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ABSTRACT

ABSTRACT

The issue of inadequate thermal performance derived from the assembly of complex
mechanical products such as high-end CNC machine tools and electronic chip packaging has
become a key bottleneck restricting their service performance and performance stability. The
assembly interface serves as a medium for transmitting internal loads among components
and as a substrate for supporting thermal contact performance. Its mechanical properties
(stiffness, hardness, etc.) and thermal properties (thermal conductivity, etc.) significantly
influence the distribution of physical fields, such as stress and temperature, and are the key
factors that determine thermal contact performance and assembly thermal performance. This
research departs from the conventional approach of “homogenization” in the design of
assembly interface. Instead, it develops a precise analysis model for the thermal contact
performance at assembly interfaces and introduces a methodology for the “heterogenization”
of mechanical and thermal properties of assembly interfaces, to precise regulate thermal
contact performance. This paper carries out the following research work:

1. Aiming at the problem of “inaccurate calculation” of the thermal contact performance at
assembly interfaces, a study on the thermal contact performance at assembly interface based
on numerical analysis and experimental testing was carried out. Based on the measured and
simulated micromorphology to construct a macro-micro multi-scale, multi-field coupled
numerical analysis model. We established a comprehensive evaluation standard and revealed
how the inherent properties of the sample, load distribution characteristics, etc. affect
thermal contact performance. Direct and indirect testing methods based on steady-state heat
flow were proposed, along with an experimental platform and a prediction model for thermal
contact resistance using the Levenberg-Marquardt algorithm, providing a “computational
tool” for the precise analysis of thermal contact performance at assembly interfaces.

2. Aiming at the bidirectional thermal contact performance caused by asymmetric
temperature gradients, a study on bidirectional thermal contact performance analysis and
experimental test considering asymmetric temperature gradients was conducted. A numerical
analysis method was developed to consider secondary thermal effects, revealing how
microscopic contact states influence thermal resistance ratios and the thermal rectification
coefficient. A design method for enhancing the thermal rectification effect induced by
asymmetric thermal stress was proposed. The bidirectional thermal contact performance
under different working conditions was experimentally tested, and the intrinsic relationship
between thermal contact resistance and thermal rectification coefficient was found.

3. This study tackles the thermal contact performance at the assembly interface of complex
mechanical products. We explored optimizing the mechanical properties of the assembly
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interface to enhance thermal contact performance. By analyzing the relationship between
properties like hardness and stiffness and surface temperature distribution, we identified their
influence on contact deformation behavior. A progressive evolution optimization design
method of mechanical properties driven by thermal contact performance was constructed,
which achieved a significant reduction in thermal contact resistance and an effective
improvement in temperature distribution uniformity. The application verification of proton
exchange membrane fuel cells has been completed.

4. Based on the design concept of “heterogeneous” physical properties of the assembly
interface, research on the optimization design method of thermal properties of the assembly
interface driven by thermal contact performance was conducted. We identified internal
factors (thermal conductivity) and external factors (boundary temperature gradient) affecting
thermal contact performance. Our findings revealed the behavior of thermal contact
performance under various temperature boundary conditions and clarified the relationship
between temperature gradient and thermal conductivity. This resulted in a method for
optimizing assembly interface thermal properties, significantly improving thermal contact
performance, and completed the application verification of high-end CNC machine tools.

5. Taking the flip-chip packaging system, whose service performance is extremely sensitive
to temperature distribution as the research object, the assembly thermal performance analysis
and optimization design research were carried out. A precise analysis model for assembly
thermal performance considering double-layer thermal interface materials was constructed,
revealing the key factors affecting the thermal contact performance and assembly thermal
performance and their influencing rules. By comparing the existing thermal design method
of filling thermal interface materials with the innovative thermal design method of the
“heterogeneous” assembly interface proposed in this study, the advancement and
effectiveness of the proposed assembly interface design method were verified.

The precise analysis and regulation methods for thermal contact performance at assembly
interfaces proposed in this study helps enrich the “high-performance assembly theory” and
“mechanical design theory” system, provides a new solution for ensuring the thermal
performance of complex mechanical product assemblies. It has important theoretical value
and broad engineering application prospects.

KEY WORDS: Assembly interface; Assembly stress; Thermal contact resistance; Optimal
design; Surface topography
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