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Abstract: To address the issue of limited sensor reliability in extreme environments due to
thermal stress, leading to sensor zero drift, temperature drift and even failure, a thermal stress
calculation method and finite element model for high-temperature piezoelectric force sensors based
on thermal-structural coupling. Based on the equilibrium equation and the thermal-elastic theory,
the physical equation of thermoelastic mechanics of the sensor is established, and the impact of
packaging material and temperature on the thermal stress of the piezoelectric force sensor is
analyzed. By examining the thermal stress distribution of the piezoelectric force sensor in high-
temperature environments, the areas of stress concentration within the sensor are identified.
Tracing back the thermal stress of the sensor reveals that thermal mismatch stress arises from the

disparity in the thermal expansion coefficients between the packaging material and the crystalline
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material. The random vibration power spectral density is converted into an acceleration time-

domain signal, and the sensor’s thermal stress is analyzed using a multi-physics coupling

method, yielding a maximum stress of 134. 61 MPa, which is below the material’s yield strength

by 300 MPa, confirming the sensor’s reliability in high-temperature, high-pressure, and random

vibration environments. An examination of the impact of alumina and zirconia insulation on the

sensor’s maximum thermal stress shows that at 420 °C, the maximum thermal stress of the

alumina-insulated sensor is 9. 18 MPa lower than that of the non-insulated sensor and 79. 31 MPa

lower than that of the zirconia-insulated sensor.

The research provides insights for reducing

thermal stress in sensors in high-temperature environments.

Keywords: high-temperature sensors; thermal stress; multiphysical fields; piezoelectric
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Fig. 1 Schematic diagram of the sensor structure
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Table 1 Parameters of each structural material of the sensor

W/ OPMHERE PN Rk 2 HL/
A4 Rk A L .
(kg*m*) GPa 10 5°C!
Inconel601 8100 206.5 0.272 11.0
Al, O, 128 3580 281.0 0. 204 7.8
7r0, " 4150 380.0 0. 300 8.1
T H e 6 100 155. 0 0.280 8.0

AL SRR A TE SRR T L AL B AN T o A
Tk G, H T AL RS A FE A BRI K R B
SRECT AR ST AR SRR LR 51 R 1
T B R b T i, BRI A R S AR KA
B PE . AR A 2 8 L AT TR R AT G B T A R
a3 s AT LUEAL IR BN ) 05 LA R RE i . H T AR
B A2k R MO Y L R A Sweep 7
280 4 M L 28 45 R I Multizone J7 35 14> M A%, 5%
WIEARE S & 2%, R Al Hex Dominant J5 i % 43 ¥
AL AR 25 FBAE A R 3 & 0.3 mm., X%
JEER o DSk AT A A, AT R v T L4 SR RS
JE A% R 1 A% Rl oy A ] 2 TR

B2 1R my s R 43
Fig. 2 Meshing of sensors

X R I A% AT AN [ R BE A 0 L A T
KHESUE WL 3R 2. HLAE 4 b A% 7 22 X% N7 19 1% IR
o Fog R FAIL 3 0 g AR L JEE L T LR H L A A Rk
B 273 1) Al AR B d K AR ) AR X R 28 N T
106 e 2 1 273 T3 B W A% BOVE O o 25 1 19 s 32
IR




PN

%59 %

198 [T
k2 MR FMIEE
Table 2 Mesh independent verification
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Fig. 3 Boundary conditions of the sensor
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Fig. 4 Maximum thermal stress of different

shell materials
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different temperatures
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