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Abstract

Flexible substrates that host electronic components are essential parts of soft electronics. The continuing miniaturization of these electronics requires the substrates with high thermal conductivity to avoid function failure and lifetime reduction. However, soft and mechanically deformable systems have typically low thermal conductivity. Here, we fabricate a flexible polyvinyl alcohol (PVA) nano-fiber film (PVANFF) by the electrospinning technique, which exhibits excellent flexibility and high thermal conductivity simultaneously. The effective thermal conductivity of the PVANFF along the fiber axis is 0.41 W/m-K (32% more than the value of bulk PVA). This excellent performance is attributed to polymer molecular chain alignment and fibrous structural improvements, which are resulted from the high strain rates during the electrospinning process. Furthermore, we enhance the thermal conductivity of the PVANFF by doping it with silver nanowires (AgNWs) whose effective thermal conductivity along the fiber can reach 0.49 W/m-K (58% more than the value of bulk PVA). And we also measure the PVANFF (doped with/without AgNWs) without the air between the fibers by filling it with amorphous PVA. And the thermal conductivity along the fiber of PVANFF doped with AgNWs is 0.44 W/m-K (42% more than the value of PVA). Our study provides design guidance for flexible substrates.
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1. INTRODUCTION

The thermal management in the soft electronics [1-3] largely affects the performance and stability of devices [4, 5]. Effective heat removal from the devices seems to be critical. The polymer substrates are widely used in microelectronic devices as they provide mechanical support and interconnection for different chips in electric devices [6]. They have the advantages of stable physical and chemical properties, cheap cost, insulation and easy processing [7, 8]. However, polymers are typically regarded as thermal insulators with thermal conductivity of 0.1-0.5 W/m-K at room temperature [9]. The main reason is the twisted random orientation of the molecular chains and inherent defects [10]. Increasing the thermal conductivity of polymers is of great significance. There are some ways to increase the thermal conductivity such as adding metallic particles [11], carbon materials [12, 13]. But it damps other properties such as electric insulator, mechanical strength. Improving the intrinsic thermal conductivity of polymer is of great thirsty.

In the case of polymer with crystalline structure, the thermal conductivity of polymer can be quite high. In 2009, Gang Chen’s group [14] had calculated the thermal conductivity of a simple single polyethylene(PE) chain as high as 350 W/m-K using MD, which attacted the researcher’s sight into crystalline structure polymer. Shen et al. [15] prepared a single ultra-drawn PE nanofiber and measured the thermal conductivity of the fiber. The result is nearly three magnitudes higher than that of bulk PE with thermal conductivity values of 100 W/m-K. Others also fabricated organic aligned nano-fibers with relatively high thermal conductivity [16]. The molecular chains of alignment are more crystalline than amorphous material, which eases the phonon transfer and enhances of thermal conductivity properties [17]. All of these means that the aligned polymers have the potential to be used for heat dissipation in electric device.

There are many ways to fabricate aligned polymer fibers, such as mechanically drawing [15], nanoporous template wetting [16], solution-based spinning [18], surface growth [19], and electrospinning [20-23]. Electrospinning is a wide used method to fabricate nanowires with diameters ranging from tens of nanometers to a few micrometers with very high aspect ratios. During the electrospinning process, the molecule chains dissolved in the solvent is in a container with a syringe needle. A High DC voltage is applied between the needle and the grounded collector. The type of the collector can be rotating drum [24], parallel electrodes [25]and panel [26]. The gap distance between the needle and collector is usually a few centimeters. When the applied voltage reaches a specific value, the polymer solution forms a cone (often called a Taylor cone). When the voltage increases, the electric force overcomes the surface tension and the viscoelastic force, a jet ejects and accelerates straight to the collector. The draw rate is extremely large, and the macromolecules are stretch and closely aligned along the fiber axis. Additionally, the solvent evaporates fast due to the large surface area-to-volume ratio, and over 99% of solvent in the electrospinning jet is removed [27]. Rapid solvent evaporation effectively freezes the molecules in a high energy.

In this work, we report the experimental investigation of thermal conduction along and across the fiber in PVANFF which is synthesized by electrospinning. The effective thermal conductivity of the film along the fiber exhibit enhanced through the molecular chain alignment. And the PVANFF doped with AgNWs and filled with amorphous PVA has also been evaluated.

2. MATERIALS AND METHODS

The synthesis process of PVANFF is described as follows. The PVA powder (Mw of 105000) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used without further modified. The powder was dissolved in deionized water at 95 ℃ by oil bath heating and stirred for 2 hours. The mass concentration is 8%. Then the solutions were degassed without stirring until there were no bubbles. The PVA nanofibers were prepared using electrospinning with a rotating cylinder collector wrapped with aluminum foil. The rotating speed was 2800r/min. The high rotating speed made the fiber aligned well along the cylinder. The positive voltage was +10.3kV, and the negative voltage was -1.3kV. The electrospinning process was carried out at room temperature with a relative humidity of 55%. The feature of nano-fibers is related to the voltage [27, 28]. The higher the voltage is, the smaller the diameter of nano-fibers is [27, 29]. The electrostatic stress on the tip of the needle increases with the increase of electraspinning voltage, which can increase the draw rate in the electrospinning process. The distance between the tip of the needle and the grounded collector was 20 cm. The size of the needle was 24G. The fabricated PVA nanofibers were aligned along the rotating direction. Fig. 1a shows the optical image of PVANFF sample which is very soft and is about 10um thick. Fig. 1b shows the microscope image of the PVANFF sample. We can see the PVA nanofibers were aligned well.

The synthesis of PVANFF doped with AgNWs is similar to the above process.  The AgNWs were synthesized through a two step-injection polyol method and were prepared as a 9.8mg/g aqueous turbid liquid. The average length of AgNWs was 5um, and the average diameter was 700nm. Then the PVA powder was dissolved in deionized water at 95 ℃ by oil bath heating and stirred for 2 hours. The PVA solution was mixed with AgNWs turbid liquid by magnetic stirring after the temperature of PVA solution dropped to room temperature. The mass concentration of PVA was 8%. And the weight ratio of AgNWs/PVA was 5%. The method to prepare nano-fiber film is mentioned above. Fig. 1d shows the optical image of PVANFF doped with AgNWs, the color of which is a bit deep due to AgNWs. Fig. 1e shows the microscope image of the PVANFF doped with AgNWs sample. The nanofibers were aligned well too.
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Figure 1. (a) The Optical image of the PVANFF sample; (b) The Optical microscope image of the PVANFF sample; (c) The Optical image of the PVANFF filled with amorphous PVA; (d) The Optical image of the PVANFF sample doped with AgNWs; (e) The Optical microscope image of the PVANFF sample doped with AgNWs; (f) The Optical image of the PVANFF sample doped with AgNWs and filled with amorphous PVA.

The PVANFF can be filled with amorphous PVA after it has been produced. The PVANFF can't be filled directly because it's water soluble. So, the PVANFF was cross-linked by glutaraldehyde first to avoid dissolution during filling process. Then the film was immersed in the PVA solution of which mass concentration was 8%. The solution was degassed overnight to fill the film completely. Excess solution was removed by spin coating. Finally, the film was dried in an oven whose temperature was 60℃. Fig. 1c shows the optical image of PVANFFF with amorphous PVA. The film is transparent. And Fig. 1f shows PVANFF doped with AgNWs filled with PVA. The film is a bit opaque due to AgNWs.

The thermal conductivity was measured by the 3ω method [28, 29]. Fig. 2a shows the schematic diagram of the experimental configuration. When an AC electrical current at angular frequency 1ω is applied at the heater (Fig. 2c), a small voltage signal across the heater could be detected. The voltage at a frequency of 3ω carrying the thermal effect signal is selected. Combining the relationship among the frequency, voltage and temperature enhancement, the thermal properties of film can be extracted. Thus, this class of measurement is aptly known as “3ω” method. The heat transfer model changes according to the kinds of materials. In our study, we used the two-direction asymmetric heat transfer model [30, 31] to measure the thermal conductivity of PVA nano-fiber membrane. This heat transfer model has been successfully used to measure the thermal conductivity of porous SiO2 film [32], copper nanowires array [33] and metal inverse opals [34].
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Figure 2. (a) The schematic diagram of the experimental configuration. An AC current from the signal generator (33509B) passes though the heater and the adjustable resistor (ZX74). The voltage signals of the wire and the resistor are then input into the lock-in amplifier (SR830) through the differential amplifiers (AMP03). The resistor is adjusted to balance the 1ω voltage signal of the heater because the 1ω voltage is thousands of times larger than the 3ω voltage. The Lock-in amplifier gets the 3ω voltage signal through the differential input A-B. the multi-meter (34401A) is used to measure the 1ω voltage; (b) The sketch graph of the experimental model. The materials along z-direction are silicon, metal line, the membrane (film) and air, respectively. Figure 2b is the cross-section view of figure 2d; (c) The schematic diagram of the heater; (d) The schematic diagram of the heater with test film. The fiber axis of the film is along the metal line to measure the thermal conductivity of the film across the fiber axis. (e) The schematic diagram of the heater with test film. The fiber axis of the film is across the metal line to measure the thermal conductivity of the film along the fiber axis. 

The relationship of the temperature rise of the heater, 3ω voltage and 1ω voltage is[28]
		(1)
V1ω is the 1ω voltage, V3ω is the in-phase 3ω voltage, β is the temperature coefficient of the metal wire. The temperature rise of the metal heater is [35]
 		(2)
Where P is the power of the metal heater. l and b are length and half-width of the heater, respectively. λ is the integral variable in Fourier space.
		(3) 
		(4)
		(5)
 and  are the cross-plane and in-plane thermal conductivity of the ith layer respectively. Ci is the volume heat capacity of the ith layer. A+, A-, B+ and B- are dimensionless parameters solved using a recursive matrix method. A+ and A- are (A+ is the top item in the matrix, A- is the beneath item)
		(6)
B+ and B- are (B+ is the top item in the matrix, B- is the beneath item)
		(7)
		(8)
It is the penetrate depth in Fourier space [28]. R is the interfacial thermal resistance between the metal line and the membrane.

First, we put the film on the heater with the fiber axis along the metal line as shown in Fig. 2d. Heat spreads only in the plane perpendicular to the metal line because the length of the line is large. And the sketch graph of the experimental model can be shown as Fig. 2b. We assume that the thermal conductivities in the z-direction and the x-direction are same because they are both the direction across the fiber. So, the  is 1 in this case. Then we can get  (the thermal conductivity across the fiber) by fitting the experiment data using Eq. 2. Then we rotate the film 90 degrees to let the fiber axis of the film across the metal line as shown in Fig. 2e.  With the thermal conductivity across the fiber known, we can get the  by fitting the experiment data. Then we can get the thermal conductivity of the film along the fiber by Eq. 5.

3. RESULTS

As shown in Fig. 3a, the thermal conductivity of PVANFF along the fiber is as twice as the value across the fiber. The reason can be that the polymer chains using electrospinning are stretched 1000 times longer than that of the original curled molecules, which enhances the chain alignment and crystallinity. The increased thermal conductivity originates from the attenuated phonon scattering compared with amorphous structure. But we can see the effective thermal conductivity (the thermal conductivity divided by the porosity) across the fiber is even smaller than corresponding bulk value (0.31 W/m-K). The reason can be that there is a large amount of interfaces between air and fibers in the heat flow path which obstruct heat transfer. And we can see the effective thermal conductivity along the fiber of PVANFF doped with AgNWs is 20% larger than the value of PVANFF. It shows the enhancement of thermal conductivity due to AgNWs.
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Figure 3. (a) Thermal conductivity of PVANFF and PVANFF doped with AgNWs along and across fiber; (b) Thermal conductivity of PVANFF and PVANFF doped with AgNWs filled with amorphous PVA along and across fiber.

As shown in Fig. 3b, the thermal conductivity of PVANFF filled with amorphous PVA is almost same with the pure PVA value, no matter it's along the fiber or cross the fiber. The reason maybe that the chain alignment and crystallinity was destroyed during the cross-linking process. However, the thermal conductivity of PVANFF doped with AgNWs along the fiber is 33% larger than corresponding value of PVANFF and is 42% larger than the PVA bulk value, while the thermal conductivity across the fiber is just 16% larger than corresponding value of PVANFF. The reason can be that the fiber structure remained during cross-linking process and the AgNWs were aligned along the fiber well because the length of AgNWs is much larger than the diameter of PVA fibers.

4. CONCLUSIONS

In the summary, we measured the thermal conductivities of PVANFF along the fiber and across the fiber. It was found that the thermal conductivity of PVANFF along the fiber is as twice as the value across the fiber. The reason is that the stretched polymer chains attenuate phonon scattering and thus increase the mean free path of phonons. And we also measured the thermal conductivities of PVANFF doped with AgNWs along the fiber and across the fiber. It was found that the effective thermal conductivity along the fiber of PVANFF doped with AgNWs is 20% larger than the value of PVANFF. It shows the enhancement of thermal conductivity due to AgNWs. Finally, we measure the thermal conductivity of those membranes filled with amorphous PVA. It was found that the thermal conductivity of PVANFF filled with amorphous PVA is almost same with the pure PVA value, no matter it's along the fiber or across the fiber. And we also found that the thermal conductivity of PVANFF doped with AgNWs filled with PVA along the fiber is 42% larger than the PVA bulk value due to the alignment of AgNWs. Our results provide a good strategy for designing the organic membrane with high thermal conductivity.
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