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A sapphire ultrasonic temperature sensor was produced in this study which possessed working stability, antioxidation properties,
and small acoustic-signal attenuation. A method was developed to solve the problems of long periods (>0.5h) and ultrahigh
temperature (1800°C) in tests. The sensor adopted here had good sound transmission performance as well as the high thermal
conductivity of sapphire single crystals (Al,O,), as ultrasonic waveguides. The ultrasonic waveguide was produced by the
method of the laser-heated pedestal growth (LHPG method). Calibration experiments in a high temperature furnace found that,
at high temperatures and long exposure, sapphire ultrasonic temperature sensors had good stability and repeatability, and it
survived in 1600°C for 360 min. This sapphire ultrasonic temperature sensor has potential for applications in aircraft engines
where monitoring of high temperatures is very important.

1. Introduction

Temperature in the nuclear, aerospace, and military industry
possesses an important guiding significance, as accurate
measurement is important in harsh environments [1], such
as in temperature monitoring in nuclear reactors for safe
and steady reactor operations [2, 3], temperature tests of air-
craft engines to optimize engine design and obtain improved
energy efficiency ratios [4], or testing weapon performance in
which the temperature is an important measurement index
used to assess weapon damage performance [5]. Existing
means of measuring temperature mainly include thermoelec-
tric, optical, and acoustical. Thermoelectric temperature
sensors as thermocouples have low cost, simple manufacture,
and low thermal inertia [6]. However, such thermocouples
easily become inaccurate at the hot junction site, which leads
to decreased reliability over long use [7]. Thermistor tem-
perature sensors have high output signal, high precision,
and low requirements for the secondary instrument, but their
disadvantage is a small useful temperature measurement
range [8, 9]. Optical temperature sensors include infrared

thermometers and optical fiber temperature sensors. The
infrared thermometer measures the temperature distribution
without contact [10], which is helpful for testing temperature
over a large area and large temperature range. However,
when the object emissivity and environmental impact are
bigger, test accuracy is decreased [11]. Fiber-optic tempera-
ture sensors have high precision, low cost, and distributed
multipoints in temperature measurement, and they are
not affected by electromagnetic interference. With optical
fibers adopted with a silica inner core, high temperatures
of 1000°C have been measured [12-14]. The first-order sap-
phire Bragg gratings were fabricated by Elsmann et al. and
the highest temperature at 1200°C [15]. Bragg gratings in
single-crystal sapphire optical fibers for high-temperature
sensor was fabricated by Busch et al. and they found that at
temperatures above 1400°C, the effect of thermal blackbody
radiation on the spectrum becomes noticeable. With increas-
ing temperatures, the spectral background signal from
thermal radiation collected by air-clad sapphire fibers grows
significantly [16]. Sapphire-fiber blackbody-cavity transient
high temperature sensors have a 600-1800°C temperature
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range [17]. However, radiation below 600°C is small and the
low signal-to-noise ratio such that the temperature cannot be
effectively measured. Also, when the temperature is greater
than 1000°C, stray light into the sapphire fiber poses a
problem, as it greatly interferes with accurate temperature
measurement and increases measurement errors. Therefore,
there is an urgent need for a means of measuring temperature
that avoids or solves problems encountered by extreme
environment temperature sensors.

Acoustic transmissions of ultrasonic temperature sen-
sors, using acoustics to measure temperature, have wide
measurement ranges and are not affected by radiation,
with no temperature drift characteristics [18-20], which,
for ultra-high temperature measurements, raises hopes
for temperature measurement in ultra-high temperature
environments. There is an ultrasonic temperature sensor
that has been used for high temperature tests in the
nuclear industry [21], using tungsten as the sensor material.
In this case, the sensor needs an outer protective sheath and
is not used directly for rapid temperature measurements
[22]. Thus, here, choosing the appropriate sensor material
and using ultrasonic temperature measurement methods
was expected to solve the problem of temperature measure-
ment in extreme environments. Because of a single sapphire
crystal’s high melting point, good electrical insulation, and
stable chemical performance [16, 23, 24], sapphire wave-
guide materials became the focus in this study. By combin-
ing the advantages of ultrasonic temperature measurement
and a sapphire waveguide material, a sapphire was proposed
here as an acoustic waveguide ultrasonic thermometer. The
device used a laser-heated pedestal for the growth of the
ultrasonic waveguide, producing a sensor sensitive from
room temperature to 1800°C. The device was calibrated
and, with the velocity curve, the ultrasonic sensor tested up
to 1800°C.

2. Principles

2.1. The Principle of Ultrasonic Temperature Measurement.
In 1687, Newton discovered the relationship between sound
velocity and medium temperature as well as that the velocity
of sound in solid medium negatively correlated with tem-
perature. Ultrasonic propagation in material, through the
measurement of ultrasonic transit times to calculate sound
velocity, and the ambient temperature were obtained
according to the relationship of velocity and temperature.
Therefore, accurate measurement of the relationship between
velocity and temperature has important effects on accurate
temperature measurements.

In solid medium, the velocity of ultrasonic longitudinal
wave and transverse wave equations can be represented as
follows [25]:

B E(1-0)
V1= p(1+0)(1-20)
(1)
Voo E
ST\ 2p(1+0)
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with V| the longitudinal wave velocity, Vg the ultrasonic
shear wave velocity, E the elastic modulus of the selected
waveguide material, p the material density, and o Poisson’s
ratio. The relationship of the ultrasonic longitudinal wave
velocity and temperature was chosen for measurement. The
sound velocity equation becomes the following formula:

V(T) = %. 2)

When the temperature is T, V(T) is the longitudinal
ultrasonic velocity in the waveguide. E(T) is the elastic
modulus and p(T) is the material density at a temperature.

In solids, the relationship of ultrasonic velocity and
temperature is usually obtained by an experimental calibra-
tion method. When ultrasonic waves are propagated in the
waveguide rod, the relationship of the transit time and sound
velocity under different temperatures was as follows:

L
- Jomdx. (3)

The length of waveguide rod was L and v(T') the speed of
sound in the waveguide rod at temperature T.

In the waveguide rod, the sensitive area was fabricated
by the method of mechanical processing (Figure 1). In
mechanical processing, 0.2mm wire with carborundum
was used to fabricate the groove in the wire cutting. With
the environmental temperature at T and assuming that the
sensitive area length was L, and the delay time was At the
longitudinal ultrasonic wave velocity of the sensitive area
was V(T). The time of wave packet was t and two wave
packets 2t. The velocity of sapphire at room temperature
was V. To distinguish the echoes, the length of sensitive
area L, was longer than 2tV,.

AH(T) = % (4)

2.2. The Production of a Sapphire Ultrasonic Waveguide Rod.
There are existing sensors made of a variety of materials, such
as thorium tungsten or tungsten rhenium alloys. However,
materials in the 400-900°C range are prone to oxidation in
hostile environments. Such a sensor will be unable to mea-
sure the temperature due to oxide osteoporosis in the
waveguide rod’s surface [26]. Stainless steel has a low melting
point (304 stainless steel melting point, 1400°C) and cannot
be used in a high-temperature environment. In recent years,
sapphire has been widely used in LED semiconductor
epitaxial substrates, windows, the dashboards of precision
instruments, and high temperature filters [27, 28], having
the advantages of high melting point and oxidation resis-
tance. Thus, sapphire was adopted here as the waveguide
rod material, but the waveguide rod radius was too small
and required thickening. Growth methods for sapphire
mainly include edge-defined film-fed growth and laser-
heated pedestal method (LHPG) [29-31]. As the LHPG
method is the most commonly used method, sapphire optical
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FIGURE 1: The system for ultrasonic temperature measuring.
TasLE 1: The characteristic parameters of sapphire in room temperature (25°C).

Component Type Melting point Mohs hardness Density Elastic modulus Thermal conductivity
a-AlL O, Single crystal 2053°C 9 3.99 g/em’ 310 GPa 0.43W/cm-K
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FIGURE 2: The growth apparatus of sapphire.

fibers were grown using the LHPG method and successfully
fabricated into a radiation temperature measurement meter
by Zhejiang University [32].

Characteristic sapphire parameters are shown in Table 1,
showing that the sapphire was a single crystal of Al,O, and
possessed structural stability, good heat conduction perfor-
mance, high melting point, and big elastic modulus. Sapphire
appeared to be an ideal material for an ultrasonic waveguide
for testing at high temperatures and oxidation environments.
The sapphire ultrasonic waveguide rods grown here were
99.999% a-AL O,

The sapphire ultrasonic waveguide was grown by the
LHPG method (Figures 2 and 3), using a laser focused on a
source rod surface through a reflector and focusing lens,
forming a partially melted area on the sapphire. After the
seed crystal was uniformly converted into a molten area,
the V began to be slowly raised. The source rod was moved
upward at a certain speed V., while the source rod and
seed crystal bar had uniform rotation. To grow the ultra-
sonic wave guide rod in accordance with requirements,

FIGURE 3: Sapphire waveguide was grown.

the seed speed V, with the source rod speed V, satisfied

the following relation:
V. (D)’
_S = (_> , (5)

with D, the seed crystal diameter and D, the source
rod diameter.

2.3. Contrast of the Sapphire Ultrasound Waveguide Growth.
When parameters were inappropriately set up in the growth
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process, an uneven thickness appeared in the ultrasonic
waveguide, which was similar to a joint. When the echo
characteristics of such a waveguide rod were tested, an echo
was found to appear, as with a joint, in the rod. The reason
for this was that the diameter of different locations produced
echoes, wavelet packets, and small echo amplitude. A quali-
fied waveguide rod was uniform in appearance, with echoes
only at the ends and no other stray waves—the end echo
signal was larger than in that in unqualified waveguide rods
(Figure 4(b)). The formation of uneven thickness was from
different growth speeds. In experiments, echoes from uneven
thicknesses were not influenced by measurement signals,
with the measurement signal covered by it. In the signal
processing, the measurement signal could not be extracted.

2.4. Ultrasonic Temperature Measurement System. The ultra-
sonic temperature measurement system is shown in Figure 1,
which was composed of a temperature sensing element,
ultrasonic transceiver system, A/D collection processing sys-
tem, and coupling and fixture device. A 340 mm sapphire rod
0.7 mm in diameter was used in experiments. The sensitive
area was formed by precision manufacturing technology with
the length of the sensitive area at 28 mm. The dispersion
phenomenon was effectively avoided when the waveguide
diameter was smaller than a quarter of the wavelength.
Thus, sapphire waveguides were selected with a diameter
of 0.7mm. At the same time, with a smaller diameter,

thermal equilibrium was reached more rapidly and the
response speed greatly improved.

The CTS-8077PR pulse transmitter receiver was adopted
in the ultrasonic transceiver system. The ultrasonic trans-
ceiver transmitted and received at 2.5MHz and the A/D
acquisition device frequency was 100 MHz. The transit time
was calculated by an A/D acquisition device to process the
collected sound waves and extract the wave signal. The
waveguide rod was coupled in the center of the ultrasonic
transducer. The ultrasonic was generated and received by
the ultrasonic transducer. When the electrical signal was
transmitted and reached the ultrasonic transducer, the
ultrasonic wave was generated and entered the waveguide.
The ultrasonic wave signal that arrived at the ultrasonic
transducer was translated to an electrical signal. The ultra-
sonic probe and waveguide were fixed in the coupling device,
and the waveguide and ultrasonic probe connected with
the concentrator.

3. Experimental Setup

A temperature resistance furnace was used in the cali-
bration process. The chamber size of the furnace is
100 x 100 x 100 mm, with the small furnace volume allowing
good temperature uniformity. The heat source was provided
by heated silicon molybdenum rods and the temperature
limit at 1800°C (Figure 5). Measurements were taken at
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FiGurg 6: High temperature resistance furnace rising-temperature
curve.

intervals of 200°C during temperature cycles; starting at
room temperature, the temperature was held for 10 min
and then returned to room temperature. During the heating
process, a platinum rhodium thermocouple with encapsula-
tion was used to record temperature and the platinum
rhodium thermocouple temperature at level 2. In experi-
ments, the ultrasonic temperature sensor was placed in the
same position as the platinum rhodium thermocouple and
the temperature data collected (Figure 6).

As the high temperature furnace’s heating limit was
1800 C and it could not be held at this temperature for long
periods, after calibration, 1600 C was chosen for stability
testing for long periods. In experiments, the temperature
was set at 1600 C and data was collected every 20 min up
for 360 min, for a total of 19 collection times, and the
resulting delay times used to calculate sound velocity and
changes in sound velocity.

4. Experimental Results and Analysis

Sapphire was the ultrasonic waveguide material and the
experimental temperature cycle from room temperature to
1800°C and back. The characteristic peak was correlated
and selected by the algorithm and the delay time was calcu-
lated. The experimental results are shown in Figure 7 and
the test waveform in Figure 8. In experiments, after several
temperature cycles, the relationship between the temperature
and delay time was stable, with the delay time deviation at
10 ns. For distinguishing 200 C temperature intervals during
rising temperature with a 200 ns transit time, the acquisition
card frequency was at 100 MHz, with the acquisition period
at 10ns; the uncertainty was +0.01 ys. Deviation on the
order of nanoseconds was acceptable. The relationship
between temperature and delay time was found to have a
goodness of fit of 0.998 +£0.001. Differences in test results
are very small from multiple tests, which indicated that
the sensor possessed good repeatability of temperature
measurements. With increased temperature, the waveform
amplitude showed no obvious attenuation. These results
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Ficure 7: Temperature and delay time relationship during
temperature cycles.
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F1Gure 8: The test waveform.

showed that sapphire had little acoustical signal attenua-
tion and that sapphire’s structure was stable and its
properties showed no obvious changes over this temper-
ature range. Thus, this sensor was very suitable for high
temperature measurements.

Using measured delay times and formula (4), sound
velocities under different temperatures were calculated. After
data fitting, the relationship between velocity and tempera-
ture was found to have a goodness of fit of 0.998 +0.001
(Figure 9), which indicated that this material was useful from
room temperature to 1800 C. When maintained for 360 min
at 1600 C, with delay times collected every 20 min, the sound
velocity calculated from the delay time was 8791 + 3 m/s and
was found to be stable (Figure 10). Thus, this temperature
measuring system, with sapphire as an ultrasonic waveguide,
functioned well for long hours in a high temperature envi-
ronment and exhibited good stability.
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5. Conclusion and Prospect

In this paper, a sapphire ultrasonic temperature sensor was
designed using the principles of ultrasonic temperature
measurement and a sapphire ultrasonic waveguide grown
using the LHPG method. The sensor was calibrated from
room temperature to 1800°C. During low to high tempera-
ture cycling, delay times were measured and the relationship
between the delay time and temperature was found to have a
goodness of fit of 0.998+0.001. As a result, this ultrasonic
temperature measurement system was found to work well
and stably over this temperature range.

Sapphire, as a single crystal material, possesses good
sound wave transmission performance, stable structure, and
oxidation resistance. The sapphire, as an ultrasonic wave-
guide, used for temperature measurement avoided accuracy
decreases due to material oxidation at high temperatures,
thus greatly enhancing system stability. This sapphire ultra-
sonic temperature sensor solved the problems of the black
body cavity of sapphire optical fiber temperature sensors
whose lower temperature limit is higher (at 600°C) than
room temperature and, also, avoided the influence of stray

Journal of Sensors

light in high temperature measurements. If this sensor is
provided a reasonable encapsulation and miniaturization
improves detection and the processing equipment, it can be
used in aircraft engine performance tests and industrial
furnace temperature controls.
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