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Fig.1 (a) Schematic illustration of the overall design and fabrication process; Topology optimization results with different (b)

iteration numbers, (c) volume fractions, (d) design-domain geometries and objective functions; Thermal performance

comparison using (e) domain-averaged temperature (7,.) and (f) heating-side average temperature (7;) as objective functions.
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Fig. 2 (a) Optimal cubic design domain; (b) Topology optimization results under different boundary conditions; (c¢) Simplified

structures and numbering; (d) Steady-state temperature fields and heating-side temperature distributions of different structures

under boundary conditions A and B; Comparison of (e) 7,,,, and (f) 7, under the two boundary conditions.
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conductivity testing chamber; (c) Experimental AT values under vacuum and non-vacuum conditions, compared with simulated

results under conditions A and B.
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Fig. 4 Thermal unit structures and temperature distributions of the (a) cube-connected and (b) cylinder-connected groups with
different frustum thicknesses; variations of (¢) Ty, (d) Thye, and (e) AT with frustum thickness.
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Fig. 5 (a) Transient temperature fields of dumbbell- and cylindrical-array Graphite/PDMS composites; (b) Time-dependent
T,.. and AT; (c) Cyclic heating—cooling response of the dumbbell-array composite; (d) Thermal source temperature under
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Research Article

Enhanced Thermal Conductivity of Polymer Composites Based on
Dumbbell-like Filler Structures

Xiao-meng Zhou!, Xue-ying Zhou!, Zhi-xing Zhang', Meng-meng Qin!*, Wei Feng!-2"
(!School of Materials Science and Engineering, Tianjin University, Tianjin 300350)
(°State Key Laboratory of Precious Metal Functional Materials, Tianjin University, Tianjin 300350)

Abstract With the increasing power density of electronic devices, efficient thermal management is essential for

improving device reliability. Polymer-based composites are promising thermal management materials because of

their low density, good processability, and structural flexibility. However, the low intrinsic thermal conductivity

of polymer matrices limits their heat dissipation capability. Increasing filler loading can improve heat conduction,
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but excessive filler content often deteriorates mechanical, electrical insulating, and processing properties. Therefore,
improving filler utilization efficiency at a moderate filler fraction is important. In this work, topology optimization
was used to guide the design of graphite filler structures in polydimethylsiloxane (PDMS) composites. Based on
finite element simulations, a simple dumbbell-shaped graphite filler was proposed. This structure contained a
continuous central heat-conduction path and expanded end regions, which could reduce through-plane thermal
resistance and promote lateral heat spreading. Graphite/PDMS composites with cubic, cylindrical, frustum-like,
and dumbbell-shaped fillers were fabricated by computer numerical control machining, followed by PDMS
encapsulation and curing. Infrared thermal imaging and heat-flow-based tests were used to evaluate their thermal
responses. Compared with conventional cylindrical and cubic fillers, the dumbbell-shaped filler produced a more
uniform temperature distribution and stronger hotspot suppression. Under vacuum conditions, the hot-cold side
temperature difference was reduced by 8.6 and 5.4 °C, respectively. The dumbbell-array composite showed a heat
dissipation efficiency of 0.028 W-°C~!, 1.47 times that of the cylindrical-array composite. This work provides an
effective strategy for designing conductive filler architectures in polymer-based thermal management composites.
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