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Abstract

:

Improvement of the thermal conductivity of encapsulant material using doping filler is an important requirement for electronic device packaging. We proposed a simple method for determining the thermal characteristics of composite material that can help save time, increase research performance, and reduce the cost of buying testing equipment. Based on the theory of Fourier law, a general 3D model is simplified into a 2D model, which can then be applied to calculate the thermal conductivity of the tested sample. The temperature distribution inside the sample is simulated by the finite element method using MATLAB software; this is a simple and useful option for researchers who conduct studies on thermal conduction. In addition, an experimental setup is proposed to help determine the extent of thermal conductivity improvement in a sample with doping filler compared to a bare sample. This method is helpful for research on optoelectronics packaging, which relates to the enhancement of thermal conductivity composite material.
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1. Introduction


High-power electronic devices always require an efficient way to manage heat, as generated heat is an avoidable problem for electronic devices during operation. For example, in the case of high-power phosphor converted white light emitting diodes (pcW-LEDs), due to the limitation of quantum efficiency and Stokes shift heat is always generated during operation. A portion of the input power is converted to useful power while the rest is converted to heat. That generated heat not only causes negative effects on the optical property of pcW-LEDs, such as color and wavelength shift, a shortened lifetime, and thermal degradation of output light [1,2,3], but also causes mechanical damage to the packaging structure [4]. It is reported that approximately 60% to 70% of input power is converted to heat [5,6]. Popular materials used to encapsulate pcW-LEDs are silicone resin and epoxy resin. Although the heat generated by electronics is substantial, the thermal conductivity of encapsulation material is 0.2 W/m.K [7]. This low thermal conductivity value limits the thermal management of electronic devices. It is necessary to reduce heat accumulation inside the packaging structure of the device. One method of heat management is increasing heat dissipation so that heat is transferred away from the heat source as fast as possible [8,9]. Effective heat conductive paths in the encapsulant material are crucial for the next generation of electronics packaging material.



It is well-known that polymer is widely used in electronic device packaging for many purposes, including protective layers, insulation, and to enhance light extraction. Heat dissipation ability can be increased if the thermal conductivity of encapsulant material is improved. It has been reported that the thermal conductivity of polymer can be enhanced by adding particle/material powder which has very high thermal conductivity [10,11,12,13,14,15,16,17,18]. Guo et al. reported that the thermal conductivity of TZnO/epoxy composites with 50 wt% filler reaches 4.38 W/m.K, an approximate 1816% enhancement compared to neat epoxy [10]. Wang et al. studied epoxy composite with carbon fibers (CFs) and alumina (Al2O3), and determined that the thermal conductivity of epoxy composite with 6.4 wt% CFs and 74 wt% Al2O3 hybrid filler reaches 3.84 W/m.K, which is a 2096% increase compared to neat epoxy [11]. Peng et al. reported that ZnO/epoxy nanocomposite film maintained high visible transparency (approximately 60–80%); the thermal conductivity of the composite is approximately 0.25–0.30 W/m.K with the content under 5 wt% of ZnO nanoparticles [12]. Shen et al. reported a facile approach to fabricate an epoxy composite incorporated with silicon carbide nanowires (SiC NWs). The thermal conductivity of epoxy/SiC NWs composite with 3.0 wt% filler reached 0.449 W/m.K, an approximate 106% enhancement compared to neat epoxy [13]. Ren et al. reported that thermal conductivity is significantly enhanced (~140%) in boron nitride nanoparticle (GBN)/epoxy composites containing only 5 wt% of GBN [14]. Gaska et al. studied the thermal conductivity of epoxy–matrix composites, and reported that epoxy filled with 31 vol.% of boron nitride–silica hybrid filler enhanced thermal conductivity by 114 % [15]. Yan et al. obtained a high value of thermal conductivity (1.73 W/m.K) for epoxy composites by constructing a dense thermal conductive network with a combination of alumina and carbon nanotubes [16]. Kang et al. used the 2D material, MXene (Ti3C2), as a reinforcement additive to optimize the thermal properties of polymers. The results showed that the thermal conductivity value (0.587 W/m.K) of epoxy composite with only 1.0 wt% Ti3C2 MXene fillers increased by 141.3% compared with that of neat epoxy [17]. Hu et al. discovered that a well-ordered boron nitride (BN) microstructure in the composites results in an elevated thermal conductivity up to 6.09 W/m.K at 50 wt% loadings [18]. In this type of research, it is important to test the changes in thermal conductivity of samples with doped fillers. There are several ways to determine materials’ thermal conductivity, including the steady-state technique, the nonsteady-state technique, the guarded hot plate, and laser flash diffusivity [19,20,21,22,23]. In terms of heat transfer engineering, in the steady-state the temperature of homogeneous material remains constant with time. In contrast, in the nonsteady-state the temperature of homogeneous material changes with time; this is also called a nonequilibrium or transient state. The key difference between thermal conductivity and diffusivity is that thermal conductivity refers to the ability of a material to conduct heat, whereas thermal diffusivity refers to the measurement of a material’s heat transfer rate from its hot ends to its cold ends. In general, a material that has considerable thermal conductivity will also have high thermal diffusivity, i.e., a high rate of heat transfer from high temperature ends to lower temperature ends. Thermal conductivity (K) can be calculated when the thermal diffusivity (α), specific heat capacity (Cp), and density ( ρ ) of a sample are known. Although most nonequivalent methods (or nonsteady-state techniques) are based on measuring thermal diffusivity, thermal conductivity (K) can be calculated from thermal diffusivity (α) through the relation: K = α ρ Cp, where Cp and  ρ  are specific heat capacity and density of the sample, respectively [24].



Researchers face expensive equipment costs when testing samples’ thermal conductivity; therefore, there is a demand for a simple, low cost, and effective way to determine a sample’s thermal conductivity. In addition to testing thermal conductivity, another important requirement is to know the temperature distribution inside the sample after thermal conductivity has been enhanced, as the thermal camera only detects temperature information on a sample‘s surface. Therefore, there is a demand for an additional method for internal thermal analysis to determine temperature behavior inside a sample. For that purpose, different simulation tools, such as COMSOL, QUICKFIELD, THESEUSFE, and MSC software, can be applied for thermal analysis purposes [25,26,27,28]. However, these types of expensive commercial software require sufficient programming ability. Interestingly, a familiar software, MATLAB, is also a useful tool to both solve the heat diffusion equation and intuitively present the temperature distribution [29,30,31]. Thus, if a thermal model is suitably built, the temperature distribution inside the sample can easily be obtained by applying the finite element method (FEM) in MATLAB.



In this paper, we proposed a method for determining the sample’s thermal conductivity using a thermoelectric cooler (TEC) and thermal camera. The temperature data obtained are used to calculate the enhancement of thermal conductivity by applying the theory of Fourier’s law. A simple model using MATLAB software simulates the internal temperature distribution corresponding to the thermal conductivity of the sample. The proposed method is helpful for heat management studies; it improves the thermal conduction of encapsulant material for electronic devices.




2. Theory of Calculation: The Improvement of Thermal Conductivity


Thermal conduction in one direction is illustrated in Figure 1.



For the one-dimension of thermal conduction, Fourier’s law can be written as


   q ″   = − K   d T   d z     



(1)




where q” is heat flux density (W/m2), which is the rate of heat transfer per unit area; K is thermal conductivity (W/m.K), which is a characteristic of the material; and dT is the temperature gradient along z direction [29]. The minus sign signifies that heat is transferred in the direction of decreasing temperature. Under steady-state conditions when the temperature is linear, the temperature gradient may be expressed as


    d T   d z   =    T 2  −  T 1   L   



(2)




where L denotes the thickness of the sample; then, the heat flux density in Equation (1) becomes


   q ″  = − K    T 2  −  T 1   L   



(3)




or


   q ″  = K    T 1  −  T 2   L  = K   Δ T  L   



(4)







When the thermoelectric cooler (TEC) is powered, one surface becomes cool while the other surface becomes hot, based on the Peltier effect [32,33]. The TEC’s hot surface can be applied to heat samples; samples without and with doping high thermal conductivity (HTC) fillers are put on the same TEC’s hot surface. For the sample without doping HTC, apply the Equation (4), it obtains the equation


   q ″  =  K 1    Δ  T 1   L   



(5)







Similar to the sample without doping HTC, the sample with doping HTC has


   q ″  =  K 2    Δ  T 2   L   



(6)







As both samples are placed on the same TEC’s hot surface, heat flux transfers through samples without and with doping high thermal conductivity (HTC) fillers are the same. Thus, it obtains the relation


   K 1    Δ  T 1   L  =  K 2    Δ  T 2   L   



(7)







Or


     K 2     K 1    =   Δ  T 1    Δ  T 2     



(8)




where K1 and K2 are thermal conductivity of plates without and with doping HTC material, respectively, and ΔT1 and ΔT2 are temperature differences between the bottom and top surfaces of plates without and with HTC, respectively.



Let n be the ratio of temperature difference between the samples’ bottom surface and top surface plates without doping HTC versus with doping HTC material; it thus has the following ratio


     K 2     K 1    =   Δ  T 1    Δ  T 2    =   n Δ  T 2    Δ  T 2    = n  



(9)







Finally, the thermal conductivity enhancement (TCE) of the sample with doping HTC compared to the sample without doping HTC can be determined as follows


   TCE     ( % )  =    K 2  −  K 1     K 1    × 100 =  (  n − 1  )  × 100  



(10)







Figure 2 shows simulations of TCE for different values of n based on Equation (10). TCE is a function of the ratio of temperature difference (n). An increase in the sample’s thermo-conductivity will reduce the temperature difference between its two faces.




3. Method for Determining the Temperature Value of the Sample’s Two Faces in the Experiment


The equipment used are a TEC and a thermal camera. A TEC has the advantage of high uniform distribution on the hot surfaces, and is operated as shown in Figure 3. The test sample is put on the TEC’s hot surface. The temperature is measured using the thermal camera. If thermal contact with the sample’s bottom surface is sufficient, it can be assumed that the temperatures of the sample‘s bottom surface and the TEC’s hot surface are the same. The setup for measuring the temperature is shown in Figure 4. Figure 4a illustrates the thermal camera and the TEC device. Figure 4b illustrates the setup including the thermal camera, the TEC device, and the test sample. The setup in Figure 4a is used to determine the temperature of the TEC’s hot surface. Here, the temperature of the sample’s bottom surface is assumed to be the same as that of the TEC’s hot surface. The setup shown in Figure 4b is used to determine the temperature of the test sample’s top surface. The test sample is placed on the hot surface of the TEC. The sample is prepared as a thin cylindrical shape, with a thickness of 1 mm and a diameter of 16 mm, using the molding method.



Details of the experiment procedure’s setup as shown in Figure 4 are as follows. First, as depicted in Figure 4a, the temperature of the TEC’s hot surface is measured. In the thermal camera setting, select the parameter of thermal emissivity that corresponds to the material of the TEC‘s hot surface. When operating the TEC, wait for the thermal steady-state of the TEC device. Turn on the thermal camera to detect the temperature of the TEC’s hot surface. Second, for the experiment in Figure 4b, the process to determine the temperature of the sample’s top surface is as follows. The tested sample is placed on the top surface of the TEC. After waiting for the thermal steady-state, turn on the thermal camera and select the setting parameter of thermal emissivity that corresponds to the sample material. Shoot the thermal camera to obtain the temperature of the top surface of the sample.



Repeat the above process for additional bare samples and samples with different amounts of HTC material added to obtain their corresponding temperature differences between the bottom and top surfaces.



Finally, apply Equations (9) and (10) to calculate the changing of thermal conductivity or the TCE of the sample with added HTC compared to that of the bare sample.




4. Simulation of Temperature Distribution


In addition to calculating the enhancement of thermal conductivity of the doped samples, it is also important to estimate the internal temperature distribution of the samples. In the case of heat transfer through the sample at a steady-state, temperature distribution can be easily obtained by applying the finite element method (FEM) and using MATLAB software to solve the heat diffusion equation with some known boundary conditions.



The symmetry property of sample geometry around the z-axis permits easy transfer of the problem of solving a heat diffusion equation in 3D into solving a heat diffusion equation in 2D. Temperature distribution in each plane of the cross-section is also symmetrical around the z-axis. The heat diffusion in 2D of the cross-section plane z–x can be written as


  K  (     ∂ 2    ∂  x 2    +    ∂ 2    ∂  z 2     )  +  q ″   = 0   



(11)




where K is thermal conductivity (W/m.K), and   q ″   is heat flux (W/m2). In the thermal steady-state, if the internal heat sources inside the sample are not significant, the heat diffusion equation is as follows


  K  (     ∂ 2    ∂  x 2    +    ∂ 2    ∂  z 2     )   = 0   



(12)







Figure 5a shows the 3D view of a sample placed on the TEC surface. The sample has the geometry of a thin cylinder. Rotating around the z-axis, different cross-section surfaces have the same shape as a rectangle which are the same size. Figure 5b,c illustrate the symmetry property of the cross-section at two planes, z–x and z–y, respectively. Figure 6 shows the application of the simulation procedure to the steady-state model to determine temperature distribution after simplifying the 3D model to a 2D model.



The steps in the simulation of temperature distribution are described in Figure 6. There are six main steps in this model. First, a steady-state thermal model is used in the MATLAB software. Second, the geometry of the TEC device and the tested sample are built using the corresponding code programming in the MATLAB software. The geometry parameters in the simulation are listed in Table 1. Third, the finite element method is applied to the geometry completed in the second step. Steps four and five are setting the boundary conditions and thermal parameters for the material of the test sample and the TEC device. These thermal parameters are listed in Table 2. The sixth and final step is to run the model code to obtain the result.



To illustrate the simulation process based on the steps in Figure 6, four cases of thermal conductivity improvement were simulated. The boundary conditions are set as follows: the temperature of the bottom surface of the test sample and the TEC’s hot surface is 100 °C; the temperatures of the top surface of the test sample are 50 °C, 62.5 °C, 75 °C, and 81.25 °C, corresponding to four cases of thermal conductivity improvement. Simulation results are shown in Figure 7 and Figure 8. Figure 7a shows the 2D geometry of the cross-section of the sample and TEC device created in the simulation. The bottom rectangle that is denoted as F1 is the cross-section of the TEC’s hot surface, which is bounded by edges E1, E2, E3, E7, E8, and E9. Domain F1 is 1 mm along the vertical axis, which is shown in the range 0 to 1 on the vertical coordinate’s axis. Domain F1 is 30 mm along the horizontal axis, which is shown in the range −15 to 15 on the horizontal coordinate’s axis. The sample is 0.5 mm thick and 16 mm in diameter, and is shown in the top smaller rectangle in Figure 7a. The cross-section of the sample is a rectangle that has a height of 0.5 mm and a width of 16 mm. In Figure 7a, the domain of this rectangle is denoted F2, and bounded by edges E4, E5, E6, and E8. Domain F2 is 0.5 mm along the vertical axis, which is shown in the range 1 to 1.5 on the vertical coordinate’s axis. Domain F2 is 16 mm along the horizontal axis, which is shown in the range −8 to 8 on the horizontal coordinate’s axis. Figure 7b shows the sample and the TEC device geometry by applying the finite element mesh. A mesh comprising the union of triangles is generated on the geometry of the test sample. The finite element used in the simulation is triangle geometry. To clearly illustrate the used finite element, a portion of meshed rectangle is enlarged, as shown in Figure 7b.



The simulation results for temperature distribution are shown in Figure 8, corresponding to 0.2 W/m.K, 0.3 W/m.K, 0.4 W/m.K, and 0.8 W/m.K. Results indicated that the higher enhancement of thermal conductivity caused a more uniform internal temperature distribution. Higher thermal conductivity will help heat transfer better; in other words, it reduces the heat isolate phenomena for samples with higher thermal conductivity. In Figure 8, the vertical axis shows the thickness of the sample while the horizontal axis describes the diameter of the sample. The thickness of the sample is 0.5 mm, which is shown in the range of 1.0 mm to 1.5 mm along the vertical axis. Meanwhile, the diameter is 16 mm, which is shown in the range of −8.0 mm to 8.0 mm along the horizontal axis. The values range is from −10 to 10 to help clearly show the output result of the simulation.



Another important consideration when conducting temperature simulations is that it is desirable to know the temperature values at each spatial position inside the sample. For that purpose, the simulation needs to interpolate temperature values and contour the temperature distribution across the sample. The corresponding simulation result is shown in Figure 9. The results show that at the position where the sample contacts the hot surface of the TEC device, temperature values are the same. However, the temperature of positions far away from the hot surface of the TEC device is proportional to the thermal conductivity enhancement of each sample. The sample with higher thermal conductivity enhancement showed a higher temperature value corresponding to the same spatial location across the thickness of the sample. This indicated that the enhancement of thermal conductivity can easily help transfer heat far away from hot regions.



The verification and validation of any proposed simulation model is an important requirement. The measurement of the spatial temperature distribution inside the sample is difficult because the thermal camera only shows the surface temperature. Furthermore, using the invasion method to detect the temperature is impossible for a thin sample. Therefore, the verification and validation of the proposed simulation model are accomplished by checking the reliability of the steps in the simulation model. First, the boundary condition is determined by the experiment before it is input into the programming code. The boundary is determined by experimentation using a thermal camera or thermocouple so that the detected temperature is verified. The steady-state thermal model is simpler than the nonsteady-state thermal model, as it only requires parameters including boundary temperature and thermal conductivity of the sample material. On the other hand, material parameters of thermal conductivity can be referred to from reliable studies, as well as based on the calculation of Equation (9), which uses data from experimental measurement. Although there are still some factors that affect the experimental temperature measurement process (such as variation in room temperature, setup emissivity parameter in the thermal camera during measurement, and contact between the sample and the TEC’s surface), the model can become reliable once the process determining the parameters for boundary conditions is well-considered and controlled as much as possible before being input into the simulation code.




5. Conclusions


Thermal conductivity enhancement of samples loaded with HTC fillers can be calculated based on the proposed mathematical model, which is derived from the theory of Fourier’s law. The change in thermal conductivity is calculated by determining the temperature difference between both surfaces of the sample without and with doping with HTC fillers. The formula to calculate thermal conductivity enhancement (TCE) of the sample with doping HTC was built and presented. An experimental setup was also presented to help calculate the thermal conductivity enhancement.



In addition to the mathematical model, a new idea and useful simulation method using MATLAB software were presented. The results indicate that we can apply MATLAB to find the solution for the question “How to simulate the spatial distribution of temperature in the sample?”



Temperature distribution can be easily visualized by the finite element method using MATLAB software. The 3D model can be simplified into a 2D model based on the symmetry property of sample geometry. The thermal model at a steady-state was built to find the temperature distribution corresponding to an improvement in thermal conductivity of the sample after fillers were added. An important step to make the model reliable is determination of the boundary temperature before inputting data into the simulation. Using a TEC device for heating samples made in the shape of a thin cylindrical plate and a thermal camera to determine the temperature at the bottom and top surfaces of the sample, the temperature to input as the boundary’s value in the steady-state model can be determined.



Temperature values are also easily interpolated to help estimate the changing temperature value corresponding to the space across the thickness of a sample after thermal conductivity is improved. The results show that when a sample’s thermal conductivity is enhanced, the temperature value increases for the same spatial location inside that sample. This indicates that the accumulation of heat will be reduced when the enhancement of thermal conductivity is improved.



The obtained results, which are based on the simple TEC device, thermal camera, and MATLAB software, indicate that the proposed method is meaningful due to its simplicity and cost efficiency, as it does not require expensive testing equipment and simulation software (e.g., COMSOL).
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Figure 1. Illustration of thermal conduction in one direction of z-axis. 
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Figure 2. Simulation of improvement in thermo-conductivity of material corresponds to different values of n based on Equation (10). 
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Figure 3. (a) Photo of TEC without operating and (b) temperature uniformity of TEC hot surface. 
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Figure 4. (a) Determination of temperature of bottom and (b) top surfaces of sample. 
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Figure 5. (a) A 3D view of the sample and the TEC illustrating the symmetry property of the sample and (b) the cross-section at the plane of z–x and (c) the plane of z–y. 






Figure 5. (a) A 3D view of the sample and the TEC illustrating the symmetry property of the sample and (b) the cross-section at the plane of z–x and (c) the plane of z–y.



[image: Jcs 06 00214 g005]







[image: Jcs 06 00214 g006 550] 





Figure 6. Steps in the steady-state model. 
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Figure 7. (a) Block geometry of sample built in simulation (the unit of the vertical and horizontal axes is millimeters (mm)) and (b) sample geometry with finite element mesh and enlarged section. 
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Figure 8. Simulation result of temperature for different cases of thermal conductivity enhancement: (a) K = 0.2 W/mK; (b) K = 0.3 W/mK; (c) K = 0.4 W/mK, and (d) K = 0.8 W/mK (the unit of the vertical and horizontal axes is millimeters (mm)). 
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Figure 9. Simulation results of interpolate temperature and contour temperature distribution across the sample for different cases of thermal conductivity enhancement: (a) K = 0.2 W/mK; (b) K = 0.3 W/mK; (c) K = 0.4 W/mK; and (d) K = 0.8 W/mK (the unit of the vertical and horizontal axes is millimeters (mm)). 
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Table 1. Geometry parameters in the simulation.
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	Value
	Unit





	Sample thickness
	0.5
	mm



	Sample width (diameter)
	16
	mm



	TEC device thickness
	5
	mm



	TEC device width
	30
	mm
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Table 2. Thermal parameter of material in the simulation. (The value of Ki will change depending on if the sample is without or with HTC filler).
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	Value
	Unit





	Sample thermal conductivity
	Ki
	W/(m.K)



	TEC device thermal conductivity
	130
	W/(m.K)
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