/N A e
Acta Phys. -Chim. Sin. 2024, 40 (X), 2407003 (1 of 12)

[Article] doi: 10.3866/PKU.WHXB202407003 www.whxb.pku.edu.cn

High-Precision and Reliable Thermal Conductivity Measurement for
Graphene Films Based on an Improved Steady-State Electric Heating
Method

Jiahao Lu ', Xin Ming ', Yingjun Liu 27, Yuanyuan Hao ', Peijuan Zhang ', Songhan Shi ', Yi Mao ',

Yue Yu ', Shengying Cai 3, Zhen Xu "2, Chao Gao "?"

' MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering,
Key Laboratory of Adsorption and Separation Materials & Technologies of Zhejiang Province, Zhejiang University,
Hangzhou 310027, China.

2 Shanxi-Zheda Institute of Advanced Materials and Chemical Engineering, Taiyuan 030032, China.

3 Center for Healthcare Materials, Shaoxing Institute, Zhejiang University, Shaoxing 312000, Zhejiang Province, China.

Abstract: The graphene film with high thermal conductivity has
garnered considerable attention in recent years as an ideal material for
dissipating heat in high-power electronic devices. Thermal conductivity is
a crucial parameter for evaluating its fundamental performance. High-
precision measurement holds significant importance for understanding
its basic properties, fabrication optimization, and industrial applications.
However, it is difficult to simultaneously achieve efficient, accurate, and
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reliable measurements with existing commercial thermal conductivity = | A [ | =~
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testing methods. The development of a convenient, high-precision, and w| YA A,
reliable measurement approach remains a great challenge. Here, we BT nE T doFo oo 20 4o
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introduce a thermal conductivity testing methodology with superior

accuracy and excellent efficiency based on an improved steady-state electric heating method, refined through the
optimization of heat transfer principles, experimental operation, and data analysis, supported by finite element simulation.
The accuracy of measurements is affected by four factors: heat loss calibration, sample size, device design, and data
treatment. The experimental results show that the heat loss caused by heat radiation and heat convection affects the
temperature distribution and the measurements of the sample, which should be strictly controlled by sample size and
temperature rise. Reasonable screening and preprocessing of data are also necessary to improve measurement accuracy.
Through the comparative analysis of the temperature distribution and thermal conductivity measurements of samples under
different conditions, we propose feasible operational guidance and a standardized testing protocol to minimize
measurement error. The measurement error is less than 3.0%, and uncertainty is reduced to 0.5%. Simulation results
confirm that the response time of this method is down to milliseconds, correlating well with the experiment, which can
effectively improve test efficiency. Considering the combined merits of high accuracy, repeatability, and fast response, the
improved steady-state electric heating method offers useful guidance for the accurate evaluation of the thermal conductivity
of materials and crucial technical support for research and application in thermal management.
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Fig.1 The instrument used to measure thermal conductivity of graphene film by
steady state electric heating method.

(a) Test device, (b) Sample temperature distribution.
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Fig.2 The proportion of the three heat transfer methods and the test error simulation results.

(a) Heat transfer process diagram, (b) Thermal conductivity (1) of samples with different thicknesses in different environments,

(c—e) Proportion of three heat transfer ways in samples of different thicknesses, 25 um (c—d) and 100 pum (e),

(f) Test error variation with temperature difference (A7), (g) Test error variation with thickness.
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Fig. 3 Influence of sample size on measurement results.

(a) Infrared temperature measurement image, (b—c) Chart of thermal conductivity (1) with length (b) and width (c), (d) Schematic diagram of in-plane heat

transfer in samples, (e) Infrared image of temperature distribution in the X-Y plane of the sample with different thickness, (f) Temperature distribution curve

along the Y-axis at different X-axis positions, (g) Sample surface temperature distribution curves under different conditions, (h) Above the threshold plane

where the temperature curve is parabolic is satisfied, (i) Temperature distribution curve of 500 pm thick film sample based on finite element simulation.
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Fig. 4 The influence of the test device parameters on the result.

(a) Test equipment section diagram, (b) Infrared image of the same sample at different emissivity, (c) Emissivity versus temperature curves under

different surfaces and calculated thermal conductivity, (d) The comparison between infrared temperature and actual temperature under

different set transmittance and the calculated thermal conductivity variation of the same sample with different set transmittance,

(e) Thermal conductivity (1) varies with the number of measurements under different power test methods, (f) Infrared image under

poor coating of silver glue, (g) Temperature rise and voltage drop distribution on the sample surface.
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Fig. 5 The influences of data analysis on test results.

(a) Schematic diagram of point selection offset by traditional method, (b) Thermal conductivity (1) calculated after the selected point offset,

(c) Fitting of sample temperature distribution curve under low temperature rise, (d) The fit correlation coefficient (R?) changed with

maximum temperature difference, () Data processing diagram of modified steady-state electric heating method, (f) Fitting diagram at a

maximum temperature difference of 20 K, (g) Temperature distribution fitting diagram under different electric power,

(h) temperature difference versus electric power, (i) Thermal conductivity (1) based on the original and fitted data.
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Fig. 6 Performance diagram of steady-state electric heating method.

(a) Comparison chart of various thermal conductivity testing methods, (b) Thermal conductivity comparison for thick

films (200 um) under various methods, (c) Illustration of sample temperature response, (d) Thermal conductivity testing stability.
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Table 1 Summary of uncertainty.

Parameter Range Uncertainty
L/mm 0-10 0.0002
w/pm 0-1000 0.0001
t/um 0-500 0.002
I/mA 0-7000 0.00015
U/mV 0-5000 0.0002
AT/K 0-40 0.005

L is the half-length of graphene film, w is the width of sample, ¢ is the
thickness of sample, 7 is the electric current, U is the voltage, AT is the

temperature difference between two points (O, A).
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