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In this study, we report a facile approach to fabricate epoxy composite incorporated with silicon
carbide nanowires (SiC NWs). The thermal conductivity of epoxy/SiC NWs composites was thoroughly
investigated. The thermal conductivity of epoxy/SiC NWs composites with 3.0 wt% filler reached
0.449Wm~1K~2, approximately a 106% enhancement as compared to neat epoxy. In contrast, the same
mass fraction of silicon carbide micron particles (SiC MPs) incorporated into epoxy matrix showed less
improvement on thermal conduction properties. This is attributed to the formation of effective heat
conduction pathways among SiC NWs as well as a strong interaction between the nanowires and epoxy
matrix. In addition, the thermal properties of epoxy/SiC NWs composites were also improved. These
results demonstrate that we developed a novel approach to enhance the thermal conductivity of the
polymer composites which meet the requirement for the rapid development of the electronic devices.

The rapidly-developing electronic industry focuses on at miniaturizing and lightening of electronic equipment.
Meanwhile, performance and versatility of electronic devices have been integrated with a decreasing dimensions.
Consequently, a high level of circuit integration cause high heat, which needs to be rapidly dissipated to let the
device work efficiently’. Epoxy resins are widely applied in the aerospace, automotive and electronic industries for
supporting and adhesive, owing to their excellent mechanical properties, thermal stability, and chemical resist-
ances®>. However, intrinsic low thermal conductivity of neat epoxy resins (only the order of 0.10 Wm ™K' at
room temperature)* limits their applications®. In order to overcome this problem, a variety of methods have been
developed to improve the thermal conductivity. A traditional method is to introduce high contents of thermally
conductive fillers, such as metals®!!, ceramic particles'>"'%, carbon nanotubes!®-*’, or graphene nanoplateles*'-°.
In particular, the silicon carbides are provided with excellent properties such as high thermal conductivity, high
thermal stability, high breakdown field, excellent mechanical properties and chemical inertness?®~*2 Therefore,
they can be applied in various circumstances such as in high temperatures, high electron density, high frequency
and in harsh environments®. The high aspect ratio of silicon carbide nanowires (SiC NWs) makes it favorable to
be used as filler in epoxy resin, in order to achieve the desired properties.

Efficiently cooling of electronic devices requires minimal coefficient of thermal expansion (CTE) mismatch
of the heat source and heat sink. Nowadays, the heat source are usually Si-based'. Copper and aluminum are tra-
ditional heat dissipating materials, which show large mismatch with silicon and insulating ceramics and cannot
directly attach to silicon without stress compensating interlayers®. Therefore, control of reinforcing fillers into
the polymer can fulfill the high thermal conductivity and the lowest CTE or thermal distortion parameter (TDP,
an indicator of thermal dilation) potential requirements. It will meet the requirement of thermal management and
electronic packaging applications ranging from microelectronic components and devices to supercomputers® >3,

It is noted that so far only few works have been reported about the application of epoxy/SiC NWs com-
posites®’~*". Therefore, detailed investigation of epoxy/SiC NWs for thermal management or heat dissipation is
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needed, which is still in its infancy. Herein, we proposed a rapid and simple strategy for the preparation of epoxy/
SiC NWs composites. The SiC NWs were mixed uniformly with epoxy using ethanol as the solvent. Subsequently,
the mixture was stirred in water bath and curing agent was added to obtain the epoxy/SiC NWs composites.
Based on this method, the SiC NWs loading can be easily controlled, and the interconnected network of nanow-
ires in the composites results in not only enhanced thermal properties but also retained low CTE performance.

Materials

Silicon carbide nanowires were produced by Changsha Sinet Advanced Materials Co., Ltd. China. Silicon car-
bide micron particles with the particle size about 1 pm were purchased from Shanghai St-Nano Science and
Technology Co., Ltd. China. Anhydrous ethanol was produced by Sinopharm Chemical reagent Co., Ltd.
Cycloaliphatic epoxy resin (6105, DOW Chemicals) along with hardener of methyl-hexahydrophthalic anhydride
(MHHPA, Shanghai Liyi Science & Technology Development, China) was used in the present study. Neodymium
(III) acetylacetonatetrihydrate (Nd(III)acac) purchased from Aldrich Chemicals was used as latent catalyst.

Preparation of epoxy composites. Epoxy composites with different SiC NWs loadings were prepared
by the following procedures. Required quantity of Nd(III)acac was added into a cycloaliphatic epoxy resin and
subsequently stirred at 80 °C in a three-necked flask for 2 h. The homogeneous solution was then cooled down to
ambient temperature. A desired amount (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 wt%) of SiC NWs was dispersed in ethanol
in an ultrasonic bath for 0.5h and then added into the predetermined amount of epoxy resin. The obtained mix-
ture was then placed in a beaker with vigorous mechanical stirring at 80 °C in water bath until complete evapo-
ration of ethanol. Curing agent was added at a ratio of 100:95 (epoxy:curing agent) by weight into the beaker and
was stirred for 20 min. It was further degassed in the vacuum oven for 10 min to remove air bubbles. Finally, the
mixture of epoxy with the homogeneously dispersed SiC NWs was poured into the mold to cure at 135°C for 2h
and 165°C for 14 h. After the curing process, the samples were naturally cooled down to the room temperature
and then polished with emery paper for different characterizations. For comparison, the epoxy composites with
SiC MPs were also fabricated with the same procedures as described above. For the sake of convenience, the
composites containing SiC NWs and SiC MPs were denoted as epoxy/SiC NWs composites and epoxy/SiC MPs
composites, respectively. The preparation process of epoxy/SiC NWs composites is illustrated in Fig. 1.

Characterizations. Atomic force microscope (AFM) measurement was conducted on a multimode SPM
from digital instruments with Nanoscope IA controller. X-ray photoelectron spectroscopy (XPS) was carried out
with a Kratos AXIS Ultra DLD spectrometer, using AIKo excitation radiation (h:1253.6 V). The X-ray diffrac-
tion (XRD) patterns of the samples were recorded on a D8 DISCOVER with GADDS (BRUKER Ltd. Germany)
with CuKa radiation (A = 1.5406 A). The scanning was performed from 10° to 80° with a speed of 4° min~"' at
room temperature. The fractured surface of the composites was examined by field emission scanning electron
microscopy (FE-SEM, QUANTA FEG250, USA) at an acceleration voltage of 20kV. Samples that were broken
and the fractured surface was coated with a thin gold layer to avoid accumulation of charge. The microstruc-
tures of the samples were obtained from JEOL JEM-2100 (TEM, JEOL, Japan) instrument with an acceleration
voltage of 200kV. Thermal conductivities of the composites were measured using the light flash apparatus LFA
447 NanoFlash® (NETZSCH, Germany). The IR-photos were captured by infrared camera (Fluke, Ti400, USA).
Differential scanning calorimetry was performed by a Pyris Diamond DSC (Perkin-Elmer, USA) from 20 to
250°C at a heating rate of 10 °C/min under a nitrogen atmosphere to study glass transition temperature (Tg) of
the composites. The CTE measurements were performed on a thermal mechanical analyzer (TMA 402F1/F3,
NETZSCH, Germany) from 310 to 460K at a heating rate of 5 K/min. Thermogravimetric analysis (TGA) was
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Figure 2. SEM images of (a) SiC NWs and (b) SiC MPs; TEM images of (c¢) SiC NWs and (d) SiC MPs; HR-
TEM images of (e) SiC NWs and (f) SiC MPs. The SAED pattern images of SiC NWs and SiC MPs are show in
the inset of (e) and (f).

carried out using TG 209 F3 thermo-analyzer (NETZSCH, Germany). The temperature range was from 50 to
800°C at a ramp rate of 10 °C/min in nitrogen atmosphere.

Results and Discussion

Characterization of SiC nanowires and micron particles.  Figure 2a shows the typical SEM image of
the SiC NWs. The SiC NWs are mainly straight and intertwined nanowires with the diameter range from 150 to
250 nm. The average length of nanowires is difficult to determine, but it can be estimated that substantial amounts
exceed a length of 120 um. The aspect ratio is approximately from 480 to 800 (see Supplementary Figure Sla).
Meanwhile, large scale SEM images and SiC suspension photo are shown in Supplementary Figure S1. The TEM
image (Fig. 2c) shows an individual long and straight SiC NWs with smooth surface and very homogeneous
diameter of SiC NWs on the copper grid, and fairly clean with very few particles attached to its surface, which is
in agreement with the observation in SEM. The HR-TEM image of the nanowire tip displays the spacing distance
between each parallel stripe (d =0.25nm) equal to interplanar spacing of SiC cubic crystal structures, and the
nanowire grow along the direction of [111] which is perpendicular to the parallel stripes. Along the axis of the SiC
NWs, the high density of stack-faults and twin crystal structure with about a few nanometers wide can be
observed. The corresponding SAED pattern with the zone axis index of [011] can be indexed with the indices
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Figure 3. (a) AFM image; (b) XRD pattern; XPS spectra of SiC NWs: (c) Siy, and (d) Cy;,.

(200) and (111) of crystal faces. This indicates a unit face centered cubic lattice 3-SiC structure (lattice parame-
ter =4.38 A) and is consistent with the diffraction pattern. The SiC NWs are 3-SiC forms based on HR-TEM and
SAED analysis, as shown in Fig. 2e. In contrast to SiC NWs, the SEM image (Fig. 2b) of SiC MPs reveals an irreg-
ular shape with abundant corner angles and the vast majority of SiC MPs with the average size is less than 1 pm.
A representative TEM image (Fig. 2d) of the SiC MPs shows that the particles are attached together with a uni-
form size ranging from 0.1 to 2 um. Figure 2f displays the HR-TEM image and a corresponding SAED pattern of
the SiC MPs. It is hardly to observe clearly crystal lattice in the HR-TEM image, which indicates polycrystalline
structure of SiC MPs.

Figure 3a shows an AFM image of single SiC NWs with a diameter of 189.3 nm. This result is also supported
by previous analysis of SEM and TEM. XRD patterns of SiC NWs and micron particles are shown in Fig. 3b.
In the SiC NWs pattern, five peaks can be indexed as the (111), (200), (220), (311) and (222) reflections of the
face-centered cubic cell of 3-SiC at 26 = 35.8°, 41.6°, 60.2°, 71.9°, and 75.6°. Therefore, the phase of SiC NWs
classified is 3C-SiC (3-SiC) with the lattice parameter o =4.35 A, which is matched well with the reference data
(JCPDS card No. 73-1708). By combining with the above results and XRD analysis of the SiC NWs, it can be
concluded that the nanowires are composed of single-crystalline 3-SiC*®. However the diffraction pattern of SiC
MPs is complicated. Except for the above the five peaks resulting from 3-SiC, several other peaks can be observed,
indexing as the (101), (103) and (109) reflections of hexagonal polytypes 6H-SiC (a-SiC), lattice parameters of
6H-SiC calculated by least squares method from the positions of the peaks observed, as follows: o =3.078 A,
c=15.12 A. We speculated that SiC MPs are polycrystalline, which is in good agreement with the previous
conclusion®. XPS analysis is employed to further verify the surface composition and investigate the functional
groups and the Si,, and C;, high-resolution results are shown in Fig. 3c and d. For the case of Si,,, the spectrum
can be decomposed to three Gaussian components located 100.2, 101.4 and 102.8 eV, originated from Si-Si, Si-C,
and Si-O, respectively. The spectra of C,; compose of three bonds centered at 283.3, 285.6, and 287.9 eV, which
corresponds to C-Si, C-C, and C=0, respectively. A small amount of C=0O can be attributed to the adsorbed CO,
on the SiC NWs surface. According to XPS quantification analysis, Si and C atomic ratio of 3-SiC nanowire is
approximately 1.0:1.2%%31,

Microstructure of composites. To understand the relationship between the structure and properties of
epoxy composites, the fracture surfaces of neat epoxy and epoxy composites are characterized by SEM, as illus-
trated in Fig. 4. Figure 4(a,b) depict striped structures with cracks, which displays the river like patterns, and
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Figure 4. SEM images of neat epoxy: (a) and (b); epoxy/SiC NWs: () 0.5 wt%, (d) 1.0 wt%, (e) 1.5wt%, (f)
2.0wt%, (g) 2.5wt% and (h) 3.0 wt%; epoxy/SiC MPs composites: (i) 0.5wt%, (j) 1.0 wt%, (k) 1.5wt%, (1)
2.0 wt%, (m) 2.5wt%, and (n) 3.0 wt%.

similar patterns can be also found on the fracture surface of neat epoxy shown in Fig. 4(c-f). In addition, the
regions of the fracture surface are very smooth, reveals that the composite is a brittle thermosetting polymer. It
can be clearly observed that the fracture surfaces of the epoxy composites exhibit considerably different fracture
graphic features with the increasing incorporation of the SiC NWs. Figure 4(g,h) show that the pattern of cross
section is very smooth with the homogeneously dispersion of SiC NWs and almost no obvious naked nanowires.
It is suggested that the nanowires formed a crosslinked network and a strong interfacial interaction between
epoxy matrix and surface of nanowires, which can be concluded as the critical factor for thermal properties. By
comparison, the epoxy/SiC MPs composite show river patterns appearing on the fracture surface close to neat
epoxy. Different from epoxy/SiC NWs composites, there are some cracks on the regions of the fracture surface
in epoxy/SiC MPs composites as shown in Fig. 4(i,j). Meanwhile, with the increasing amounts of SiC MPs in
epoxy, a rougher fracture surface and numerous tortuous indentations and deep cracks can be observed, shown in
Fig. 4(k-n). Unlike epoxy filled with SiC NWs, the SiC MPs protrude cleanly from the fracture surface, indicating
a week interfacial interaction between epoxy matrix and SiC MPs.

Thermal properties of neat epoxy and its composites. Recently, it has been reported that the fillers
with high aspect ratio, such as nanowires and nanosheets, can form more continuous thermally conductive net-
work in the polymer matrix and therefore are more efficiently in improving the heat transfer’>>2. In order to fab-
ricate composites with superior thermal conductivity, beside the amount of filler, uniform dispersion in polymer
matrix is the critical factor®*. We adopted a transient laser flash method to indirectly estimate the thermal con-
ductivity of the neat epoxy and its composites at room temperature. In order to assess the effect of SiC fillers on
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Figure 5. (a) Thermal diffusivity and (b) thermal conductivity as a function of SiC NWs or SiC MPs content;
(c) Thermal conductivity enhancement (TCE) of epoxy composites with 3 wt% filler compared to neat epoxy;
(d) The model of heat flow for the epoxy composites.

the thermal properties of composites, thermal diffusivity was measured first and then thermal conductivity was
calculated as a function of SiC fillers loading content (0-3 wt%). The dependence of thermal diffusivity and ther-
mal conductivity on SiC loading is presented in Fig. 5a and b respectively. In Fig. 5a and b both the thermal dif-
fusivity and conductivity of the samples shows monotonically increase as more SiC were incorporated. As can be
observed, the thermal diffusivity of pristine epoxy is around 0.108 mm?/s. With the addition of 0.5 wt% SiC NWs,
the thermal diffusivity of epoxy/SiC NWs composite increased to 0.121 mm?/s with about 11% enhancement.
As the content of SiC NWs is further increased to 3 wt%, the thermal diffusivity is improved from 0.108 mm?/s
to 0.196 mm?/s, and the thermal conductivity was improved from 0.218 Wm™' K~ to 0.449 Wm ' K~. At 3wt%
SiC NWs loading, the thermal conductivity of epoxy/SiC NWs composite is improved significantly by 106%
compared to that of neat epoxy, as illustrated in Fig. 5c. Moreover, a sharp increase on thermal diffusivity and
thermal conductivity is observed when the loading fraction increased from 2.5 to 3.0 wt%. It is speculated that
the percolation threshold is obtained at ~2.5wt% and continuous SiC NWs network is formed. For comparison,
the thermal conductivity of epoxy/SiC MPs composites were also determined with the same procedure. The value
is 0.329 Wm ™' K~ at 3.0 wt%, lower than that of epoxy/SiC NWs composites at the same loading fraction, only
enhance 51% comparing to that neat epoxy, as shown in Fig. 5b and c. It could be main reasons as following: (a)
the well-bridged and efficient thermal conduction network between nanowires and nanowires; (b) SiC NWs with
larger aspect ratio than SiC MPs and (c) a better interaction between SiC NWs with the epoxy matrix®.

It is well known that the phonons play a major role in heat conduction of majority solid materials. Meanwhile,
both the harmonic or anharmonic phonon-phonon interaction at high temperatures and the scattering of the
phonons by the crystal boundaries at low temperatures determine the thermal conductivity of semiconductors®.
Neat epoxy cannot obtain an expected thermal conductivity because the low crystallinity and phonon scattering
of the randomly entangled moleculechains®. Introducing high thermal conductivity SiC NWs (~100 Wm ! K~1)%
into epoxy is an effective approach to enhance the thermal conductivity of the composites. In general, the low
loading SiC NWs in the polymer matrix are in an isolated state which is analogous to the “sea-island” structure.
If the quantity of SiC NWs is further increased and reaches the percolation threshold, local chain and network
would mutually bridge to generate the whole network. The formation of efficient network that contributes epoxy
and SiC NWs to fabricate continuous phases, resulting in enhancing the thermal conductivity of composites™.
In order to better demonstrate the superiority of SIC NWs as compared with SiC MPs, the thermal conduction
visualized model of epoxy composites was proposed, as shown in Fig. 5d. Meanwhile, It can also explain that
the SiC MPs are separated by the polymer layer which hinder the SiC MPs forming efficient thermal conduction
network in epoxy, even when the loading is 3.0 wt%. It leads to low thermal conductivity values of epoxy/SiC
MPs composites in comparison with epoxy/SiC NWs composites. Moreover, the phonon mismatch between SiC
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Figure 6. (a) Thermal conductivity of neat epoxy and epoxy composites as a function of test temperature; neat
epoxy and epoxy composites: (b) DSC curves, (c) infrared images, (d) Surface temperature variation with time
upon heating and cooling event.

MPs and epoxy matrix leads to a large thermal interface resistance. Phonon mismatch indicates that phonon
can hardly absorbed by crystalline structure in the procedure of transmission, which means, the energy phonon
carries is not sensitively to the crystal lattice, which is in accordance with the aforementioned SEM results (as
shown in Fig. 4k,1)*’.

The effect of temperature on thermal conductivity is investigated at 3 wt% loading of SiC NWs, as shown
in Fig. 6a. In the shown pattern, the thermal conductivity of composites is in the order of neat epoxy < epoxy/
SiC MPs < epoxy/SiC NWs. For neat epoxy, thermal conductivity is found to be 0.211 Wm™'K~" at 50 °C and
increased with temperature over the temperature range investigated. Similarly, the thermal conductivity of epoxy
composites shows the same trend with the increase of temperature. Under Tg (shown in Fig. 6b), thermal conduc-
tivity is affected by the variation of phonon mean free path caused by structure scattering and chain defect scatter-
ing®>?, which is refer to the propagation of lattice wave, independent of temperature, and the defects introduced
by blending in the materials system, respectively. When temperature increases, the polymeric chain surrounding
the fillers begins to vibrate and straighten out, therefore, the mean free path and phonon propagation length
increased. The experimental results show that the longer phonon propagation length implies the higher thermal
conductivity. The higher thermal conductivity of epoxy composites at elevated temperature is due to efficient
thermal transfer. The result is expected to be very useful as the next generation thermal interface materials®.

It is well-known that the Tg of epoxy and its composites is bound up with the cross-linking density®'. The glass
transition temperatures appear over a wide temperature range, because the level of cross-linking in the epoxy
matrix is not accordant. Thus onset temperature, intermediate temperature and end temperature can be charac-
teristic temperature for Tg. Herein, the intermediate temperature is defined as Tg. Figure 6b shows the DSC of
the neat epoxy and epoxy/SiC NWs at 3wt% SiC NWs loading, respectively. The glass transition of the samples
was investigated in temperature range 25-250 °C. It is observed that the Tg of neat epoxy is 191.7 °C. While the
Tg of the epoxy/SiC MPs and epoxy/SiC NWs is 204.1 °C and 218.4 °C, respectively. The Tg of the epoxy/SiC MPs
composite is enhanced by 12.4°C. At the same contents (3wt%), the Tg of epoxy composite incorporated with SiC
NWs enhanced by 26.7 °C. The glass transition temperatures is shifted to higher temperature with the addition of
SiC MPs and SiC NWs into the epoxy matrix indicating that a strong interface by reacting with matrix molecules
during curing process. This creates more barriers to restrict the motion of macromolecular chain, leading to the
higher Tg and promoting thermal stability. The positive effect can also be found from TGA curves of epoxy com-
posites (see Supplementary Figure S2). The results suggest that the SiC NWs or SiC MPs filled in epoxy matrix
can restrict thermal motion of the polymer chains and the mobility of the polymer fragment at the interfaces of
the epoxy®?.
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composites with various engineering materials.

In order visually verify the heat transmission property of neat epoxy and epoxy composites, the infrared cam-
era is used to capture the samples surface temperature with increasing heating time, as shown in Fig. 6¢c. Three
samples are vertically placed on the same heater in order of 3 wt% epoxy/SiC MPs, 3 wt% epoxy/SiC NWs and
neat epoxy. The surface temperature of the hot plate increased form room temperature to 100 °C. It is observed
that the surface of the sample become more and more bright with increasing heating time. Particularly, the color
of epoxy composites is quite brighter comparing to neat epoxy. After 605, the surface of the epoxy/SiC NWs is
brighter, as compare to epoxy/SiC MPs composite. The surface temperature of epoxy/SiC NWs is 79.6 °C and
that of epoxy/SiC MPs is 77.4°C. In contrast, neat epoxy shows a slight orange color and its surface temperature
is 74.3°C. The results give us an interpretation that the better heat dissipation ability of epoxy composites, espe-
cially the epoxy/SiC NWs composites, which is in good agreement with the thermal conductivity values shown
in Fig. 5b. To further demonstrate the effect on thermal performance, the system with a hot plate, a thermocou-
ple element and versatile voltmeter are employed to get quantitative results of heating and cooling process. As
shown in Fig. 6d, it can be noticed that the samples of epoxy/SiC MPs and epoxy/SiC NWs reach their highest
temperatures at 141.6 and 150.8 °C. While neat epoxy only rises to 122.3 °C by the end of 602 s, which is consistent
with infrared images. After 602 s heating, the samples are shifted to a room temperature plate immediately. The
cooling data with differential treatment ranging from 601 to 750's are shown in the inset of Fig. 6d. Obviously, we
found that epoxy/SiC NWs composites is the fastest one cooling down to room temperature, followed by epoxy/
SiC MPs, and neat epoxy. In short, epoxy composites show better heat dissipating behaviors comparing with neat
epoxy. Among all of composites, epoxy/SiC NWs composites are illuminated to be the most excellent, which
indicates that SiC NWs are the most promising filler to enhance the thermal propagation of epoxy composite.

Figure 7a and b show comparative thermal mechanical analysis (TMA) results of neat epoxy and epoxy com-
posites with 3 wt% filler. The epoxy/SiC NWs composite exhibit lower thermal strain comparing to the epoxy/SiC
MPs and neat epoxy. It can be noted that the thermal strain values are 12.54 x 1073,12.15 x 1073, and 10.3 x 1073,
respectively, when the temperature reached 450K, as shown in Fig. 7a. This implies the appearance of constraints
to the epoxy chain movements is due to their interactions with SiC NWs or micron particles. Moreover, the
network formed by SiC NWs can be served as framework to stabilize the molecular chains shift effectively with
increasing temperature. It is believed that these decreases in thermal strain are able to reduce the coeflicient
thermal expansion mismatch with silicon and insulating ceramics on the basis of HooK’s law and the Poisson
ratio®. Therefore, the coeflicient of thermal expansion (CTE) curves display the same trend that can be observed
in Fig. 7b. All the curves show an obviously gentle slope after the temperature exceeds 360 K. In addition, the
epoxy/SiC NWs composite exhibits lower slope and maintains the slope up to 460 K, which is the end of measured
temperature. Materials with lower CTE value is expected to have lower thermal strain, which will find potential
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application as heating sinks structural materials with improved thermal properties. Furthermore, we noticed
that the CTE of our samples are comparable or much lower than other nanowires or particles reinforced polymer
composites, as shown in Fig. 7c. The CTE of epoxy/SiC NWs composites at 3 wt% loading and room temperature
is 30 ppm K, compared to conventional nanowires based composites, this the lowest CTE value at only 3 wt%
contents of SiC NWs%-%, This consequence indicates that the thermal expansion is significantly restrained by the
introduction of nanowires. The following relation is used to determine the volume fraction of the filler for a given
weight fraction, which is represented by Equation (1).

Wy

Ve — 1
Tw (- w)”

(€]

Where the Vi, Wy, peand p,, are the volume fraction of fillers, the mass fraction of fillers, the density of fillers,
and the density of matrix, respectively. The mass fraction of 3wt% can be converted to 1.1 vol%. Meanwhile,
the composite incorporated with 3 wt% SiC MPs show the similar property. Besides, this outstanding perfor-
mance combining with high thermal conductivity result in lower TDP, which is a prominent indicator at the
engineering-scale and be defined as following Equation (2).

CTE (K™}

TDP = ——8MMM—
T.(Wm 'K )
TDP is a typical indicator for indicating the temperature-induced deformation of engineering material applied
electronic packaging and high precision areas!. The lower TDP predicts greater thermal stability, on account of
the high thermal conductivity and low CTE of the epoxy/SiC NWs composite. Figure 7d exhibits that the TDP of
epoxy/SiC NWs composite loading with only 1.1 vol% is lower than most available materials filled in high volume
fraction of fillers. Because the high aspect ratio of the SiC NWs play an important role in determining the thermal
stability®*-7°. Materials with high thermal conductive and low TDP will meet wide-ranging application in the
modern electronics industry.

Conclusions

In summary, a facile method to prepare epoxy composites has been demonstrated. The thermal conductivity of
epoxy/SiC NWs composites with 3 wt% filler was 0.449 Wm~' K~!, which is increased by 106% comparing to that
of neat epoxy. It is found that the thermal stability also has a certain degree of enhancement and retains the low
coefficient of thermal expansion. This composite with remarkable thermal properties is crucial in thermal man-
agement, electronic packaging, and other electrical devices applications.

References

1. Subramaniam, C. et al. Carbon nanotube-copper exhibiting metal-like thermal conductivity and silicon-like thermal expansion for
efficient cooling of electronics. Nanoscale 6, 2669-2674, doi:10.1039/c3nr05290g (2014).

2. Teo, J. K. H., Toh, C. L. & Lu, X. Catalytic and reinforcing effects of polyhedral oligomeric silsesquioxane (POSS)-imidazolium
modified clay in an anhydride-cured epoxy. Polymer 52, 1975-1982, d0i:10.1016/j.polymer.2011.02.034 (2011).

3. Sudhakara, P, Kannan, P., Obireddy, K. & Rajulu, A. V. Organophosphorus and DGEBA resins containing clay nanocomposites:
Flame retardant, thermal, and mechanical properties. J. Mater. Sci. 46, 2778-2788, d0i:10.1007/s10853-010-5152-6 (2011).

4. Qian, R, Yu, ], Xie, L., Li, Y. & Jiang, P. Efficient thermal properties enhancement to hyperbranched aromatic polyamide grafted
aluminum nitride in epoxy composites. Polym. Adv. Technol. 24, 348-356, doi:10.1002/pat.v24.3 (2013).

5. Jiang, T., Kuila, T., Kim, N. H., Ku, B. C. & Lee, J. H. Enhanced mechanical properties of silanized silica nanoparticle attached
graphene oxide/epoxy composites. Compos. Sci. Technol 79, 115-125, doi:10.1016/j.compscitech.2013.02.018 (2013).

6. Yu, S. & Lee, . et al. Copper Shell Networks in Polymer Composites for Efficient Thermal Conduction. ACS Appl. Mater. Interfaces
5,11618-11622 (2013).

7. Pashayi, K. et al. High thermal conductivity epoxy-silver composites based on self-constructed nanostructured metallic networks.
J. Appl. Phys. 111, 104310, doi:10.1063/1.4716179 (2012).

8. Giang, T, Park, J., Cho, L, Ko, Y. & Kim, J. Effect of backbone moiety in epoxies on thermal conductivity of epoxy/alumina
composite. Polym. Compos. 34, 468-476, d0i:10.1002/pc.v34.4 (2013).

9. Tekce, H. S., Kumlutas, D. & Tavman, I. H. Effect of Particle Shape on Thermal Conductivity of Copper Reinforced Polymer
Composites. J. Reinf. Plast. Compos. 26, 113121, doi:10.1177/0731684407072522 (2007).

10. Xu, Y., Chung, D. D. L. & Mroz, C. Thermally conducting aluminum nitride polymer-matrix composites. Composites Part A 32,
1749-1757, d0i:10.1016/S1359-835X(01)00023-9 (2001).

11. Nikkeshi, S., Kudo, M. & Masuko, T. Dynamic viscoelastic properties and thermal properties of Ni powder-epoxy resin composites.
J. Appl. Polym. Sci. 69, 2593-2598, doi:10.1002/(ISSN)1097-4628 (1998).

12. Garrett, K. W. & Rosenberg, H. M. The thermal conductivity of epoxy-resin/powder composite materials. J. Phys. D Appl. Phys. 7,
665-675 (2002).

13. Gao, Z. & Zhao, L. Effect of nano-fillers on the thermal conductivity of epoxy composites with micro-Al,O; particles. Mater. Des.
(1980-2015) 66, 176-182, doi:10.1016/j.matdes.2014.10.052 (2015).

14. Assael, M. ], Antoniadis, K. D. & Tzetzis, D. The use of the transient hot-wire technique for measurement of the thermal conductivity
of an epoxy-resin reinforced with glass fibres and/or carbon multi-walled nanotubes. Compos. Sci. Technol. 68, 3178-3183,
doi:10.1016/j.compscitech.2008.07.019 (2008).

15. May, P. W., Portman, R. & Rosser, K. N. Thermal conductivity of CVD diamond fibres and diamond fibre-reinforced epoxy
composites. Diamond Relat. Mater. 14, 598-603, doi:10.1016/j.diamond.2004.10.039 (2005).

16. Moisala, A., Li, Q, Kinloch, I. A. & Windle, A. H. Thermal and electrical conductivity of single- and multi-walled carbon nanotube-
epoxy composites. Compos. Sci. Technol. 66, 1285-1288, doi:10.1016/j.compscitech.2005.10.016 (2006).

17. Bryning, M. B., Milkie, D. E., Islam, M. F, Kikkawa, ]. M. & Yodh, A. G. Thermal conductivity and interfacial resistance in single-
wall carbon nanotube epoxy composites. Appl. Phys. Lett. 87, 161909, doi:10.1063/1.2103398 (2005).

18. Cui, W. et al. Improving thermal conductivity while retaining high electrical resistivity of epoxy composites by incorporating silica-
coated multi-walled carbon nanotubes. Carbon 49, 495-500, doi:10.1016/j.carbon.2010.09.047 (2011).

SCIENTIFICREPORTS | 7: 2606 | DOI:10.1038/541598-017-02929-0 9


http://dx.doi.org/10.1039/c3nr05290g
http://dx.doi.org/10.1016/j.polymer.2011.02.034
http://dx.doi.org/10.1007/s10853-010-5152-6
http://dx.doi.org/10.1002/pat.v24.3
http://dx.doi.org/10.1016/j.compscitech.2013.02.018
http://dx.doi.org/10.1063/1.4716179
http://dx.doi.org/10.1002/pc.v34.4
http://dx.doi.org/10.1177/0731684407072522
http://dx.doi.org/10.1016/S1359-835X(01)00023-9
http://dx.doi.org/10.1002/(ISSN)1097-4628
http://dx.doi.org/10.1016/j.matdes.2014.10.052
http://dx.doi.org/10.1016/j.compscitech.2008.07.019
http://dx.doi.org/10.1016/j.diamond.2004.10.039
http://dx.doi.org/10.1016/j.compscitech.2005.10.016
http://dx.doi.org/10.1063/1.2103398
http://dx.doi.org/10.1016/j.carbon.2010.09.047

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

Zhou, T., Wang, X., Liu, X. & Xiong, D. Improved thermal conductivity of epoxy composites using a hybrid multi-walled carbon
nanotube/micro-SiC filler. Carbon 48, 1171-1176, doi:10.1016/j.carbon.2009.11.040 (2010).

Biercuk, M. J. et al. Carbon nanotube composites for thermal management. Appl. Phys. Lett. 80, 2767-2769, doi:10.1063/1.1469696
(2002).

Im, H. & Kim, J. Thermal conductivity of a graphene oxide-carbon nanotube hybrid/epoxy composite. Carbon 50, 5429-5440,
doi:10.1016/j.carbon.2012.07.029 (2012).

Yu, A. et al. Enhanced Thermal Conductivity in a Hybrid Graphite Nanoplatelet - Carbon Nanotube Filler for Epoxy Composites.
Adv. Mater. 20, 4740-4744, doi:10.1002/adma.v20:24 (2008).

Tian, X., Itkis, M. E., Bekyarova, E. B. & Haddon, R. C. Anisotropic Thermal and Electrical Properties of Thin Thermal Interface
Layers of Graphite Nanoplatelet-Based Composites. Sci. Rep. 3, 1710-76, doi:10.1038/srep01710 (2013).

Shen, X. et al. Multilayer Graphene Enables Higher Efficiency in Improving Thermal Conductivities of Graphene/Epoxy Composites.
Nano Lett. 16, 3585-3593, doi:10.1021/acs.nanolett.6b00722 (2016).

Wang, E et al. Silver Nanoparticle-Deposited Boron Nitride Nanosheets as Fillers for Polymeric Composites with High Thermal
Conductivity. Sci. Rep. 6, 19394, doi:10.1038/srep19394 (2016).

Zhang, Z. et al. A novel approach of chemical mechanical polishing for cadmium zinc telluride wafers. Sci. Rep. 6, 26891,
doi:10.1038/srep26891 (2016).

Zhang, Z. et al. Nanoscale solely amorphous layer in silicon wafers induced by a newly developed diamond wheel. Sci. Rep 6, 35269,
doi:10.1038/srep35269 (2016).

Fu, Q. G. et al. Synthesis of silicon carbide nanowires by CVD without using a metallic catalyst. Mater. Chem. Phys. 100, 108-111,
doi:10.1016/j.matchemphys.2005.12.014 (2006).

Nhuapeng, W., Thamjaree, W., Kumfu, S., Singjai, P. & Tunkasiri, T. Fabrication and mechanical properties of silicon carbide
nanowires/epoxy resin composites. Curr. Appl. Phys. 8, 295-299, doi:10.1016/j.cap.2007.10.074 (2008).

Tang, C. C. et al. SiC and its bicrystalline nanowires with uniform BN coatings. Appl. Phys. Lett. 80, 4641-4643,
doi:10.1063/1.1487926 (2002).

Wong, E. W, Sheehan, P. E. & Lieber, C. M. Nanobeam Mechanics: Elasticity, Strength, and Toughness of Nanorods and Nanotubes.
Science 277, 1971-1975, doi:10.1126/science.277.5334.1971 (1997).

Dong, S. M. et al. Characterization of Nearly Stoichiometric SiC Ceramic Fibres. J. Mater. Sci. 36, 2371-2381, doi:10.1023
/A:1017988827616 (2001).

Papanikolaou, N. Lattice thermal conductivity of SiC nanowires. J. Phys.: Condens. Matter 20, 135201, doi:10.1088/0953-
8984/20/13/135201 (2008).

Hammel, E. ef al. Carbon nanofibers for composite applications. Carbon 42, 1153-1158, doi:10.1016/j.carbon.2003.12.043 (2004).
Xu, H. & Pasini, D. Structurally Efficient Three-dimensional Metamaterials with Controllable Thermal Expansion. Sci. Rep. 6, 34924,
doi:10.1038/srep34924 (2016).

Xia, C. et al. Hybrid boron nitride-natural fiber composites for enhanced thermal conductivity. Sci. Rep. 6, 34726, doi:10.1038/
srep34726 (2016).

Zhou, T., Wang, X., Gu, M. & Xiong, D. Study on Mechanical, Thermal and Electrical Characterizations of Nano-SiC/Epoxy
Composites. Polym. J. 41, 51-57, doi:10.1295/polym;j.P]J2008173 (2009).

Rodgers, R. M., Mahfuz, H., Rangari, V. K., Chisholm, N. & Jeelani, S. Infusion of SiC Nanoparticles Into SC-15 Epoxy: An
Investigation of Thermal and Mechanical Response. Macromol. Mater. Eng. 290, 423-429, doi:10.1002/(ISSN)1439-2054 (2005).
Zhou, T, Wang, X., Cheng, P.,, Wang, T. & Xiong, D. Improving the thermal conductivity of epoxy resin by the addition of a mixture
of graphite nanoplatelets and silicon carbide microparticles. Express Polym. Lett. 7, 585-594, doi:10.3144/expresspolymlett.2013.56
(2013).

Park, J. M., Shin, W. G. & Yoon, D. J. A study of interfacial aspects of epoxy-based composites reinforced with dual basalt and SiC
fibres by means of the fragmentation and acoustic emission techniques. Compos. Sci. Technol. 59, 355-370, doi:10.1016/S0266-
3538(98)00085-2 (1999).

Alamri, H. & Low, I. M. Characterization of epoxy hybrid composites filled with cellulose fibers and nano-SiC. J. Appl. Polym. Sci.
126, E222-E232, doi:10.1002/app.36815 (2012).

Luo, Y., Zhi Rong, M. & Qiu Zhang, M. Tribological behavior of epoxy composites containing reactive SiC nanoparticles. . Appl.
Polym. Sci. 104, 2608-2619, doi:10.1002/(ISSN)1097-4628 (2007).

Gu, J., Zhang, Q., Dang, J., Zhang, ]. & Chen, S. Preparation and mechanical properties researches of silane coupling reagent
modified 3-silicon carbide filled epoxy composites. Polym. Bull. 62, 689-697, doi:10.1007/500289-009-0045-z (2009).

Hwang, Y., Kim, M. & Kim, J. Fabrication of surface-treated SiC/epoxy composites through a wetting method for enhanced thermal
and mechanical properties. Chem. Eng. J. 246, 229-237, d0i:10.1016/j.cej.2014.02.064 (2014).

Mun, S. Y, Lim, H. M., Ahn, H. & Lee, D. J. Thermal conductivities of epoxy composites comprising fibrous carbon and particulate
silicon carbide fillers. Macromol. Res. 22, 613-617, doi:10.1007/s13233-014-2099-5 (2014).

Zhou, T., Wang, X., Mingyuan, G. U. & Liu, X. Study of the thermal conduction mechanism of nano-SiC/DGEBA/EMI-2,4
composites. Polymer 49, 4666-4672, doi:10.1016/j.polymer.2008.08.023 (2008).

Han, Z., Wood, ]. W, Herman, H. & Zhang, C. Thermal Properties of Composites Filled with Different Fillers. IEEE Int. Symposium
Electr. Insul. 497-501 (2008).

Frevel, L. K., Petersen, D. R. & Saha, C. K. Polytype distribution in silicon carbide. J. Mater. Sci. 27, 1913-1925, doi:10.1007/
BF01107220 (1992).

Iwanowski, R. J., Fronc, K., Paszkowicz, W. & Heinonen, M. XPS and XRD study of crystalline 3C-SiC grown by sublimation
method. J. Alloys Compd. 286, 143147, doi:10.1016/S0925-8388(98)00994-3 (1999).

Kang, B. C,, Lee, S. B. & Boo, J. H. Growth of 3-SiC nanowires on Si(100) substrates by MOCVD using nickel as a catalyst. Thin Solid
Films 464-465, 215-219, doi:10.1038/ng.2877 (2004).

Yang, L., Zhang, X., Huang, R., Zhang, G. & Xue, C. Formation of 3-SiC nanowires by annealing SiC films in hydrogen atmosphere.
Physica E 35, 146-150, doi:10.1016/j.physe.2006.07.037 (2006).

Kemaloglu, S., Ozkoc, G. & Aytac, A. Properties of thermally conductive micro and nano size boron nitride reinforced silicon rubber
composites. Thermochim. Acta 499, 40-47, doi:10.1016/j.tca.2009.10.020 (2010).

Collins, A. K., Pickering, M. A. & Taylor, R. L. Grain size dependence of the thermal conductivity of polycrystalline chemical vapor
deposited 3-SiC at low temperatures. J. Appl. Phys. 68, 6510-6512, doi:10.1063/1.346852 (1990).

Hs, D, Lane, K. & Sheldon, R. P. Thermal conductivities of amorphous polymers. J. Polym. Sci. Polym. Symposia 42, 717-726 (1973).
Takahashi, K. et al. Thermal conductivity of SiC nanowire formed by combustion synthesis. High Temp. High Pressures 37, 119-125
(2008).

Gao, L., Zhou, X. & Ding, Y. Effective thermal and electrical conductivity of carbon nanotube composites. Chem. Phys. Lett. 434,
297-300, doi:10.1016/j.cplett.2006.12.036 (2007).

Cao, Y. et al. Enhanced thermal conductivity for poly(vinylidene fluoride) composites with nano-carbon fillers. RSC Adv. 6,
68357-68362, doi:10.1039/C6RA11178E (2016).

Agarwal, R,, Saxena, N. S., Sharma, K. B, Thomas, S. & Sreekala, M. S. Temperature dependence of effective thermal conductivity
and thermal diffusivity of treated and untreated polymer composites. J. Appl. Polym. Sci. 89, 1708-1714, doi:10.1002/(ISSN)1097-
4628 (2003).

SCIENTIFICREPORTS|7:2606 | DOI:10.1038/s41598-017-02929-0 10


http://dx.doi.org/10.1016/j.carbon.2009.11.040
http://dx.doi.org/10.1063/1.1469696
http://dx.doi.org/10.1016/j.carbon.2012.07.029
http://dx.doi.org/10.1002/adma.v20:24
http://dx.doi.org/10.1038/srep01710
http://dx.doi.org/10.1021/acs.nanolett.6b00722
http://dx.doi.org/10.1038/srep19394
http://dx.doi.org/10.1038/srep26891
http://dx.doi.org/10.1038/srep35269
http://dx.doi.org/10.1016/j.matchemphys.2005.12.014
http://dx.doi.org/10.1016/j.cap.2007.10.074
http://dx.doi.org/10.1063/1.1487926
http://dx.doi.org/10.1126/science.277.5334.1971
http://dx.doi.org/10.1023/A:1017988827616
http://dx.doi.org/10.1023/A:1017988827616
http://dx.doi.org/10.1088/0953-8984/20/13/135201
http://dx.doi.org/10.1088/0953-8984/20/13/135201
http://dx.doi.org/10.1016/j.carbon.2003.12.043
http://dx.doi.org/10.1038/srep34924
http://dx.doi.org/10.1038/srep34726
http://dx.doi.org/10.1038/srep34726
http://dx.doi.org/10.1295/polymj.PJ2008173
http://dx.doi.org/10.1002/(ISSN)1439-2054
http://dx.doi.org/10.3144/expresspolymlett.2013.56
http://dx.doi.org/10.1016/S0266-3538(98)00085-2
http://dx.doi.org/10.1016/S0266-3538(98)00085-2
http://dx.doi.org/10.1002/app.36815
http://dx.doi.org/10.1002/(ISSN)1097-4628
http://dx.doi.org/10.1007/s00289-009-0045-z
http://dx.doi.org/10.1016/j.cej.2014.02.064
http://dx.doi.org/10.1007/s13233-014-2099-5
http://dx.doi.org/10.1016/j.polymer.2008.08.023
http://dx.doi.org/10.1007/BF01107220
http://dx.doi.org/10.1007/BF01107220
http://dx.doi.org/10.1016/S0925-8388(98)00994-3
http://dx.doi.org/10.1038/ng.2877
http://dx.doi.org/10.1016/j.physe.2006.07.037
http://dx.doi.org/10.1016/j.tca.2009.10.020
http://dx.doi.org/10.1063/1.346852
http://dx.doi.org/10.1016/j.cplett.2006.12.036
http://dx.doi.org/10.1039/C6RA11178E
http://dx.doi.org/10.1002/(ISSN)1097-4628
http://dx.doi.org/10.1002/(ISSN)1097-4628

www.nature.com/scientificreports/

59. Hong, W.-T. & Tai, N.-H. Investigations on the thermal conductivity of composites reinforced with carbon nanotubes. Diamond
Relat. Mater. 17, 1577-1581, doi:10.1016/j.diamond.2008.03.037 (2008).

60. Yu, A., Ramesh, P, Itkis, M. E., Elena Bekyarova, A. & Haddon, R. C. Graphite Nanoplatelet—Epoxy Composite Thermal Interface
Materials. J. Phys. Chem. C 111, 7565-7569, d0i:10.1021/jp071761s (2007).

61. Tagami, N. et al. Comparison of dielectric properties between epoxy composites with nanosized clay fillers modified by primary
amine and tertiary amine. IEEE Transactions Dielectr. Electr. Insul. 17, 214-220, doi:10.1109/TDEI.2010.5412020 (2010).

62. Lu, S, Li, S., Yu, ], Yuan, Z. & Qi, B. Epoxy nanocomposites filled with thermotropic liquid crystalline epoxy grafted graphene oxide.
RSC Adv. 3,8915-8923, doi:10.1039/c3ra40404h (2013).

63. Park, S. K., Han, J. L, Kim, W. K. & Min, G. K. Deposition of indium-tin-oxide films on polymer substrates for application in plastic-
based flat panel displays. Thin Solid Films 397, 49-55, doi:10.1016/S0040-6090(01)01489-4 (2001).

64. Amancio-Filho, S. T., Bueno, C., dos Santos, J. E, Huber, N. & Hage, E. On the feasibility of friction spot joining in magnesium/fiber-
reinforced polymer composite hybrid structures. Mater. Sci. Eng.: A 528, 3841-3848, doi:10.1016/j.msea.2011.01.085 (2011).

65. Abdalla, M. et al. Magnetically processed carbon nanotube/epoxy nanocomposites: Morphology, thermal, and mechanical
properties. Polymer 51, 1614-1620, doi:10.1016/j.polymer.2009.05.059 (2010).

66. Shimazaki, Y. et al. Excellent thermal conductivity of transparent cellulose nanofiber/epoxy resin nanocomposites.
Biomacromolecules 8,2976-2978, d0i:10.1021/bm7004998 (2007).

67. Yung, K. C., Zhu, B. L,, Yue, T. M. & Xie, C. S. Preparation and properties of hollow glass microsphere-filled epoxy-matrix
composites. Compos. Sci. Technol. 69, 260-264, doi:10.1016/j.compscitech.2008.10.014 (2009).

68. Sun Lee, W. & Yu, J. Comparative study of thermally conductive fillers in underfill for the electronic components. Diamond Relat.
Mater. 14, 1647-1653, doi:10.1016/j.diamond.2005.05.008 (2005).

69. Wong, C. P. & Bollampally, R. S. Thermal conductivity, elastic modulus, and coefficient of thermal expansion of polymer composites
filled with ceramic particles for electronic packaging. J. Appl. Polym. Sci. 74, 3396-3403, doi:10.1002/(ISSN)1097-4628 (1999).

70. Lee, G.-W., Park, M., Kim, J,, Lee, J. I. & Yoon, H. G. Enhanced thermal conductivity of polymer composites filled with hybrid filler.
Composites Part A 37, 727-734, doi:10.1016/j.compositesa.2005.07.006 (2006).

Acknowledgements

The authors are grateful for the financial support by the National Natural Science Foundation of China (51573201
and 51303034), Natural Science Foundation of Ningbo (2014A610111), Public Welfare Project of Zhejiang
Province (2016C31026), Science and Technology Major Project of Ningbo (201651002), and International
Science and Technology Cooperation Program of Ningbo (2015D10003) for financial support. We also thank the
Chinese Academy of Science for Hundred Talents Program, Chinese Central Government for Thousand Young
Talents Program and 3315 Program of Ningbo.

Author Contributions

J.H. Yu contributed to the original idea. J.H. Yu, N. Jiang, and Z.L. Zhan supervised the project. D.Y. Shen
performed the experiments and prepared the main manuscript. Z.D. Liu drawn the Figure 1 and Figure 5d. Y.
Cao, L. Zhou, Y.L. Liu, W. Dai, K. Nishimura and C.Y. Li contributed to data analysis and polished the English.
J.H. Yu and C.T. Lin gave the technical discussion and revised the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02929-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 2606 | DOI:10.1038/541598-017-02929-0 11


http://dx.doi.org/10.1016/j.diamond.2008.03.037
http://dx.doi.org/10.1021/jp071761s
http://dx.doi.org/10.1109/TDEI.2010.5412020
http://dx.doi.org/10.1039/c3ra40404h
http://dx.doi.org/10.1016/S0040-6090(01)01489-4
http://dx.doi.org/10.1016/j.msea.2011.01.085
http://dx.doi.org/10.1016/j.polymer.2009.05.059
http://dx.doi.org/10.1021/bm7004998
http://dx.doi.org/10.1016/j.compscitech.2008.10.014
http://dx.doi.org/10.1016/j.diamond.2005.05.008
http://dx.doi.org/10.1002/(ISSN)1097-4628
http://dx.doi.org/10.1016/j.compositesa.2005.07.006
http://dx.doi.org/10.1038/s41598-017-02929-0
http://creativecommons.org/licenses/by/4.0/

	Enhanced thermal conductivity of epoxy composites filled with silicon carbide nanowires

	Materials

	Preparation of epoxy composites. 
	Characterizations. 

	Results and Discussion

	Characterization of SiC nanowires and micron particles. 
	Microstructure of composites. 
	Thermal properties of neat epoxy and its composites. 

	Conclusions

	Acknowledgements

	Figure 1 The preparation process of epoxy/SiC NWs composites.
	Figure 2 SEM images of (a) SiC NWs and (b) SiC MPs TEM images of (c) SiC NWs and (d) SiC MPs HR-TEM images of (e) SiC NWs and (f) SiC MPs.
	Figure 3 (a) AFM image (b) XRD pattern XPS spectra of SiC NWs: (c) Si2p and (d) C1s.
	Figure 4 SEM images of neat epoxy: (a) and (b) epoxy/SiC NWs: (c) 0.
	Figure 5 (a) Thermal diffusivity and (b) thermal conductivity as a function of SiC NWs or SiC MPs content (c) Thermal conductivity enhancement (TCE) of epoxy composites with 3 wt% filler compared to neat epoxy (d) The model of heat flow for the epoxy comp
	Figure 6 (a) Thermal conductivity of neat epoxy and epoxy composites as a function of test temperature neat epoxy and epoxy composites: (b) DSC curves, (c) infrared images, (d) Surface temperature variation with time upon heating and cooling event.
	Figure 7 TMA curves of neat epoxy and epoxy composites: (a) thermal strain curves, (b) CTE curves Comparison of (c) thermal conductivity versus CTE and (d) TDP of the epoxy/SiC NWs and epoxy/SiC MPs composites with various engineering materials.




