<]
TUDelft

Delft University of Technology

Temperature-sensing performance of polymer-derived SiAICN ceramics up to 1000 °C

Shao, Pengfei; Ma, Chao; Han, Daoyang; Liu, Kun; Li, Mingliang; Liang, Yi; Yao, Meng; Wang, Hailong;
Zhang, Rui; Shao, Gang

DOI
10.1016/j.ceramint.2022.05.192

Publication date
2022

Document Version
Final published version

Published in
Ceramics International

Citation (APA)

Shao, P., Ma, C., Han, D, Liu, K., Li, M., Liang, Y., Yao, M., Wang, H., Zhang, R., & Shao, G. (2022).
Temperature-sensing performance of polymer-derived SiAICN ceramics up to 1000 °C. Ceramics
International, 48(17), 25277-25283. https://doi.org/10.1016/j.ceramint.2022.05.192

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ceramint.2022.05.192
https://doi.org/10.1016/j.ceramint.2022.05.192

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Ceramics International 48 (2022) 25277-25283

FI. SEVIER

Contents lists available at ScienceDirect
Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

CERAMICS

INTERNATIONAL

Check for

Temperature-sensing performance of polymer-derived SiAICN ceramics up |&&s

to 1000 °C

Pengfei Shao ™', Chao Ma ™", Daoyang Han“, Kun Liu®, Mingliang Li®, Yi Liang *, Meng Yao?,

Hailong Wang ", Rui Zhang **, Gang Shao ™

& School of Materials Science and Engineering, Zhengzhou University, Zhengzhou, 450001, Henan, People’s Republic of China
b Radiation Science and Technology, Faculty of Applied Science, Delft University of Technology, 2629, JB Delft, Mekelweg 15, the Netherlands
€ School of Materials Science and Engineering, Luoyang Institute of Science and Technology, Luoyang, 471023, Henan, People’s Republic of China

ARTICLE INFO ABSTRACT
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Temperature sensors that can operate in high-temperature and harsh environments are highly desired. However,
this is a great challenge for sensing materials to operate under extreme working conditions because of oxidation
and/or corrosion at high temperature. In this study, polymer-derived SiAICN ceramics were prepared as sensing
materials to overcome the abovementioned issues. A SiAICN ceramic temperature sensor was designed and

fabricated, and it performed excellent temperature-sensing properties with high accuracy, high stability, and
high repeatability up to 1000 °C. Compared with traditional thermocouples, the SiAICN ceramic sensor exhibited
a faster response rate (a shorter response time). These results showed that SiAICN ceramic is a promising sensor
material for temperature measurement in high-temperature and harsh environments.

1. Introduction

Temperature measurement and monitoring are of great significance
in many fields, such as biomedical science, the automatic industry, and
communication engineering, especially in high-temperature and
oxidizing/corrosive environments [1-3]. The aero-engine is a typical
example. Real-time temperature monitoring of aero-engines is very
important and urgently required, which could improve efficiency,
reduce pollution, and monitor engine operating conditions [4]. How-
ever, most commercially available temperature sensors have drawbacks
in harsh environments. Traditional metal-based thermocouples cannot
survive under corrosive and oxidizing conditions, resulting in a short
lifespan [5]. Fiber optical sensors have disappointing stability and ac-
curacy, which limit their application in high-temperature environments.
Ceramic thermistors show better performance than thermocouples in
terms of oxidation/corrosion resistance, but the complicated fabrication
method and temperature limitation confine their widespread applica-
tion [6]. Therefore, it is necessary to explore and develop new sensor
materials that can work well in extreme environments.

Polymer-derived ceramics (PDCs) are novel materials obtained by
thermal decomposition of polymeric precursors [7]. They have been
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widely investigated for many application purpose, such as
micro-electro-mechanical systems (MEMS) [8], high-temperature sen-
sors [9], microwave absorption [10], and energy storage [11], owing to
their excellent high-temperature stability, high-temperature creep
resistance [12], oxidation/corrosion resistance [13], negative temper-
ature coefficient of resistance (NTCR) [14] and giant piezoresistive ef-
fect [15]. For example, some silicon-based polymer-derived ceramics,
such as SiC, have been used to develop temperature sensors, but their
low operating temperature (lower than 600 °C) and poor oxidation
resistance limit their application in extreme high-temperature environ-
ments [16]. It has been demonstrated that the high-temperature oper-
ation of polymer-derived ceramics can be enhanced by introduction of
some alternative elements, such as B, Al, and Fe [17-19]. Wang et al.
found that SiAICN ceramic showed better corrosion/oxidation resistance
and high-temperature stability than SiCN ceramic owing to prevention
of oxygen diffusion by the aluminum atoms [13,20]. Zhao et al. and Yu
et al. found that SiAICN ceramic exhibited excellent
temperature-sensing sensitivity and repeatability (up to 830 °C) [9,21].
Moreover, we have found that the conductive mechanism of SiAICN
ceramic is band-tail hopping rather than variable-range hopping by
analyzing the relationship between the conductivity (co) and
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Fig. 1. A schematic diagram of the sensor test platform.

temperature (Ty) [22], indicating that the thermally excited conduc-
tivity of SiAICN ceramic is favorable for high-temperature sensor
application. Therefore, SiAICN ceramic is a promising candidate mate-
rial for high-temperature sensor application, and the performance of the
SiAICN sensor should be evaluated at higher temperature for a longer
time. Though the polymer-derived SiAICN ceramic sensor has been re-
ported previously, the testing temperature is relatively low (830 °C) [9,
21]. Therefore, sensing performance of SiAICN ceramic sensor at higher
temperature need to be investigated.

In this work, polymer-derived SiAICN ceramics were synthesized at
different pyrolysis temperatures. A SiAICN ceramic high-temperature
sensor was fabricated and its sensing performance, including resis-
tance—temperature characteristics, sensitivity, repeatability and stabil-
ity, were evaluated by a test system based on a Wheatstone bridge in the
temperature range from 25 to 1000 °C. The results revealed that the
polymer-derived SiAlICN ceramic is a promising temperature-sensing
material for high temperature and harsh environments.

2. Experimental
2.1. Materials

The sensor head was fabricated with polymer-derived SiAICN
ceramic using commercially available polysilazane (PSN—2, Institute of
Chemistry, Chinese Academy of Sciences, Beijing, China) and
aluminum-tri-sec-butoxide (ASB, 97%, Sigma— Aldrich, Shanghai,
China) as the precursors. Dicumyl peroxide (DP, 98%, Sigma—Aldrich,
Shanghai, China) was used as the thermal initiator.

2.2. Synthesis of the SiAICN ceramics

The polymer-derived SiAICN ceramics were synthesized based on our
previously reported research [22]. In Brief, 20.0 g PSN and 2.0 g ASB
were mixed in a reaction vessel in an ultrahigh-purity N, environment.
The solution was then mixed under magnetic stirring in an oil bath at
80 °C for 1 h. Subsequently, 1.1 g DP was added to the solution with
continuous magnetic stirring at 50 °C for 30 min. The liquid SiAICN
precursor was then cross-linked in a vacuum oven at 140 °C for 3 h to
obtain an infusible solid precursor, which was subsequently milled into
fine powder of ~1 pm by high-energy ball milling. Finally, the fine
powder was uniaxially pressed into discs with diameter of 12 mm and
thickness of approximately 2 mm, and the pressed green bodies were
pyrolyzed at different temperatures (1000-1400 °C) for 4 h under the
protection of ultrahigh purity Na.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns of the SiAICN ceramics
were recorded with an X-ray diffractometer (SmartLab, Rigaku Instru-
ment Corp., Kyoto, Japan) using monochromatic Cu-Ko radiation with a

wavelength of A/2 = 154.06 p.m. to study the crystallization behavior of
the SiAICN ceramics. The Raman spectra were recorded with a micro-
Raman spectrometer (LabRAM HR Evolution, Horiba Jobin Yvon Co.
Ltd., Kyoto, Japan) using the 532 nm line of the silicon-solid laser as the
excitation source, to investigate the evolution of the free carbon phase
and graphitization. The compositions of all of the samples were
measured with a carbon-sulfur analyzer (LECO-CS230, America) for C
and an oxygen-nitrogen analyzer (LECO-TC500, America) for N and O.
The Al content was measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES-6300, America). The Si content (Mg;)
was calculated by the following equation:

Msi = 1-Mo—Mc—Mn—Ma;

2.4. Fabrication of the sensor head

The SiAICN ceramic pyrolyzed at 1000 °C was used to prepare the
temperature sensor head. The pyrolyzed ceramic was cut into a specif-
ically designed size of 6 mm x 5 mm x 1.5 mm as the sensor head. To
fabricate electrodes, two holes with a diameter of 0.5 mm were drilled
and platinum paste was evenly coated on the inner wall of the two holes.
Two platinum wires with a diameter of 0.2 mm were then soldered into
the holes with addition of a special prepared solder. The specially pre-
pared solder in this work was the mixture of liquid SiAICN precursor and
the milled powder of cross-linked SiAICN precursor. Finally, the sensor
head was sintered at 850 °C for 10 min to tightly embed the platinum
wires inside the sensor body.

2.5. Measurement of sensor performance

The resistance—temperature characteristic (R—T curve) and direct-
current (DC) conductivities of the SiAICN ceramics were measured
with a high-temperature resistance measurement system (HRMS-900,
Partulab Technology Co. Ltd., China). To evaluate the performance of
the SiAICN temperature sensor, a test platform was built. A schematic
diagram of the test platform is shown in Fig. 1. The test system consisted
of a data acquisition system and an acquisition module. LabVIEW soft-
ware was used to collect the output voltage signal of the circuit and
temperature signal of the thermocouple. The SiAICN sensor was con-
nected to a Wheatstone bridge, which is beneficial to improve the
sensitivity of the test system. The resistance of the three equivalent arms
was 20 KQ and a K-type thermocouple was used for real-time monitoring
of the temperature. The entire circuit was powered by a battery source.
To evaluate the repeatability and sensitivity, the SiAICN sensor and
thermocouple were fixed on the mobile platform together. They were
heated for 1 min in a tube furnace maintained at 1000 °C and then
cooled for 2 min at room temperature. This process was repeated 60
times, and the whole procedure was automatically controlled. To test
the stability, the SiAICN sensor was heated for 5 h at 1000 °C and the
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Fig. 2. XRD patterns of the SiAICN ceramics pyrolyzed at different
temperatures.

Table 1
DC conductivities and elemental compositions of the SiAICN ceramics pyrolyzed
at different temperatures.

Pyrolysis temperature (°C) DC conductivity (S/cm) Atomic ratio

1000 1.19E-8 SiAlg,03C0.82No.6700.3
1100 290 E-7 SiAlp.03Co.74N0.6900.34
1200 1.62 E-6 SiAlo.03C0.81N0.6900.3
1300 3.58 E-5 SiAlp.03C0.78N0.6900.3
1400 1.50 E-3 SiAlp.03Co.66N0.5300.3
-6 - =
-8
-104 i
Cl
- - o
% 12 1 \E%QQ,}
S .
b - ] 4 =
k= .
164 e
-18 - «’223225
=20 T 7 T r T T T T
0.60 0.65 0.70 0.75 0.80
.
1000/K (K™

Fig. 3. Conductivity of the SiAICN ceramic as a function of pyrolysis temper-
ature as an Arrhenius plot.

variation of output voltage was collected by LabVIEW.
The instantaneous output voltage (V;) was calculated by the
following Wheatstone bridge circuit equation:
Ro — RS

V= 0TSy 1
2(Ry + Rs) @

where Ry is the fixed resistance, R, is the resistance of the SiAICN sensor,
and V is the input voltage, which was 10 V in this study.
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Fig. 4. Raman spectra of the SiAICN ceramics pyrolyzed at different
temperatures.

Table 2

Curve fitting data of Raman spectra with different pyrolysis temperatures.
Pyrolysis temperature (°C) 1000 1100 1200 1300 1400
D peak position (cm ') 1350 1342 1333 1339 1337
G peak position (cm ™) 1540 1581 1590 1592 1600
FWHM (D peak) 166 151 139 142 106
FWHM (G peak) 175 129 111 104 71
Iy/Ig 1.01 1.40 1.42 1.52 1.69
Lq (nm) 1.28 1.50 1.51 1.57 1.65

3. Results and discussion
3.1. Characterization of the SiAICN ceramics

Powder XRD was performed to investigate crystallization of the
SiAICN ceramics. The XRD patterns of the SiAICN ceramics calcined at
different temperatures are shown in Fig. 2. All of the XRD patterns
showed broad peaks at 15°-30°, suggesting that the prepared ceramics
were typically amorphous solids. There was a weak peak at approxi-
mately 35° for the SiAICN ceramic pyrolyzed at 1400 °C, which origi-
nated from the (111) plane of A—SiC [23]. The DC electrical
conductivities and elemental compositions of the polymer-derived
SiAICN ceramics pyrolyzed at different temperatures are given in
Table 1. The elemental composition revealed that the aluminum element
was successfully introduced, but a small fraction of oxygen was also
present, which was probably caused by ASB. The conductivity of the
SiAICN ceramic increased by five orders of magnitude with increasing
pyrolysis temperature. To further analyze the evolution of the conduc-
tivity, the relationship between the conductivity of the SiAICN ceramic
and the pyrolysis temperature is plotted in Fig. 3. The results followed
the Arrhenius relation and the active energy of the SiAICN ceramic was
estimated to be 5.15 eV, which differs from the value of the SiCN
ceramic reported in Ref. [24]. The different active energy may be related
to the distinct structure rather than only depending on the evolution of
the free carbon phase.

The Raman spectra of the SiAICN ceramics pyrolyzed at different
temperatures are shown in Fig. 4. There were two characteristic peaks in
Raman spectra, namely, the D peak at ~1350 em™? owing to the
breathing modes of the sp? atoms in rings and the G peak at ~1600 cm ™!
stemmed from in-plane bond stretching of sp? carbon atoms [25-27]. To
obtain more detailed structure information, the Raman spectra were
curve-fitted for the D peak and G peak using the Lorentzian function and
Breit—Wigner—Fano function, respectively. The fitting parameters of
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Fig. 5. Resistance of the SiAICN ceramic pyrolyzed at 1000 °C as a function of
temperature.

the polymer-derived SiAICN ceramics are given in Table 2. The position
of the G peak sharply increased from 1000 °C to 1100 °C and then slowly
increased when the pyrolysis temperature continued to increase. The
full width at half maximum (FWHM) of the G peak gradually decreased
from 174 to 71 with increasing temperature. These results illustrated
that the free carbon phase of the SiAICN ceramic changed from amor-
phous to nanocrystalline and became more ordered with increasing
pyrolysis temperature from 1000 to 1400 °C [28]. The lateral size of free
carbon phase (Ly) was then calculated from the intensity ratio of Ip/Ig by
Ref. [29]:

In /I = C ()L} 2

where ) is the wavelength of the laser excitation source, which was 532
nm in this study. The size of the carbon cluster increased from 1.28 nm at
1000 °C to 1.65 nm at 1400 °C, indicating that the free carbon phase was
rearranged with increasing pyrolysis temperature, which improved the
order degree of the internal structure of the SiAICN ceramic.

3.2. Resistance—temperature characteristics of the SiIAICN ceramic

The polymer-derived SiAICN ceramic pyrolyzed at 1000 °C was
selected as the sensor head to prepare a temperature sensor, and its
resistance—temperature (R—T) curve is shown in Fig. 5. The resistance
of the SiAICN ceramic monotonically decreased by approximately two
orders of magnitude with increasing temperature from room tempera-
ture to 1000 °C, which follows the principle of the negative temperature
coefficient of resistance (NTCR). The sensitivity coefficient of the NTCR
thermistor (ar) is another important parameter to evaluate the sensi-
tivity of the sensor, which is defined by the following equation [18,30]:
1, 0p B

DGP = ®

ar = (
where p is the resistivity of the thermistor, T is the temperature, and B is
the material constant of the thermistor. The value of B can be calculated
by the following equation [6]:

In(&
g ) “

D

where R; and R; are the resistance at temperatures T; and T5, respec-
tively. Generally, T; and T, are 25 °C and 100 °C. The Bas,100°c value of
the SiAICN ceramic calculated by Eq. (4) was 920 K. As the temperature
increased from 25 to 1000 °C, the SiAICN ceramic showed good sensi-
tivity with the sensitivity coefficient of the SiAICN ceramic changed
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Fig. 7. Output voltage of the SiAICN sensor as a function of temperature.

from —1.04%/K to —0.07%/K, which is sufficient for the SiAICN
ceramic to be used as sensor material in high-temperature sensing
applications.

The thermistor equation Eq. (5) [9]was used to further analyze the
resistance—temperature characteristics of the polymer-derived SiAICN
ceramic:

lnlfle:C]%—Cz 5)
where C; and C, are constants, R is the resistance of SiAICN ceramic, and
T is the temperature. The fitted curve of the resistance of the SiAICN
ceramic against the temperature is shown in Fig. 6. The high correlation
coefficient of 0.999 indicates that the SiAICN ceramic followed the
thermistor equation very well within the tested temperature range. The
constants C; and C, were determined to be —2044 and —5.74, respec-
tively. The value of C; represents the sensitivity of the sensing material.
Compared with single-crystal SiC (—1837) [17], the lower C; value of
the polymer-derived SiAICN ceramic suggests that the PDC—SiAICN has
higher sensitivity. The linearity, known as the non-linear error, is
another important index to describe the static characteristics of a sensor,
which is defined by the following equation:

o

A ymax
==X 100% (6)

where AYjq is the maximum deviation between the fitted curve and the
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original data, Y is the full-scale output. The §-value of the SiAICN
ceramic was calculated to be 0.02%, indicating excellent linear
characteristics.

3.3. Performances of the SiAICN temperature sensor

The output voltage of the SiAICN sensor as a function of temperature
is shown in Fig. 7. The output voltage monotonously increased with
increasing temperature from room temperature to 1000 °C, indicating
stable temperature—voltage conversion.

The variation of the output voltage during 60 heating—cooling cycles
is shown in Fig. 8. The first 20 cycles, the middle 20 cycles, and the final
20 cycles are shown in Fig. 7(b)-(d), respectively. All of the output

6
1000 —
I 4 O
P
800 =
¥ -
~ c
I -2
5 6004}3 <
)= ¥ =
[P —
o -0 &
g 400 oa
H .
200 --25
0 | T 1 ] -4
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Fig. 10. Comparison of the response rate of the SiAICN sensor (the blue curve)
and a traditional metal-based thermocouple (the black curve). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

voltage curves exhibited the same variation after 60 cycles. The error
ranges of the maximum and minimum values were calculated to be
0.99% and 6.55%, respectively, as shown in Fig. 9. The higher error of
the minimum value may be caused by the very large resistance differ-
ence between the SiAICN ceramic and bridge arm at room temperature,
leading to lower accuracy. Nevertheless, the prepared SiAICN temper-
ature sensor showed excellent stability and repeatability.

Comparison of the response rate of the SiAICN sensor and a tradi-
tional thermocouple (the black curve is the variation of the temperature
for the thermocouple and the blue curve is the variation of the output
voltage for the SiAICN sensor) is shown in Fig. 10. The SiAlICN sensor
and thermocouple were simultaneously placed in a tube furnace
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maintained at 1000 °C and taken out after 500 s. The temperature of the
thermocouple reached 1000 °C after 90 s, while the output voltage of the
SiAICN sensor reached a plateau immediately after 20 s. During the
cooling process, the SiAICN sensor also showed a faster response rate
than the thermocouple, suggesting outstanding sensitivity of the SiAICN
sensor compared with the traditional metal-based thermocouple, which
means that the as-prepared SiAICN sensor can provide a near-instant
temperature response.

To measure the stability, the SiAICN sensor was heated in a tube
furnace at 1000 °C for 5 h and the variation of the output voltage is
shown in Fig. 11. The output voltage remained stable during the heating
period. However, the output voltage slightly decreased (by 3%) after
heating for 5 h, which can be attributed to the electricity consumption of
the battery in the set-up. The stable output voltage of the SiAICN sensor
suggests its good stability in a high-temperature environment.

4. Conclusion

Polymer-derived SiAICN ceramics have been synthesized at different
temperatures and characterized by XRD, elemental analysis, and Raman
spectroscopy. The SiAlCN ceramic pyrolyzed at 1000 °C was used to
fabricate a temperature sensor, and its sensing properties, including the
resistance—temperature characteristics, repeatability, sensitivity, and
stability, were investigated from room temperature to 1000 °C. XRD
showed the amorphous character of the SiAICN ceramic up to 1400 °C,
indicating good anti-crystallization ability. The size of the free carbon
phase and the order degree of the internal structure gradually increased
with increasing pyrolysis temperature.

The SiAICN ceramic also possessed a NTCR, and the sensitivity co-
efficient varied from —1.04%/K to —0.07%/K in the temperature range
from 25 to 1000 °C. Multiple heating—cooling cycles demonstrated the
excellent repeatability and stability of the SiAICN sensor. The SiAICN
sensor also showed a faster response rate and a shorter response time
than a traditional thermocouple, exhibiting its outstanding sensitivity.
Overall, polymer-derived SiAICN ceramics show great potential for
application as sensor materials in high-temperature and harsh
environments.
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