are important factors in
sensor performance. A torque control driver (Model 285-50, Wiha
Quality Tools) was used to apply a clamping torque to the bolt. One
Inconel wire was welded to the side of the base and another wire
was clamped between the nut and the seismic mass by the bolt. The
bottom of the center post was bonded to an alumina rod (7) using a
high temperature adhesive (Resbond 989, Cotronics Corp.). More-
over, for the stable performance of the sensor at high temperatures,
temperature limits and thermal expansion effects of each material
were considered in the assembly design. Table 2 shows temper-
ature limits and thermal expansion coefficients of materials used
in the sensor assembly. Allowable temperatures of all materials are
well above the tested temperature range (25-1000 °C). The thermal
expansion coefficient of YCOB crystals, o (K~1), was estimated by
the following equation [49]:

ac(T)=1.13x 1078 x T +9.18 x 107° (19)

The thermal expansion coefficient of Inconel 601, ; (°C~1), can
be estimated by the data sheet from a commercial company (Special
Metals, Corp.) as following:

o)(T)=4.33 x 1078 x T 4+ 13.75 x 107° (20)

Thermal expansion (AL) of sensor components along the axis
of the bolt and the applied axial force (F) in the bolt were calcu-
lated using following equations in order to verify the contact of
each component, which is a critical factor for the high temperature
sensor operation:

AL=ox AT xL (21)

Tg=kn xd xF (22)
FL

SZE (23)

where L is the length of all sensor components along the axis of bolt,
Tg is applied torque to the bolt, ky is a nut factor and d is diameter
of the bolt, § is deformation of the bolt by the applied force and E is
Young’s modulus.

Fig. 4(b) shows the prototyped shear-mode accelerometer. Sen-
sor components, including crystals, center post, seismic masses
and the bolt, underwent thermal expansion when the sensor was
exposed to the high temperature environment. This expansion can
make a micro connection gap between connected parts due to
thermal expansion coefficient differences among materials used.
This micro-gap was calculated to be 4.1 wm at 1000 °C, using Egs.
(19)-(21). A clamping torque of 0.6 N m was applied to the bolt for
tight contact between crystal and mass, and between crystal and
base. This torque compressed seismic masses and crystals by 5 um
which was calculated from Egs. (22) and (23). As a consequence, the
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Table 2
Temperature limits and thermal expansion coefficients of the sensor components.

Thermal expansion coefficient (ppm/°C)

Young’s modulus (GPa)

11.2 @ 1000°C

55.6 (Shear modulus)

17.8 @ 1000°C 124.7
45@25°C N/A
8.2 @25-1000°C 370.0

Material Temperature limit
YCas0(BO3)3 1500°C (melting temp.)
Inconel 601 1411 °C (melting temp.)
Adhesive 1648 °C (maximum temp.)
Alumina 2072 °C (melting temp.)
Vertical tube furnace
Sensor Charge amplifier
il —J— =
E Lock-in amplifier
Function
generator

-

Signal
conditioner

Power amplifier

Vibration
exciter

Oscilloscope

Commercial
accelerometer

Fig. 5. Experimental setup of high temperature sensor tests.

thermal expansion of sensor components can be ignored, maintain-
ing physical and electrical contact at 1000°C.

2.4. Experimental setup

The experimental setup for high temperature sensor tests is
shown in Fig. 5. The sensor was placed in a vertical tube fur-
nace (Model GSL 1100X, MTI Corporation) through an alumina
rod. The alumina rod was bonded to an aluminum bolt and con-
nected to a vibration exciter which can provide a maximum force
of 178 N (VG 100, Vibration Test Systems, Inc.). A function genera-
tor (Model AFG3101, Tectronix) was used to generate a sinusoidal
signal and this signal was amplified by a power amplifier (Type
2706, Bruel & Kjaer), and then applied to the vibration exciter

40,

20+

to generate the desired vibration. The output charge signal from
the sensing crystals was converted and amplified to voltage sig-
nal through a charge amplifier (Type 2635, Bruel & Kjaer), which
was recorded through a lock-in amplifier (Model SR830, Stanford
Research Systems). The voltage signal was also recorded using an
oscilloscope (Model DSO7104B, Agilent Technologies) for transient
signal analysis. A commercial accelerometer (Model 352C22, PCB
Piezotronics) was used as a reference to measure the acceleration
from the vibration exciter. This acceleration was also recorded on
the oscilloscope through a signal conditioner (Model 482A16, PCB
Piezotronics). In order to reduce the electromagnetic noise, the
shaker was shielded by an aluminum foil. The generated charge
from the shear-mode accelerometer was recorded as a function of
temperature (25-1000 °C), vibration frequency (50-350 Hz), accel-
eration (0.5-5 g) and high temperature dwell time at 1000 °C.

3. Results and discussion
3.1. Modeling results

Fig. 6 shows an ideal frequency response of the shear-mode
accelerometer and a frequency response of the whole sensor
system using the model described above. For lower limiting fre-
quency, high resistance of crystals was required because the length
of time that the charge can be maintained is proportional to the RC
time constant (7). In this experiment, the crystal resistance (Rjeq
in Eq. (8)) was large enough, and thus, total R was determined
dominantly by Ramp. As a result, the low-frequency response
was determined by the time constant t of the charge amplifier
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Fig. 6. Frequency response of an ideal sensor (blue line) and frequency response of the sensor system with the rod, mounting bolt and the shaker (red line). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3

Parameters of sensor system model.
Seismic mass (my) (kg) 47.68 x 1073
Mass of sensor system (m;) (kg) 407.53 x 103
Spring constant of four crystals (k;) (N/m) 2.67 x 100
Spring constant of sensor system (k) (N/m) 4.26 x 107
Charge output of unit displacement (kq) (C/m) 0.27

Capacitance (C) (nF)

1

(1Hz). The high-frequency response was limited by mechanical
resonance of the sensor and other components such as the alumina
rod, mounting bolt and the vibration exciter. From Table 3, the
modeled accelerometer resonance frequency was calculated to be
120kHz (fy1) by using Eq. (5). In this case, only the seismic mass
of the sensor (m;) and spring constant of crystals (ki) were used
for the resonance frequency. However, effective spring constant
(ky) and effective mass of the sensor device (m,) were changed
due to the rod, mounting bolt and armature dynamic weight of the
shaker. The spring constant of the rod and mounting bolt is lower
as compared to those of the other components, so it has a major
contribution to the effective spring constant of the sensor system.
The effective mass includes the armature mass of the shaker. Thus,
the resonance frequency of the sensor system was determined to
be 1.6 kHz (f;2). Finite element analysis (FEA) was performed to
verify the resonance of the structure. As can be seen Fig. 7, the
shear stress of the crystal surfaces, which was directly proportional
to the generated charge, showed the highest value at the resonant
frequency. From the FEA model, the resonant frequency was found
to be 1.9 kHz, which was slightly higher than that of the analytical
model. Charge sensitivity (Sg) of the accelerometer at flat fre-
quency response was calculated to be 4.7 pC/g (=0.48 pCs2/m) from
Eq. (14) using parameters listed in Table 3 (kq, m1, k1, C). As can
be seen from Eqs. (7) and (14), the sensitivity of accelerometers is
determined by the seismic masses and the piezoelectric constant.
Proper sensitivity can be applied to a specific application.

3.2. Experimental results

Fig. 8 shows the tested frequency response of the shear-mode
accelerometer at room temperature and at frequencies ranging

1000
i «

800 [~
@ 600}
P B
2 B . 1
= E — N
Q ED =
E 400 -
< B

200

1000 2000
Frequency (Hz)

Fig. 7. Finite element analysis of the sensor system using ANSYS. X-axis indicates
the frequency range and Y-axis indicates the shear stress on the surface of YCOB
crystal.
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Fig. 8. The tested frequency response of the shear-mode accelerometer at room
temperature and at frequencies ranging from 1 Hz to 3 kHz.

from 1Hz to 3kHz. The resonance frequency and functional fre-
quency range were found to be 1.75 kHz and 1-350 Hz, respectively.
The room temperature sensitivity was 5.6 +£0.11 pC/g, which is
higher than modeled sensitivity (4.7 pC/g). This might be caused by
the electromagnetic interference (EMI), due to the induced electric
field by magnetic field change in the electromagnetic shaker, which
affects the output charge of the accelerometer. Fig. 9 illustrates the
driving voltage signal from the function generator and the output
voltage signal from the charge amplifier as a function of time. There
was a 180° phase shift due to the inverting action of the integrator
circuit in the charge amplifier. Fig. 10 shows the charge output of
the sensor at 1000 °C in different frequency ranges. The sensitivity
of the sensor at 1000 °C was found to be 6.3 +0.10 pC/g, higher than
the room temperature value ~5.6 pC/g, due to temperature depen-
dence of piezoelectric constant of YCOB crystals, being on the order
of 10pC/N and 12 pC/N at room temperature and 1000 °C, respec-
tively [48]. Fig. 11 shows the sensitivity of the prototyped sensor
with increasing temperature (25-1000°C) at the tested frequency
range (50-350 Hz). The sensor sensitivity was found to be reason-
ably stable in the tested temperature range. The average sensitivity
was determined to be 5.9+ 0.06 pC/g throughout the tested fre-
quency and temperature ranges. Fig. 12 shows the sensitivity of the
prototyped accelerometer measured for 9 h at 1000 °C. The average
sensitivity of the sensor was found to be 6.0 +0.12 pC/g during the
9-h dwelling time. Compared to the previous study [44], important
parameters, such as the sensor sensitivity and the functional fre-
quency range, showed slightly different values. This is due to the
fact that the lock-in amplifier was used here, in order to filter 60 Hz

z =
~ ()]
: 1 8
8 =]
5 £
& 05 €
% 200 e Driving voltage
30 20 10 0 10 20 30 "
Time (ms)

Fig.9. The driving voltage from the function generator and the output voltage from
the charge amplifier.



46 K. Kim et al. / Sensors and Actuators A 178 (2012) 40-48

Charge output (pC)

1L , Sensitivity = 6.3 pC/g

0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Acceleration (g)

Fig. 10. Sensor charge output as a function of acceleration at 1000 °C.
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Fig. 11. The sensitivity of the prototyped sensor with increasing temperature
(25-1000°C) at the tested frequency range (50-350 Hz).

power line interference, which can affect the sensor sensitivity. Fur-
thermore, according to the modeling result, the tested frequency
range was also changed to a lower frequency to avoid resonance
frequency. Table 4 compares the prototyped HT accelerometer to
the commercial HT accelerometer. Both accelerometers use the
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Fig. 12. The sensitivity of the accelerometer as a function of dwell time at 1000°C.

Table 4
Comparison of prototyped HT accelerometer and commercial HT accelerometer.

Commercial HT
accelerometer?

Prototyped HT
accelerometer

Sensitivity (pC/g) 5.9 5.0

Frequency range (Hz) <350 <2500

Resonant frequency (kHz) 1.75 13.5
Temperature limit (°C) >1000 <649
Capacitance (pF) 50 990

Sensing geometry Shear Shear

Output type Charge Charge

Housing material Inconel Inconel

Size (mm?3) 30.0 x26.0x 17.0 32.0x 16.7 x 16.7
Weight (g) 164.0 50.0

2 Model 357C91, PCB Piezotronics.

same sensing geometry and output type. The lower resonant fre-
quency of the prototyped sensor can be overcome by reducing the
sensor size and weight. Using a thinner YCOB crystal layer will
offer higher sensor capacitance and improve the sensor perfor-
mance. After 9h, the small crack which generated the noise was
found in the ceramic bonding between the base and the alumina
rod. The authors believe that this is one of the main reasons of
unstable sensor performance after the 9-h dwelling time. Another
reason could be the oxidation of the Inconel parts, which can cause
reduced electrical conductivity between Inconel and YCOBs. For
future work, an Inconel rod will be used instead of the alumina
rod and welded to the base to prevent the weak bonding prob-
lem. Furthermore, a protective conductive coating will be applied
to surfaces of the sensor for more stable and durable performance
at higher temperatures up to 1250°C. More finite-element analy-
ses will be performed to evaluate the effects of resonance modes
and thermal expansions at higher temperatures. Finally, the sensor
size will be reduced to a micro-scale for low profile sensor mount-
ing in industrial applications. Because of its small size and weight,
our miniaturized device will be more suitable for aerospace appli-
cations where there are space and weight restrictions. At higher
temperatures, small sensors can have higher dimensional stability
due to low thermal expansion [50]. The difficulties in fabrication
such as micro-machining of Inconel are one of the main problems
to be solved in future work.

4. Conclusions

In conclusion, a shear-mode piezoelectric accelerometer using
YCOB single crystals was designed, fabricated, and tested for
high temperature vibration sensing applications. Modeling of the
accelerometer, YCOB single crystal sample preparation, sensor
assembly and experimental setup have been described. From
modeling results, the resonance frequency of the sensor sys-
tem was determined to be 1.6kHz and the charge sensitivity
of the accelerometer at flat frequency response was calculated
to be 4.7pC/g. The sensor tests were conducted in the fre-
quency ranging from 50 Hz to 350 Hz and the temperature ranging
from 25°C to 1000°C. The sensitivity of the accelerometer was
found to be 5.9+ 0.06 pC/g throughout the tested frequency and
temperature range. Furthermore, same sensitivity was observed
from the 9-h dwelling test at 1000°C, revealing high stabil-
ity and reliability of the accelerometer prototype. Considering
modeling, prototyping and testing results, the modeled sen-
sor output agreed reasonably well with the measured results.
Higher temperature (~1250°C) and longer dwelling time test
(~100h) and micro-scale YCOB sensor fabrication will be further
explored.
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