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A B S T R A C T   

Efficient thermal dissipation has become a critical factor limiting the development of electronic devices. Thermal 
interface materials (TIMs) connecting the surfaces of heat source and heat sink, are important to guarantee stable 
and sufficient heat dissipation from heat source to heat sink. Carbon fibers (CFs) are widely used as the rein-
forcing fillers to enhance the thermal conductivities of polymer-based composites because of their extremely high 
thermal conductivities in axial direction. However, conventional methods of CFs cannot take full advantage of 
their high thermal conductivities because heat conductive channels in composite are not efficiently built due to 
the greatly larger viscosity of composite caused by CFs under high filler concentration. To solve this problem, we 
report a magnetic field-based and viscosity-independent method to fabricate the nickel-coated carbon fibers 
(NICFs) filled polydimethylsiloxane (PDMS) composites with the highspeed through-plane heat conductive 
channels under high filler concentration. The NICFs-composite shows 69 times enhanced through-plane thermal 
conductivity (10.50 W/(m∙K)) compared to that of pure PDMS (0.15 W/(m∙K)) and low thermal expansion 
coefficient (CTE) of 55.14 ppm/◦C at 51.54 wt%. Compared to commercial TIMs, the NICFs-composites exhibits 
better thermal performance, demonstrating potential application prospects in electronic devices cooling area.   

1. Introduction 

As the rapid development of microelectronics technology, the 
smaller size and the higher power density of electronic device have 
resulted in much higher working temperature threating the stability, 
reliability and lifetime of electronic components. Therefore, the high 
temperatures of electronic components have become a critical factor 
limiting the performances of electronic devices. To further improve the 
performances of electronic devices, heat dissipation has become an 
important issue for devices. Thermal interface materials (TIMs) between 
heat source and heat sink, are important to guarantee stable and suffi-
cient heat dissipation from heat source to heat sink. Thermal pad usually 
used as TIMs is a kind of composite that consists of the polymer matrix 
(silicon, epoxy, or rubber) and fillers. However, polymer matrix gener-
ally has a low thermal conductivity (usually less than 0.4 W/(m∙K)) 
because of the random arrangement of their macromolecular chains[1, 
2]. 

Normally, there are two ways to improve the thermal conductivity 
(κ) of thermal pad. The first one is to blend the polymer with high 

thermal conductive fillers such as metal, metal oxides (e.g., ZnO and 
Al2O3) [3–7], ceramics (e.g., BN, AlN) [5,8–16], and carbon-based 
fillers. Recently, a number of studies have reported the enhancement 
of thermal conductivities of TIMs using carbon-based fillers, including 
graphene or graphene oxide [17–29], graphite [30–33], carbon nano-
tubes (CNT) [34–39], and carbon fibers (CFs) [1,40–42]. In addition to 
high thermal conductivity, carbon-based fillers have advantages such as 
low thermal expansion, high mechanical strength, flexibility and low 
weight[43]. The second one is to regulate the fillers including regulating 
the orientation of fillers and constructing three-dimensional thermally 
conducive network. Several synthetic approaches have been applied to 
obtain the well-ordered fillers in polymer matrix, including electrical 
fields (electrostatic flocking, electrospinning), tape-casting, and mag-
netic field. Kojiro uetani et al. [40] fabricated elastomeric thermal 
interface materials with a high thermal conductivity of 23.3 W/(m K) by 
electrostatic flocking, however special sized CFs had to be chosen to 
ensure fillers to stand up under electrostatic flocking. Haejong Jung 
et al. [29] demonstrated high-performance polymer composites with 
two-dimensional graphene nanoflakes (GNFs) dispersed and 
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directionally aligned in a polymer matrix by melt-processed in an 
L-shape kinked tube. Jiake Ma et al. [1] fabricated the 3D-CFs/epoxy 
composites as TIMs with an enhanced thermal conductivity of 2.84 
W/(m∙K) at 13.0 vol% by vertical freezing the solution of CFs to 
assemble the through-plane skeleton. Unfortunately, this method nor-
mally requires multiple processing steps, and the addition of hydrox-
yethyl cellulose (HEC) as binders has a bad impact on the thermal 
conductivities of composites. Zhilin Tian et al. [44] fabricated a three 
dimensionally interconnected hierarchical porous boron nitride 
(BN)/epoxy composites by direct foaming method for thermal interface 
applications. The BN/epoxy composite exhibited a high through-plane 
thermal conductivity of 3.48 W/(m∙K) at 24.4 wt%. However, the 
direct foaming method is complex, costly, and time-consuming. Chao 
Yuan et al. [45] utilized magnetic fields to regulate the orientation of the 
hexagonal boron nitride (hBN) platelets in the polymer matrix. As a 
result, the thermal conductivity of the composite with parallel oriented 
hBN was 0.357 W/(m∙K) at 9.14 vol%. Although, this method can 
improve the thermal conductivity of composite effectively, the high 
thermal conductivities of the fillers have not been made full use. There 
are two main reasons why the thermal conductivities of the composites 
could not be improved greatly. In the case of low concentration, the 
fillers filled in a polymer matrix are insufficient to form the internal heat 
conductive channels. In the case of high concentration, the viscosity of 
the composite will greatly increase after fillers incorporation. However, 
the high viscosity of the composite results in a bigger resistance for the 
orientation of fillers. At the same time, the fillers of high concentration 
will interfere with each other, leading to the restrained deflection and 
poor orientation. 

In this study, we reported a preset-magnetic-field method to prepare 
the composites with sufficiently aligned fillers of high concentration, 
which is a simple and practicable method with no need for complex 
equipment. The thermal conductivities of nickel-coated carbon fibers- 
filled composites (NICFs-composites) were investigated. Different from 
traditional methods, we firstly arrange fillers in air instead of a polymer 
matrix by magnetic fields, and then filled the intervals between fillers 
with a polymer matrix. Owing to the viscosity of the polymer matrix no 
longer restrained the alignment performance of fillers, we can greatly 
increase the filler concentration without causing deflection difficulties. 
For the purpose of comparison, two traditional technological processes 
were used to prepare the composites with different filler concentrations, 
including mixing followed by arrangement method and directly mixing 
without arrangement method. The surface states of fillers were charac-
terized on X-ray photoelectron spectroscopy (XPS). Different arrange-
ment performances were observed in different samples by scanning 
electron microscopy (SEM). The thermal conductivities of through-plane 
(κth) were measured for these composites. At last, we compared the heat 
dissipation abilities of the fabricated NICFs-composites and two type of 
commercial TIMs in a simulate practical application. 

2. Experimental section 

2.1. Materials 

Polydimethylsiloxane (PDMS) obtained from Dow Corning Co., Ltd. 
was used as polymer matrix. Two different nickel-coated carbon fibers 
(NICFs) were used. PAN-based CFs (t700 sc-12000, with the diameter of 
10 μm and the length of 100 μm) coated with 80 wt% nickel (PAN- 
NICFs) were purchased from Cangzhou Zhongli New Material Tech-
nology Co., Ltd. Pitch-based CFs (NGF, HC-600-15 M, with the diameter 
of 10 μm and the length of 200 μm) coated with 60 wt% nickel (Pitch- 
NICFs) were purchased from Shanghai Kajite Chemical Technology Co. 
Ltd., China. The thermal conductivities of PAN-based CFs and Pitch- 
based CFs are approximately 15 W/(m∙K) and greater than 600 W/ 
(m∙K), respectively. Rectangular sintered NdFeB magnets (250 mT) 
were used to make magnetic fields. 

2.2. Preparations of the NICFs-composites with different technological 
processes 

2.2.1. Arrangement followed by mixing method (AM-composite) 
As shown in Fig. 1(a), the AM-composites through the arrangement 

followed by mixing method were prepared by arranging fillers firstly, 
then mixing with a polymer matrix. Firstly, NICFs were added to a 
Teflon mold. Secondly, the mold was placed into a vertical magnetic 
field which ensures NICFs completely deflecting to the vertical direction 
to build the vertically heat conductive channels. Thirdly, the mold with 
magnets were rotated 90◦ and PDMS was filled into the gap between 
channels from an entrance in the side edge of mold. Fourthly, the bub-
bles in the mixture were removed by applying alternating cycles of 
vacuum. At last, a thermal treatment step at 70 ◦C for 3 h was conducted 
to ensure the full curing of the composites. AM-composites were pre-
pared within the high concentration range from 37 to 62.2 wt% 

2.2.2. Mixing followed by arrangement method (MA-composite) and 
directly mixing without arrangement method (DM-composite) 

Fig. 1(b), (c) schematically shows two traditional methods to fabri-
cate the NICFs-composites: the mixing followed by arrangement method 
to prepare the MA-composites and the directly mixing without 
arrangement method to prepare the DM-composites. Both kinds of 
composites were prepared at the concentration range from 3 to 59 wt%. 
For MA-composites, NICFs were first added to PDMS and stirred for 30 
min to be fully dispersed. Subsequently, the bubbles introduced during 
the stirring process were removed by applying alternating cycles of 
vacuum. Then, the mold was placed into a vertical magnetic field for 10 
min to ensure the deflection of NICFs. At last, a thermal treatment step at 
70 ◦C for 3 h was conducted to ensure the full curing of the composites. 
For DM-composites, after the fully dispersing of NICFs in PDMS and the 
completely discharging of bubbles, the mixture was thermal cured at 
70 ◦C for 3 h. 

2.3. Characterization of NICFs-composites 

The chemical composition of NICFs fillers were measured by X-ray 
photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-600 W, Kratos) to 
prove the existence of nickel. Field-emission scanning electron micro-
scopy (FSEM, Nova NanoSEM 450) was used to characterize the mor-
phologies of NICFs at an accelerating voltage of 10 kV to observe the 
nickel on the surface of carbon fibers. The FSEM images of the cross 
profiles of different samples (AM-, MA-, and DM-composites) with the 
filler concentration of 53 wt% and 59 wt% were shown to intuitively 
compare their orientations. 

Thermal conductivities are calculated by κ = α × ρ × Cp, where α, ρ, 
and Cp are thermal diffusivities, heat capacities, and densities of the 
samples, respectively. α of the composites were measured by a laser flash 
method using an LFA 467 (Netzsch) at 25 ◦C. The geometry of the tested 
sample is a cylinder with a diameter of 12.7 mm and a thickness of 1.5 
mm, which was cut from the prepared cured composite. Densities of 
composites were measured by a densimeter to compare to the theoret-
ical densities. Cp of the composites were measured by differential 
scanning calorimetry (Diamond DSC, PerkinElmer Instruments). The 
CTE of the composites in through-plane direction were measured by the 
thermomechanical analysis (TMA) (model no. TMA402 F1 Hyperion, 
Netzsch) within the temperature range from 35 ◦C to 250 ◦C. 

The variations of the surface temperature of different composites was 
recorded by Infrared thermograph (FLIR SC620). The variations of the 
surface temperature of ceramic heater with different TIMs were 
measured by thermocouples and recorded by a data collector. 
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3. Results and discussion 

3.1. Characteristics of NICFs 

Fig. 2 shows the morphologies of Pitch-NICFs and PAN-NICFs with 
average lengths of 100 μm and 200 μm, respectively. Nickel coating on 
the surface of carbon fibers can be observed from Fig. 2(b) and (d). 
Compared with the surfaces of Pitch-NICFs in Fig. 2(b), thicker nickel 
can be observed on the surfaces of PAN-NICFs in Fig. 2(d), which means 
different magnetic responses of the NICFs to the same magnetic field. 
The surface chemical elements were identified by X-ray photoelectron 
spectroscopy (XPS). As shown in Fig. 2(e) and (f), the binding energies 
were referenced to 285 eV as determined by the locations of the 

maximum peaks on the C1s spectra of the hydrocarbon associated with 
adventitious contamination. The Ni2p peak was observed at 856 eV, 
proving the existence of nickel element. In addition to Ni, C, and O el-
ements, there were also a small amount of pollution elements such as 
Mn, Fe, and Co which came from the solution during plating of nickel. 

3.2. Characteristics of NICFs-composites 

To compare the orientation of fillers in different composites made by 
different methods, their cross-sectional SEM images are shown in Fig. 3 
(a), (d) for the PAN-AM-composite, Fig. 3(b), (e) for the PAN-MA- 
composite, and Fig. 3(c), (f) for the PAN-DM-composite at the filler 
concentrations of 53 wt% and 59 wt%, respectively. PAN-NICFs were 

Fig. 1. Scheme illustrations for the fabrications of (a) AM-composites, (b) MA-composites, and (c) DM-composites.  

Fig. 2. SEM images of Pitch-NICFs under (a) 400 times and (b) 3000 times. SEM images of PAN-NICFs under (c) 400 times and (d) 3000 times. XPS broad spectra of 
(e) Pitch-NICFs and (f) PAN-NICFs. 
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used to prepare above NICFs-composites. At the same filler concentra-
tion, PAN-AM-composite shows the most orderly orientation of NICFs in 
the vertical direction than that of the PAN-MA-composite and the PAN- 
DM-composite. At the filler concentration of 53 wt%, the arrangement of 
NICFs in PAN-MA-composite in Fig. 3(b) was obvious better than the 
disorderly and unsystematic NICFs in PAN-DM-composites in Fig. 3(c) 
because of the deflection by the magnetic field. 

However, at a higher filler concentration of 59 wt%, the orientations 
of NICFs in PAN-MA-composite became disordered as that of the PAN- 
DM-composite. It’s worth noticing that the PAN-AM-composite main-
tained good vertical orientation of NICFs at the high filler concentration 
of 59 wt% and even the higher of 62.2 wt%, as shown in Fig. 3(d) and 
(g), respectively. Fig. 3(i) shows the optical image of the top view of 
vertical aligned PAN-NICFs in air by a vertical magnetic field. Only the 
ends of NICFs are observed in the top view image. In Fig. 3(i), the 
magnetized NICFs by magnets were endowed with the NS poles at two 
ends. The magnetized NICFs with high length-diameter ratios tended to 
arrange vertically in a vertical magnetic field. In addition, magnetized 
fillers got together because the NS poles between the magnetized fillers 
would attract and then connect with each other. The vertical aligning 
magnetized fillers built vertical heat conductive channels by the 
connection between the magnetic ends of fillers. The arrangement of 
NICFs in AM-composites was carried out in air and was mainly 

determined by the magnetic force. It is practical to increase the con-
centration of fillers to improving the thermal properties of composites. 
However, the deflection and connection of NICFs in MA-composites 
happened in viscous PDMS and was restrained by the viscous force of 
mixture. In addition, due to the increase of the fillers load in PDMS, the 
interaction between fillers was enhanced, which worsened the fillers 
orientation in magnetic field [46]. 

To compare the effects of different types of carbon fiber, Pitch-AM- 
composite with Pitch-NICFs of concentration of 51.6 wt% was pre-
pared, as shown in Fig. 3(h). Pitch-AM-composite exhibited better 
directional alignment than others due to their different content of nickel 
and length. 

3.3. Thermal performances of NICFs-composites 

We investigated the thermal conductivities of the PAN-AM- 
composites in comparison with that of PAN-MA-composites and PAN- 
DM-composites. To calculate the thermal conductivities of composites, 
the densities (ρ) and specific heats Cp of composites were measured and 
shown in Fig. 4(a) and (b), respectively. The measured values were in 
good agreement with the theoretical values, demonstrating all bubbles 
in composites were removed. Thermal diffusivities of composites were 
also measured. The thermal conductivities of all composites were 

Fig. 3. Cross-sectional SEM images of (a) PAN-AM-composites, (b) PAN-MA-composite, and (c) PAN-DM-composite made with PAN-NICFs under 400 times in 53 wt 
% respectively. Cross-sectional SEM images of (d) PAN-AM-composites, (e) PAN-MA-composite, and (f) PAN-DM-composite made with PAN-NICFs under 400 times in 
59 wt%. Cross-sectional SEM images of (g) PAN-AM-composites made with PAN-NICFs under 400 times in 62.2 wt% and (h) Pitch-AM-composites made with Pitch- 
NICFs under 400 times in 51.6 wt%. (i) Top view optical image of PAN-NICFs arranged in the air regulated by magnets. 
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calculated by formula: κ = α × ρ × Cp and were shown in Fig. 4(c). 
The black line with squares in Fig. 4(c) shows that the thermal 

conductivities of PAN-DM-composites increased with the mass fraction 
of NICFs, but not increased greatly due to the disorder of NICFs in 
composites. By applying magnetic fields in the preparation process, 
PAN-MA-composites (red line with circles) exhibited higher thermal 
conductivities than those of PAN-DM-composites. However, this 
advantage was only shown at low concentrations. At high filler con-
centrations larger than about 50 wt%, the thermal conductivities of 
PAN-MA-composites decreased with concentrations because of worse 
orientation. For specifically, the thermal conductivity enhancements of 
PAN-MA-composites to PAN-DM-composites, shown in Fig. 4(d), indi-
cated that the biggest enhancement located at a middle concentration 
about 37 wt%. NICFs were not orderly aligned in PAN-MA-composites 
with a high filler concentration. Because the bigger viscosity of 
mixture with a higher filler concentration severely restrained the 
deflection of filler in mixture by magnetic field. More seriously, more 
NICFs got together and blocked each other, resulting in more difficult 
deflection. 

However, the fillers in the PAN-AM-composites were orientated in 
air before mixing with PDMS, which means the viscosity of PDMS hardly 
limited the deflection of filler. The blue line with rhombuses in Fig. 4(c) 

shows the thermal conductivities of PAN-AM-composites increase with 
concentration even at a high concentration. The PAN-AM-composites 
were superior to both the PAN-MA-composites and PAN-DM- 
composites in the thermal conduction at a high concentration range. 
For instance, at the concentration of 62.2 wt%, the thermal conductivity 
of PAN-AM-composite reached 1.95 W/(m∙K), 12 times high than that 
of the pure PDMS (0.15 W/(m∙K)). Pitch-based CFs (more commonly 
used than PAN-based CFs) have a thermal conductivity greater than 600 
W/(m∙K). At the concentration of 51.54 wt% (21.5 vol %), the thermal 
conductivity of Pitch-AM-composite reached 10.50 W/(m∙K). Table 1 
lists previously reported thermal conductivities of polymer composites 
with other fillers, including boron nitride nanosheets (BNNs), graphene 
and carbon nanotube. Since the thermal conductivity of Pitch-based CFs 
in axial direction is greater than 600 W/(m∙K), a higher degree of 
orientation is conducive to increase the thermal conductivities of com-
posites in through-plane direction. The data shows the Pitch-AM- 
composite exhibits excellent thermal conductivity due to following 
points: (1) fillers exhibited better orientation because they were oriented 
in air, meaning deflection were not restrained by the viscous force of 
PDMS. (2) the presence of magnetic field throughout all the preparation 
process ensured NICFs always in touch with each other, which reduces 
the interface between NICFs and PDMS, forming heat conductive 

Fig. 4. (a) The densities of PAN-MA-composites and PAN-DM-composites. (b) The specific heat capacities of PAN-DM-composites, PAN-MA-composites and PAN-AM- 
composites respectively. (c) The thermal conductivities of PAN-DM-composites, PAN-MA-composites, and PAN-AM-composites. (d) The thermal enhancement of MA- 
composites in thermal conductivities comparing to DM-composites. 
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channel. (3) the concentration can be improved greatly because 
deflection was not restrained. 

In order to exhibit different thermal conductive performances of 
above composites, four different samples were prepared in the same 
thickness of 2.1 mm including (1) PAN-AM-composite of 69 wt%, (2) 
PAN-MA-composite of 53 wt%, (3) PAN-DM-composite of 53 wt%, and 
(4) pure PDMS. As shown in Fig. 5(a), four different composites were 
placed on heating plate with a constant temperature of 100 ◦C, simul-
taneously. The infrared thermograph was used to record the changes of 
surface temperature with time. Fig. 5(b) shows the corresponding 
infrared thermal images of above four composites. Sample (1), the PAN- 
AM-composite of 69 wt%, exhibited the highest temperature in the 
surface than other samples because of its highest thermal conductivity. 

In addition, a low coefficient of thermal expansion (CTE) is also 
important for TIMs to keep a better dimensional thermal stability with a 
lower thermal expansion stress which avoids the damage to device. The 
length expansion of PAN-AM-composites in through-plane direction as a 

function of temperature is shown in Fig. 6(a) with the temperature range 
from 35 ◦C to 250 ◦C. Fig. 6(b) reveals that there is a steady decline in 
the CTEs of PAN-AM-composites with the increase of PAN-NICFs con-
tent. However, the CTEs of PAN-MA-composites show different ten-
dency. The main reason is connected with the degree of orientation. 
Carbon fiber shows a negative CTE in the axial direction [49,50]. High 
degree of orientation in through-plane direction is conducive to decrease 
the CTEs of composites in through-plane direction. As the increase of 
fillers loadings, the CTEs of PAN-MA-composites decrease first and then 
increase with the inflection point at concentration of 37 wt%. The 
phenomenon confirms that fillers were not orderly aligned in 
PAN-MA-composites with a high filler concentration. The reason is that 
the bigger viscosity of mixture with a higher filler concentration 
severely restrained the deflection of filler in mixture by magnetic field. 
More seriously, more NICFs got together and blocked each other, 
resulting in more difficult deflection in high filler concentration. How-
ever, the steady decline in the CTE of PAN-AM-composites confirm that 
PAN-AM-composites have great orientation even in high concentration. 
The CTEs of PAN-AM-composites were much lower than that of pure 
PDMS. For example, at the concentration of 58.2 wt%, the CTE of 
PAN-AM-composite was 41.99 ppm/◦C, but the CTE of pure PDMS was 
261.92 ppm/◦C. Pitch-AM-composite also exhibited a low CTE of 55.14 
ppm/◦C at 51.54 wt%. AM-composites have the lower CTE mainly 
attributed to the well-aligned structure and low thermal expansion of 
NICFs. 

3.4. Application of AM-composites as TIMs 

A Pitch-AM-composite and two commercial TIMs were applied in the 
thermal management of high-temperature electronic devices like a 
computer’s CPU. Fig. 7(a) shows the optical photograph of experimental 
facility. Fig. 7(c) shows the specific experimental set-up. A ceramic 
heating sheet (24 V, 25 W) was used to simulate the computer’s CPU as a 
heat source. A direct-current (DC) power supply provided the voltage of 
24 V to the ceramic heating sheet. Three TIMs were used to connect the 
heat source to fins, respectively. A customized polyphenylene sulfide 
(PPS) board was placed upon the heat source, fixed to the fins with bolts 
and nuts. A torque of 0.3 N⋅m was supplied on the bolts and nuts to 
ensure different TIMs sustaining the same pressure. A data collector 
collected the temperature data of the surface of the ceramic heating 
sheet by thermal couples. 

Table 1 
Comparison of through-plane thermal conductivity of Pitch-AM-composites 
with other thermally conductive polymer composites.  

Fillers Matrix Loading Thermal 
conductivity [W/ 
(m∙K)] 

References 
and Year 

BNNs Silicone gel 9.14 vol 
% 

0.58 2015 [45] 

BNNs Epoxy 50 wt% 3.59 2016 [47] 
BNNS PDMS 28.7 wt 

% 
1.94 2017 [2] 

BNNs Epoxy 24.4 wt 
% 

5.19 2018 [44] 

Aligned 
CNT 

Epoxy 16.7 vol 
% 

4.87 2011 [48] 

Graphene Epoxy 25 vol% 10 2015 [29] 
Graphite 

platelets 
Poly (vinyl 
pyrrolidone) 

60 wt% 8.9 2018 [43] 

Aligned 
CNT 

Epoxy 5.4 wt% 9.62 2020 [23] 

Pitch-based 
CFs 

Fluorinated 
rubber 

13.2 wt 
% 

23.3 2014 [40] 

Pitch-based 
CFs 

Epoxy 13 vol% 2.84 2020 [1] 

Pitch-NICFs PDMS 51.54 wt 
% 

10.50 This work  

Fig. 5. (a) Experimental equipment diagram including constant temperature heating plate. (b) The changes of surface temperature and the corresponding infrared 
thermal image of the composites. 
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As shown in Fig. 7(b), the temperature of the dry-burning ceramic 
heating sheet rapidly raises over 300 ◦C. After using TIMs, the surface 
temperature of the ceramic heating sheet decreases to about 180 ◦C. 
Specifically, the Pitch-AM-composite in the green line exhibits the lower 
surface temperature of ceramic heating sheet than those of the com-
mercial TIMs-1 and TIMs-2 in the red and blue lines respectively, indi-
cating its superior thermal performance as TIMs. The three TIMs after 
test were shown in Fig. 7(d). Cracks occurred in both the commercial 
TIMs-1 and TIMs-2 due to their low mechanical properties and thermal 
expansion coefficients. However, the Pitch-AM-composite maintained 
its original shape with no deformation, proving its excellent mechanical 
property and thermal stability. In short, the Pitch-AM-composite TIMs 
with superior thermal conductive ability and thermal-mechanical sta-
bility has huge application prospects in the thermal management of 
high-temperature electric devices. 

4. Conclusion 

We report a magnetic field-based and viscosity-independent method 
to fabricate NICFs filled PDMS composites with the highspeed through- 
plane heat conductive channels under high filler concentration. AM- 
composites, MA-composites, and DM-composites were fabricated and 
compared to each other. AM-composites show the highest thermal 
enhancement than MA-composites and DM-composites, compared to 
pure PDMS. At the concentration of 62.2 wt%, PAN-AM-composites 
show an enhanced thermal conductivity (1.95 W/(m∙K)) in compari-
son with pure PDMS (0.15 W/(m∙K)). Further, Pitch-NICFs were used to 
prepare Pitch-AM-composites, showing a dramatically enhanced ther-
mal conductivity (10.50 W/(m∙K)) at the concentration of 51.54 wt% 
(21.5 vol%). The cross-sectional morphologies of composites were 
observed using SEM, showing the best orientation of AM-composites 
owing to the preset-magnetic-field method. Comparison of different 

Fig. 6. (a) The length expansion of PAN-AM-composites as a function of temperature. (b) The CTE of AM-composites.  

Fig. 7. (a) The optical photograph of experimental facility. (b) Graph of temperature changes over time with different TIMs. (c) The specific experimental set-up for 
the simulated experiment of applying TIMs to computer’ CPU (d) Picture of TIMs after test. 
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TIMs exhibits better thermal performance and mechanical property of 
Pitch-AM-composites than some commercial TIMs. These results 
demonstrate that the fabrication of AM-composites has broad applica-
tion prospects in TIMs. 
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