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Generally polymer bulk structures and nanostructures are thermally insulative. In this study, we show
that an improved nanoporous template wetting technique can prepare thermally conductive polymer
nanowire arrays. The thermal conductivities of the fabricated high-density polyethylene (HDPE) nano-
wire arrays with diameters of 100 nm and 200 nm, measured by a laser flash method, are about 2 orders
of magnitude higher than their bulk counterparts. The estimated thermal conductivity of a single HDPE
nanowire is as high as 26.5 W/mK at room temperature. The high orientation of chains of the HDPE
nanowires may arise from the integrative effects of shear rate, vibrational perturbation, translocation,
nanoconfinement and crystallization. Findings in this study provide useful strategies on enhancing the
intrinsic thermal properties of polymer nanostructures.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Arrays of polymer nanostructures have drawn much attention
for their potential applications in the fields of electronics,
mechanical, biomedical and fluidic nanodevices due to their unique
properties in recent years [1e3]. Polymer nanostructure layers
were also tried to control solidesolid interfacial thermal conduc-
tance [4e6]. However, that polymers generally have very low
thermal conductivity of 0.1e1 W/mK and the thermal conductivi-
ties of nanostructures are further limited by boundary phonon
scattering does notmatch the requirement for the ultrahigh density
heat dissipation in most nanodevices yet [7]. Filling polymers with
additives with high thermal conductivity, such as metallic nano-
particles or carbon nanotubes, or constructing heat transport
networks are typical ways to increase their thermal transport [8,9].
The enhancement of the thermal conductivity of such nano-
composites, however, remains much lower than theoretical
expectations because of the high thermal contact resistance at
polymereadditive interfaces [10,11] and the decrease of the
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additives’ thermal conductivity affected by surroundings [12,13].
Therefore, increasing the intrinsic thermal conductivity of polymer
nanostructures is highly desired.

Actually researchers have realized that polymers will exhibit
significant anisotropy in thermal conductivity when the polymer
chains are partially oriented [14]. Molecular dynamics simulations
showed that a single chain or aligned chains might have extremely
high thermal conductivity, w350 W/mK or even divergent with
chain length [15], since the heat transports along individual poly-
mer chains in a ballistic way [16,17]. It has also been experimentally
confirmed recently [18]. Normally, the random orientation of
polymer chains with very weak couplings between them in
amorphous polymers or amorphous phase semi-crystalline poly-
mers shortens the mean free path of phonons, and results in the
low thermal conductivity. If the polymer chains are aligned in
a certain direction by spinning [19] or draw [20e22], the ballistic
transport of heat will be increased and thus the thermal conduc-
tivity along this direction is greatly enhanced [23]. Drawn or spun
polymer bulk structures were found to be able to give thermal
conductivities of up to 50 W/mK [19e22].

Until most recently, Shen et al. applied this idea to fabricate gel-
spun and ultra-drawn polyethylene (PE) nanofibers with very high
thermal conductivity, w104 W/mK [24]. This was attributed to the
restructuring of the polymer chains by stretching that improved the
nanofiber quality from a random orientation toward an ideal single
crystalline fiber. It should be mentioned that there is still great
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challenge in uniform and massive production for ultra-drawn
nanowires. Due to phonon scattering and less orientation, the
reported thermal conductivities of polymer nanofilms were still
very low [4e6]. Thus far, there is seldom report on thermal
conductivity of polymer nanowire arrays.

In this paper we report on high thermal conductivity of high-
density polyethylene (HDPE) nanowire arrays. The HDPE nanowire
arrays with diameters of 100 nm and 200 nm are fabricated by
using an improved nanoporous template wetting technique. The
thermal conductivity of the as-prepared nanowire arrays is
measured by a laser flashmethod.We find that the arrays have high
thermal conductivity of about 2 orders higher than that of HDPE
bulk material. The underlying mechanisms for the high orientation
of polymer chains are also demonstrated.

2. Fabrication of HDPE nanowire arrays

The nanoporous template wetting technique, originally devel-
oped by Steinhart et al. [25], is now improved to enhance the
polymer infiltration into the nanopores by a high-frequency fluid
pulsation strategy as shown in Fig. 1. The porous anodic alumina
(PAA) templates with pore diameters of 100 nm and 200 nm are
purchased fromWhatman, Inc. The PAA templates are freestanding
disks with a diameter of 13 mm, and their pores are all through-
hole. The PAA templates are firstly treatedwith solvents of different
polarities, i.e. ethanol, acetone, chloroform and hexane in sequence.
The HDPE films with thickness of about 300 mm, density of
0.945 g/cm3 and melting index of 13.0 g/10 min are obtained from
Qilu Petroleum and Chemical Co. of China. An HDPE film is then
placed on the top of a template with a good contact. The chamber
containing the PE film and template sample is then heated to 160 �C
by thermal cycle springs, well above the melting point of HDPE
(130 �C), to excite the infiltration of the PEmelts into the nanopores
of the template. During the infiltration process, a vibration with
a frequency aboutw10 kHz induced by a piezoelectric transducer is
imposed. This technique is able to produce several times longer
polymer nanowires compared with the original wetting template
technique [26]. It indicates that the infiltration is dominated by
vibrational hydrodynamics rather than just by wetting behaviors.
Fig. 1. Schematic of the fabrication system by the improved nanoporous template wetting te
(2) temperature controller (KTM4, Panasonic, Japan), (3) oscilloscope (TDS2014, Tektronix),
amplifier (HVPVT, Physik Instrument, Germany), (6) piezoelectric transducer (P-244.1X, Phy
Moreover, the vibration does help the polymer chains to be more
oriented due to the oscillatory shear rates [27]. This process
generally takes about 1 h to produce HDPE nanowire arrays with
about 50 mm thickness. After that, the sample is taken out of the hot
chamber, and cooled down to ambient temperature. The cooling
process often takes about 1 h. The HDPE nanowire arrays are then
released by removing the template in NaOH aqueous solution and
being rinsed with deionized water and ethanol and being dry at
30 �C in vacuum in sequence.

The cross-section and top view images, characterized by scan-
ning electron microscopy (SEM, Leica Stereoscan 440) and field-
emission scanning electron microscopy (FE-SEM, JEOL JSM-6335F),
of the as-fabricated HDPE nanowire array are shown in Fig. 2 in
which the nanowire array with diameter of 200 nm is taken as
a case study. The nanowires are of high quality, such as well-
defined, straight, smooth in surface and uniform in diameter,
thanks to the good PAA templates. We also do the energy-disper-
sive X-ray spectroscopy analysis and find there is no residue
alumina left in the film, which ensures that we can measure the
intrinsic thermophysical property of the polymer nanowires. The
whole sample for thermal conductivity measurements is consisted
of two layers with inhomogeneous properties. One is the substrate
layer that solidifies from the redundant HDPE melts outside of the
templates. The other is the nanowire array layer. By measuring the
SEM images, we can obtain the thicknesses of the overall sample L0,
the substrate layer Ls, and the nanowire array layer Lnw
(L0¼ Lsþ Lnw). For the 100 nm diameter nanowire array Ls¼ 163 mm
and Lnw ¼ 50 mm (L0 ¼ 213 mm). For the 200 nm diameter nanowire
array Ls ¼ 160 mm and Lnw ¼ 60.6 mm (L0 ¼ 220.6 mm). One of the
most important points is that there is no thermal contact resistance
between the two layers, which enables the accurate extraction of
thermal conductivity of the nanowire array from measuring the
thermal conductivity of the whole sample.

3. Measurement setup and analytical method

A laser flash technique, schematically shown in Fig. 3, is
employed to measure the thermal conductivity of the HDPE
nanowire arrays. The technique has advantages of no thermal
chnique with high-frequency vibrational perturbation. In the figure: (1) pressure meter,
(4) alternating current generator (MSO6054A, Agilent Technologies), (5) piezoelectric
sik Instrument, Germany).



Fig. 2. Cross-section (a) and top view (b) SEM images of the HDPE nanowire array. The
nanowire array with 200 nm in diameter is taken as a case study.
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contact resistance and very small heat losses, and has been applied
tomeasure the thermal properties of polymer [21,22], metallic [28],
carbon nanotube [29], and nanocomposite [30] films. The samples
are placed in a vacuum chamber with a pressure of about 0.1 Pa to
reduce the heat losses. A nanosecond laser pulse with a pulse width
of 6 ns and a wavelength of 1064 nm from a Q-switched Nd:YAG
laser (Continuum Surelite I-10) is used to irradiate the substrate
layer’s surface. The surface is opaque by depositingw2 mm thick Au
andw2 mm thick graphite in sequence. The temperature rise of the
rear surface, i.e. the nanowire array’s surface, will give a corre-
sponding infrared emission variation, which is detected by a liquid-
Fig. 3. Schematic diagram of the experimental system by a laser flash technique.
nitrogen-cooled photovoltaic type of mercury cadmium telluride
detector. Theoretically, the temperature rise follows [28]

TðtÞ ¼ Q
r0cp0L0
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where Q is the absorbed energy per unit area, a0 is the overall
thermal diffusivity, r0 is the overall density, cp0 is the overall
specific heat, and L0 is the overall thickness, keeping in mind that
the double-layer sample is inhomogeneous in thermal properties.
Divided by the maximum temperature rise Tmax ¼ Q=ðr0cp0L0Þ ,
the rescaled temperature rise is only related to the thermal diffu-
sivity and thickness
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By detecting the normalized temperature rise, we can obtain the
overall thermal diffusivity of the whole sample, and then the
thermal conductivity of the nanowire array can be extracted.

Themeasured normalized temperature rise is typically shown in
Fig. 4, which is indicative of agreement with the theoretical
prediction of Eq. (2). For double-layer films, the overall apparent
thermal conductivity, which regularly depends on individual
thermal conductivities of the two layers, is able to be accurately
measured by the laser flash method with the overall parameters
properly defined [31]. Following the rule in Ref. 31, the overall
density and specific heat of the whole sample are, respectively,
defined as:

r0 ¼ r½Ls þ Lnw4�
L0

; (3a)

cp0 ¼ cp½Ls þ Lnw4�
L0

: (3b)

where r ¼ 945 kg/m3 is the density of HDPE, cp ¼ 1900 J/kgK is the
specific heat of HDPE, Ls is the thickness of the substrate layer, Lnw is
the thickness of the nanowire array layer, and 4 is the porosity, ratio
of the pore-to-total volumes, of the PAA templates. We assume that
the density and specific heat of the nanofibers are the same as those
of the substrate since both the parameters are not sensitive to the
crystallinity at room temperature [32,33] (we show below that the
nanofibers are in high orientation). The porosities of the templates
Fig. 4. Typical measured normalized temperature rise of the nanowire array’s surface
varying along with time.
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with pore diameters of 100 nm and 200 nm are 0.572 and 0.424,
respectively. Ideally the overall thermal diffusivity of the whole
sample can be extracted by

a0 ¼ 0:138L20
t1=2

; (4)

where t1/2 is the time for the temperature rises to 1/2 of the
maximum value. However, the thermal conductivity will be over-
estimated if heat losses exist. For handling unexpected heat losses,
we use Degiovanni’s expression to calculate the overall thermal
diffusivity [34]

a0 ¼ L20
t5=6
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where t1/3 and t5/6 refer to times for the temperature rises to 1/3
and 5/6 of the maximum value, respectively. The overall thermal
conductivity is given by l0 ¼ a0r0cp0. The overall thermal resis-
tance of the whole double-layer sample, R0 ¼ L0/l0, is consisted of
the thermal resistances of the substrate layer, Rs ¼ Ls/ls, and
nanowire array layer, Rnw ¼ Lnw/lnw. We can obtain

L0
l0

¼ Ls
ls

þ Lnw
lnw

: (6)

Then, the thermal conductivity of the nanowire array can be
extracted by;

lnw ¼ Lnwlsl0
L0ls � Lsl0

: (7)

The thermal conductivity of the substrate layer,ls , is obtained by
measuring an HDPE filmwith thickness of about 300 mm. ls is about
0.5 W/mK and is not sensitive to temperature considering the
present temperature range 10e80 �C. The total experimental error
in thermal diffusivity is estimated within 5%.
4. Results and discussion

The measured overall thermal diffusivity and thermal conduc-
tivity of the whole samples are shown in Fig. 5. We can see that the
overall thermal conductivity of the nanowire array samples has
been greatly enhanced by the nanofibers compared with the bulk
HDPE thermal conductivity, w0.5 W/mK. The sample with 100 nm
diameter nanofibers has a higher overall thermal conductivity than
Fig. 5. The measured overall thermal diffusivity and thermal conductivity of the whole
HDPE nanowire array samples.
that with 200 nm diameter nanofibers. The thermal diffusivity of
the bulk HDPE is about 0.28 � 10�6 m2/s. Fig. 5 shows that the
overall thermal diffusivity of the nanowire array samples is much
larger than the bulk value because the overall thermal conductivity
of the samples is enhanced but the overall density and specific heat
are both decreased by the nanowire arrays.

The extracted thermal conductivities of the fabricated HDPE
nanowire arrays are in the order of 10 W/mK as shown in Fig. 6.
The thermal conductivity of the 100 nm diameter HDPE array at
room temperature is 14.8 W/mK, about 30 times that of the bulk
counterpart (w0.5 W/mK). The 200 nm diameter nanowire array
has a thermal conductivity of 8.7 W/mK. The well-aligned spun-
cast polymer films were reported to have an effective thermal
conductivity of only 0.20 W/mK [6]. The commercial thermally
conductive silicon grease only has a thermal conductivity of
w2 W/mK. The present fabrication of nanowire arrays seems very
promising for controlling interfacial thermal conductance. With
the temperature increasing from room temperature to 80 �C, the
thermal conductivity of the nanowire array with diameter of
200 nm increases to 13.8 W/mK, and the value of the array with
100 nm diameter increases to 21.1 W/mK. That the thermal
conductivity increases slightly with the increasing temperature
agrees well with previous observations [20e22], and is indicative
of nearly constant mean free path of phonons. It should be noted
that the thermal conductivity of the 100 nm diameter nanowire
array is sort of higher than that of the 200 nm diameter array,
which implies that the polymer chains of the as-prepared nano-
wires with smaller diameter may be more oriented. This tendency
is opposite to the traditional size effects caused by boundary
phonon scattering [7] but is in agreement with thermal transport
in low-dimensional nanostrucutures, e.g. carbon nanotubes
[35,36], which is indicative of the domination of the ballistic
thermal transport instead of the diffusive way.

The thermal conductivities of individual nanowires are also
estimated from dividing the measured values by the template
porosities with ignoring inevitable phonon scattering between the
nanowires, also as shown in Fig. 6. This means that it gives only the
lowest bound predictions of thermal conductivities. At room
temperature, the estimated thermal conductivities are 26.5 W/mK
and 20.5 W/mK for individual nanowires with 100 nm and 200 nm
diameters, respectively. At 80 �C, the estimated values reach
36.5 W/mK and 32.6 W/mK, which are nearly 2 orders of magni-
tude higher than that of HDPE bulk structure. Compared with the
ultra-drawn PE nanowires by Shen et al. [24], the orientation of
Fig. 6. The extracted thermal conductivity of HDPE nanowire arrays and the estimated
thermal conductivity of individual nanowires.
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chains of the present polymer nanowires is estimated to be
equivalent to draw ratios of about 50e100. The thermal conduc-
tivities of the present HDPE nanowires are not as high as those of
ultra-drawn PE nanowires reported in Ref. 24. The reason is
because the polymer chains are less aligned andwe do not take into
account the effects of boundary phonon scattering. Despite this, we
believe that there is still room for the enhancement of the intrinsic
thermal conductivity of the polymer nanowire arrays regarding
further improvement of the fabrication. What’s more, these nano-
wire arrays should be promising for engineering applications due
to the simple but massive, high-quality and low-cost production.

The present thermal conductivity enhancement of polymer
nanowires is quite different from the traditional size effects that the
thermal property of a nanostructure material is often lowered due
to the boundary scattering of phonons [7,37e39]. This enhance-
ment may be attributed to the high chain orientation of the HDPE
nanowire arrays. Several factors should be possibly taken into
account. First, when infiltrating polymer melts into template
nanopores, the polymer melts is subjected to shear rates so that the
chains become more oriented and the thermal conduction along
the shear directionwill be enhanced [40,41]. It was reported that an
oscillatory shear, as induced by the piezoelectric transducer in the
present fabrication process, could help to order polymer chains
[27]. Second, long polymer chains may be well aligned when
translocating through small nanopores, which is just the case in the
present fabrication process, as reviewed in Ref. [42]. Third, when
preparing nanowire arrays by wetting nanoporous alumina
template with polymer melts, the nanoconfinement, i.e. the inter-
action between polymer chains and the alumina pore’s walls with
high surface energy, may also improve the polymer crystal orien-
tation along the axis greatly. This confinement effect was experi-
mentally observed by Garcia-Gutierrez et al. [43]. and Mhanandia
et al. [44]. most recently. The orientation of polymer melts is
rationally expected to be remained during the solidification since
the relaxation time of nanoconfined matters can be prolonged by
several orders of the bulk value [45]. Fourth, the crystallinity of
polymer nanofibers, which may dominate the final orientation of
polymer nanofibers, was reported to depend on many factors, such
as pore size and cooling rate [46]. Further studies toward this issue
should be carried out in the future. Hopefully, the integrative effects
by shear rate, vibrational perturbation, translocation, nano-
confinement and crystallization should play important roles in the
high orientation of the PE nanowires fabricated by the improved
vibrational nanoporous template wetting technique though we are
not sure whether other unpredictable factors exist.

5. Conclusion

We have fabricated thermally conductive HDPE nanowire arrays
with diameters of 100 nm and 200 nm by an improved vibrational
nanoporous template wetting technique. The thermal conductivi-
ties of the as-prepared nanowire arrays are measured by a laser
flash method. It is found that the thermal conductivities are in the
order of 10 W/mK, nearly 2 orders of magnitude higher than their
bulk structure. The estimated thermal conductivity of individual
HDPE nanowires can reach 26.5W/mK at room temperature, which
indicates that the nanowires have an equivalent orientation to
ultra-drawn nanofibers with draw ratios of 50e100. In particular,
we find that the as-prepared nanowires with smaller diameters
have higher thermal conductivities, which is indicative of the
domination of the ballistic thermal transport. The integrative
effects of shear rate, vibrational perturbation, translocation, nano-
confinement and crystallization may be responsible for the high
orientation of the HDPE nanowires. The as-fabricated nanowire
arrays with high thermal conductivity, as well as advantages in
simple but massive, high-quality and low-cost production, will
supply a promising platform for micro/nanoscale devices.
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