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Abstract: Pressure measurement with excellent stability and long time durability is highly desired,
especially at high temperature and harsh environments. A polymer-derived silicoboron carbonitride
(SiBCN) ceramic pressure sensor with excellent stability, accuracy, and repeatability is designed
based on the giant piezoresistivity of SIBCN ceramics. The SiBCN ceramic sensor was packaged in a
stainless steel case and tested using half Wheatstone bridge with the uniaxial pressure up to 10 MPa.
The SiBCN ceramic showed a remarkable piezoresistive effect with the gauge factor (K) as high as
5500. The output voltage of packed SiBCN ceramic sensor changes monotonically and smoothly
versus external pressure. The as received SiBCN pressure sensor possesses features of short response
time, excellent repeatability, stability, sensitivity, and accuracy. Taking the excellent high temperature
thermo-mechanical properties of polymer-derived SiBCN ceramics (e.g., high temperature stability,
oxidation/corrosion resistance) into account, SIBCN ceramic sensor has significant potential for
pressure measurement at high temperature and harsh environments.

Keywords: polymer-derived ceramics (PDCs); silicoboron carbonitride (SIBCN) ceramic pressure sensor;
piezoresistivity; high temperature and harsh environment sensor

for pressure sensing due to its facile sensor design and
easy fabrication. However, due to the serious drift
effect and degradation at high temperature, the polymer
based piezoresistive pressure sensors are not suitable
for pressure measurement at the circumstance of high
temperature and/or room temperature for long time
[3-5]. On the contrary, ceramic based piezoresistive
pressure sensors possess excellent stability and long
time durability [6,7], even at high temperatures [8—10].
Nevertheless, poor sensitivity is the obvious drawback
of these ceramic based pressure sensors due to their
limited piezoresistive coefficient (gauge factor, K) [11,12].

1 Introduction

Pressure sensor is highly desired to provide online
health monitoring and improve the safety of modern
industry, especially for those of high temperature and
harsh environments such as turbine engines and coal
gasification [1,2]. Sensors based on piezoresistive
behavior of materials are one of the most adopted ones
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Polymer-derived ceramics (PDCs) obtained by thermal
decomposition of polymeric precursor own excellent
thermal stability up to 2000 °C [13], and oxidation
resistance/corrosion resistance (better than that of SiC
and SizNy) [14-16]. Meanwhile, PDCs exhibit extreme
high piezoresistivity with K up to 4000-7000 [17-19],
which is much higher than that of the commonly used
ceramics of Si (K = 37.5) [11] and SiC (K = 30) [12].
Therefore, PDCs are a promising candidate for
pressure sensing with remarkable sensitivity and
stability, especially at high temperature and harsh
environments. These unique properties are ascribed to
their unique microstructures with a nanodomain structure
consisting of Si-based amorphous matrix and highly
disordered carbon clusters, named free-carbon phase
[20,21]. Specially, silicoboron carbonitride (SiBCN) is
one of the most promising PDCs for ultra-high-tem-
perature applications, due to its excellent stability up to
2000 °C and prominent creep resistance [13]. For its
superior properties, SIBCN ceramics have been ex-
tensively investigated including synthesis [22-24],
structural evolution [25-28], high temperature stability
[13,29,30], etc. However, the piezoresistivity and
pressure sensing ability of SiBCN ceramic have not
been reported yet.

In this study, a piezoresistive pressure sensor made
of polymer-derived SiBCN ceramic is reported for the
first time. The piezoresistivity of SiBCN ceramic
sensor and relative sensing performance of stability,
repeatability, and response time were discussed,
indicating the promising potential application at high
temperature and harsh environments of SiBCN ceramic
pressure sensor.

2 Experimental

2.1 Fabrication of SiBCN ceramic sensor head

The SiBCN ceramic sensor head was synthesized by
using a commercially available liquid precursor, poly-
borosilazane (PSNB, Institute of Chemistry, Chinese
Academy of Sciences, Beijing, China). Briefly, the
obtained PSNB precursor was cross-linked by heat-
treatment at 200 ‘C for 4 h in vacuum oven without any
other curing agents to acquire infusible solid, which
was subsequently ground to fine powder of ~1 pm by
high energy ball milling (8000M, SPEX SamplePrep,
United States). Then the powder was pressed into disks
with the size of @12 mm x 3 mm using uniaxial

pressing at 20 MPa for 2 min. The disc like green
bodies were pyrolyzed at 1000 ‘C for 4 h in a tube
furnace with the heating and cooling rate of 5 ‘C/min
to yield amorphous SiBCN ceramics. Finally, these
ceramic samples were post-treated at temperature of
1300 °C for 4 h to tune the piezoresistivity of SIBCN
ceramics. The entire pyrolysis and post-treatment
process were performed in the flowing of ultra-high
purity N, to minimize possible oxygen contamination.
The SiBCN ceramic pressure sensor head was cut
from the above mentioned sample with dimension of
~6 mm x 6 mm X 1.7 mm. For piezoresistivity cha-
racterization and sensor test purpose, both square
surfaces (6 mm x 6 mm) of SIBCN ceramic sensor
head were polished to 1 pum finish and coated with
silver paste (5002-AB, SPI, Pennsylvania, USA) as
electrodes. Then a universal testing system (ZQ-990B,
Zhiqu, Dongguan, Guangdong, China) was used to
apply compressive stress. The resistance was measured
by a high temperature insulation resistance testing
system (HRMS-900, Partulab, Wuhan, Hubei, China).

2.2 Sensor design, assembling, and test setup

In order to convert the output resistance change into
voltage signal, a half Wheatstone bridge circuit is
designed, as shown in Fig. 1, which composed of the
SiBCN ceramic sensor head (R) and standard re-
sistance (R) for matching purpose.

A constant voltage of Vy=9 V was supplied by the
laboratory dedicated electronic regulated power source,
and the relative output voltage (Vou) was recorded by
digital multimeter, as described by

Vou =VoRy / (Ry + R) (1)
The range of output voltage (V;) can be expressed as
V; = Vmax - Vmin

=VoRy / (Ro + Ruin ) = VoRo / (Ry + Rpax )~ (2)
where Vi and Vi, are the voltages of the matched
resistor when the sensor head with the minimum and

Matching ﬂ Pressure
resistance
— —
L L
R, R
() =
Vv _—
N\ =

Fig. 1 Circuit of the designed pressure sensor.
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maximum resistance, Ry, and Ry, respectively (corre-
sponding to the maximum and minimum pressure
applied on the sensor head).

Then the resistance of matching resistor can be
selected by optimizing the sensitivity of the sensor by
Eq. 3):

oV./0R, =0 3)

Solving Eq. (3), the optimal resistance of the
matching resistor R, can be calculated by Eq. (4) to be
1 MQ, with the resistance of Ryax and Ry, to be 2.92 and
2.76 MQ, corresponding to the maximum (7 MPa) and
the minimum (0 MPa) pressure applied on the sensor
(size of the sensor head: ~6 mm x 6 mm X 1.7 mm).

Rmin V Rmax B Rmax \ Rmin
\/Rmin - \/ Rmax

The as obtained SiBCN ceramic sensor head and
matching resistor were assembled by a stainless steel
case with alumina plates on both sides of the sensor
head for isolating purpose, as shown in Fig. 2. The
inverse T-shaped stainless steel is used as an indenter
to apply the extra pressure. A spring was used to insure
the closed contact of electrodes and to fasten the sensor
head.

The assembled SiBCN ceramic pressure sensor was

Ry = “4)

tested at room temperature with the pressure up to 10 MPa.

The overall sensor test setup was illustrated sche-
matically in Fig. 3. The pressure sensor testing system
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Fig. 2 SiBCN ceramic pressure sensor: (a) structure
design and (b) assembled sensor.
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Fig. 3 Schematic drawn of SiBCN ceramic pressure sensor
test setup.

mainly consists of three parts, namely, voltage regulator
power supply, loading & control system, and output
signal recording system. The excitation voltage of the
regulated power supply is 9 V, at which the signal
variation of pressure sensor can be well detected. The
output pressure is provided by an electric universal
testing machine with a pressure application rate of
0.5 mm/min (ZQ-990B, Zhiqu, Dongguan, Guangdong,
China, equipped with a load cell of 500 N in the
maximum). The output voltage signal was recorded by
a digital multi-meter (VICTOR-86C, Victor Hi-Tech
Co., Ltd., Shenzhen, China).

3 Results and discussion

3.1 Giant piezoresistivity of polymer-derived SiBCN
ceramic

The pressure—resistance relationship of polymer-derived
SiBCN ceramic is presented in Fig. 4. It can be seen
that the resistance of SiBCN ceramic sensor head
decreases monotonically with increasing applied
pressure indicating that SIBCN ceramic is adequate for
pressure sensing.

K defined as Eq. (5) is a crucial parameter to
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Fig. 4 Pressure—resistance relationship of SiBCN ceramic
sensor head.
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evaluate the resistance variation ability with applied
pressure, which also reflects the sensitivity of a pressure
sensor. The larger the K is, the higher sensitivity of the
sensor is.

:dR/R:EdR/R 5)
de do

where R is the resistance, o is the applied stress, and E

is the Young’s modulus of the material, which can be

estimated by the following equation [31]:

E=E,(1-19p+0.9p%) (6)

where Ej is Young’s modulus of fully dense SiBCN
material (170 GPa) [20], and p is the porosity of the
specimen measured to be ~23.7 vol%. Calculated from
Eq. (6), the Young’s modulus of SiIBCN ceramic sensor
head studied here is ~102 GPa. Then, the relative K of
SiBCN ceramic sensor head can be calculated using
Eq. (5) and is shown in Fig. 5. Interestingly, the SIBCN
ceramic exhibits an extremely high K up to 5500, due
to the unique structure of PDCs [32,33], which is much
higher than that of Si [11] and SiC [12] material,
indicating that SiBCN ceramic is a promising material
for pressure sensing application with high sensitivity.

K

3.2 SiBCN ceramic sensor performance

In order to fully investigate the performance of SIBCN
ceramic pressure sensor, the feasibility, accuracy,
repeatability, and stability were addressed systematically
by using the testing platform shown in Fig. 3. The
variation of output voltage as a function of the applied
pressure was recorded in Fig. 6. The output voltage
increases monotonously with the pressure increasing
due to the outstanding piezoresistivity of SIBCN ceramics.
The voltage—pressure curve shows a perfect linearity,
which explores the great feasibility and reliability of
SiBCN ceramic pressure sensor.

In order to verify the accuracy and response ability
of SiBCN ceramic pressure sensor, the step loading—
unloading experiment was considered, as shown in Fig. 7.
The applied pressure increased steeply from 0 to 10 MPa
with an interval of 1 MPa (black line in Fig. 7) and the
output voltage shows a similar trend correspondingly,
varies from 1.09 to 1.22 V. Meanwhile, the unloading
cycle shows the same trend with the opposite direction.
Specially, the output voltage increased synchronously
even with the abrupt increasing of pressure at the top
point of Fig. 7. The loading—unloading cycle reveals
that the SIBCN ceramic sensor possesses excellent
stability, accuracy, and fast response speed.
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Fig.5 K of SiBCN ceramic as a function of pressure.
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Fig. 6 Output voltage and pressure relationship of
SiBCN ceramic pressure sensor.
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Fig. 7 Loading—unloading cycle of SiBCN ceramic
pressure sensor.

To further evaluate the repeatability and stability of
SiBCN ceramic sensor, the 50 cycles of loading—
unloading test was carried out, as shown in Fig. 8.
From the loading and unloading process (Fig. 8(a)), it
can be concluded that the output voltage follows up
pressure increase and/or decrease closely without any
delay and obvious deviation, indicating that SiBCN
ceramic sensor possesses excellent repeatability. The
maximum and minimum output voltages of each cycle
were plotted in Fig. 8(b). The maximum and minimum
output voltages of each cycle remain constant, no
obvious drift, meaning that the SIBCN ceramic sensor
owns excellent stability.
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Fig. 8 Repeatability evaluation of SiBCN ceramic
pressure sensor: (a) 50 loading—unloading cycles and (b)
maximum and minimum output voltage of each cycle.

4 Conclusions

In this study, a piezoresistive pressure sensor with
polymer-derived SiBCN ceramic as sensing material
and stainless steel as frame is designed and tested. The
polymer-derived SiBCN ceramic head exhibits a giant
piezoresistivity of K as high as 5500, which insures a
high sensitivity of the as designed pressure sensor. In
addition, the SiBCN ceramic sensor exhibits excellent
accuracy, repeatability, and stability in the pressure
range of 0—10 MPa. Combining with the excellent high
temperature thermo-mechanical properties, the polymer-
derived SiBCN ceramic pressure sensor is very pro-
mising to be used at the high temperature and harsh
environments.
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