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Abstract

Abstract

High-temperature vibration testing is a critical technique for design optimization, safety
assessment, and performance enhancement of key components in major national engineering
applications such as aero-engines and hypersonic vehicles. The internal environment of aero-
engines features extremely high temperatures and complex vibration characteristics. The
vibration signals exhibit a wide frequency span and drastic amplitude variations, making real-
time acquisition and high-precision demodulation of high-temperature vibration signals
particularly challenging. In response to the urgent demand for high-temperature-capable, large-
dynamic-range, and wide-bandwidth vibration measurement in aero-engine key components,
this dissertation conducts a systematic study on silicon-carbide-based fiber-optic Fabry-Perot
(F-P) micro vibration sensor technology, covering sensor chip structural design and
optimization, key micro-nano fabrication processes, high-temperature low-stress packaging,
and high-dynamic-range signal demodulation. Environmental tests representative of typical
aero-engine components were performed to verify the feasibility of real-time sensing under
combined high-temperature and high-vibration conditions. The major research contents and
contributions are summarized as follows:

(1) The optical-mechanical-thermal sensitivities of SiC fiber-optic F-P vibration sensors
were systematically analyzed. An analytical model correlating F-P cavity length with spectral
response was derived based on the multi-beam interference mechanism, revealing the influence
of reflectivity on fringe characteristics. Two thermal compensation structures composite F-P
cavities and EFPI-FBG coupled cavities were proposed to achieve temperature decoupling and
real-time cavity-length compensation. Based on a second-order single-degree-of-freedom
vibration model, analytical expressions for the stiffness coefficients and damping
characteristics of four-side clamped beams and L-shaped beams were established. Guided by
structural design criteria and performance requirements, the key geometric parameters of the
sensor chip were determined through finite-element simulations. Pressure-film damping control
was employed to extend the flat operational bandwidth to 3000Hz (+10%). Thermo-mechanical
coupling analysis further elucidated the low-stress advantages of bottom-side packaging,
revealed the effect of thermal mismatch on structural stress distribution, and quantified cavity-
length temperature drift within 20-600°C.

(2) To address the difficulty of machining SiC, a thick-nickel masking process based on

dual-photolithography negative-resist filling and uniformity control was developed. This
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approach effectively mitigated lateral growth-induced mask degradation, enabling high-quality
nickel masks with a verticality of 88° and a thickness of 21.2um. A SiC dry-etching framework
based on ICP-RIE was established. Through optimization of gas ratios, RF power, and chamber
temperature, typical SiC etching defects such as “grass” formation and “V-groove” bottom
morphology were effectively suppressed. High-precision deep etching of SiC was achieved,
including 315um etch depth with 90°+£2° sidewall verticality, aspect ratios above 5:1, and
152um deep narrow trenches. Surface roughness was controllably tuned from Ra>200nm
(black SiC anti-reflection texture) to Ra<3 nm (smooth surface). By balancing etching kinetics
across structures with disparate widths, the lag effect in SiC etching was significantly reduced,
limiting the etch-rate mismatch between wide four-side-clamped beams and narrow L-beam
structures to within 1%. Using plasma activation and high-temperature annealing optimization,
the optimal bonding conditions were determined as 1300°C and 3MPa, achieving a bonding
strength of 11.2MPa. Based on these results, three-layer SiC wafer bonding and sensor chip
fabrication were successfully completed.

(3) An optical collimation and coupling model based on Gaussian-beam theory was
established, analyzing optical-path loss mechanisms and tolerance characteristics under both
near-field and far-field coupling regimes. A near-field coupling packaging scheme achieving
coupling efficiency #.>90% was designed under cavity length 200+20um and alignment
tolerances s<2pum and 6<0.5°. A dual-layer hermetic package employing a molybdenum-
zirconium-titanium alloy shell was developed, where thermal-stress matching and stress-relief
slot design effectively suppressed stress concentration. A high-temperature alignment and
optical-path calibration platform was constructed to achieve high-precision, low-stress
collimation packaging. Modal analysis, half-sine shock simulation, and high-temperature
thermo-stress simulations were conducted to evaluate the mechanical and thermal reliability of
the packaged device, demonstrating strong environmental adaptability.

(4) To overcome the performance bottlenecks in high-dynamic-range signal demodulation,
intensity-, wavelength-, and phase-based demodulation methods were compared in detail,
clarifying the advantages of phase demodulation for high-dynamic and high-precision
applications. A time-division-multiplexed architecture integrating multiple spectrometers was
developed, where multi-channel parallel sampling and stepwise exposure increased the system
sampling rate from 25kHz to 100kHz. Spectral shaping and window-based band-pass filtering
were implemented to suppress background illumination and low-frequency noise, thereby
enhancing the quality of the F-P cavity frequency component. A high-speed HT-CORDIC

demodulation algorithm combining Hilbert transformation and CORDIC rotation was proposed
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and implemented on FPGA hardware. Under full-frame operation, cavity-length demodulation
errors converged to 2.9nm within only eight iterations (80ns). A high-order harmonic cross-
correlation method was further introduced to enhance main-peak contrast, resolving fringe-
order identification errors that previously limited temperature-drift compensation accuracy.
Finally, the developed high-temperature SiC fiber-optic F-P micro vibration sensor was
calibrated using both room-temperature and high-temperature vibration platforms. The sensor
demonstrated a sensitivity of 3.02nm/g, a 20-3000Hz (+10%) frequency response, 0.38%
amplitude linearity, 0.55% repeatability error, 0.99% hysteresis error, and a 600°C temperature
drift of 3.54%. A wvalidation experiment on a typical aero-engine component achieved
continuous high-temperature vibration measurement for over 30 minutes across a full operation
cycle. FFT and wavelet analyses were used to extract dominant frequencies and vibration
amplitudes at different operational stages, successfully capturing multimodal frequency
responses under full-load conditions. The results confirm that the proposed sensor enables
stable and reliable real-time vibration measurement in harsh environments characterized by
high temperatures, strong vibrations, and strong multiphysics coupling. The research outcomes
provide an innovative technical solution for in-situ high-temperature vibration measurement
and high-precision signal extraction, and establish a solid technical foundation for aero-engine

health monitoring, combustion control, and life-prediction applications.
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