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Studies on flow behaviors of polymer melts in nanochannels
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Abstract

The flow behavior of polymer melts in nanochannels by wetting actions was investigated by statistical analyses of generated polymer nano-
fibers’ length in nanochannels of nanoporous alumina template using Scanning Electron Microscopy. The polyethylene nanofibers with high
aspect ratio are formed after the infiltration of melts into the alumina nanochannels by wetting actions. The wetting of polyethylene melts in
nanochannels is a rapid process due to the high surface free energy of inner walls and wetting driven force. Wetting and flow rate of polymer
melts in nanochannels are mainly dependent on the wetting temperature, the size of nanochannels and surface properties of nanochannels
adjusted by octadecyltrimethoxysilane self-assembled monolayers. High surface free energy and solideliquid interaction between melts and
surface lead to noticeable flow of polymer melts in nanochannels at the wetting stage.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Micro-/nanoelectromechanical systems (M/NEMS), micro-
total analytical system (m-TAS), and ‘‘lab-on-a-chip’’ are of
tremendous interest due to their potential applications in com-
munications, electro-mechanism, energy, biology and medical
fields [1e3]. Recently the polymer micro-/nano-biosensors
and biochips have attracted more and more attentions for
their promoting efficiency, disposability and biocompatibility
[4e6]. Lots of micro-/nano-processing approaches, such as
capillary lithography, nanoimprint lithography, microstereoli-
thography, electro-spinning, and micro-/nano-injection, cast-
ing or extrusion [7e14] have been developed to fabricate
these micro-/nano-polymer devices and systems. For the
lithography or micro-/nano-injection, a key factor is the favor-
able flow of polymer melts in nanochannels, nanopores or
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nanolayers. Compared with the hydrodynamic fluidics of sim-
ple liquid in micro-, meson- or macro-channel, the flow behav-
ior of polymer melts in nanochannels is more strongly
determined by the nanoscale effect and surface interaction,
such as capillary effect, surface energy, wettability property
and roughness of inner walls of nanochannels. Even for the
simple liquid, the classical macroscopic capillarity theory of-
ten fails to describe its flow behavior in a nanochannel with
waterehydrophobic interface [15], so the flow behavior of
polymer melts in nanochannels is not well defined up to now.

Due to the difficulty in achieving a favorable flow of liquid
in nanochannels, many researchers focused on the simulations
of nanoflow of simple liquid in nanochannels mainly using
molecular dynamics (MD) and Monte Carlo (MC) methods
[16e20]. The boundary condition, slip and viscosity of simple
molecule or liquid in nanochannels are usually analyzed to
study the effects of channel characteristics such as roughness
and wettability. Galea and Attard [16] found that the fluide
solid slip of simple LJ liquid occurred for both smooth and
rough surfaces and slip length exhibited nonmonotonic behav-
ior as the solid structure was varied from smooth to rough.
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Bonaccurso et al. [17] presented that the degree of hydrody-
namic boundary slip of a newtonian fluid was increased with
the increase of surface roughness in complete wetting system.
In our previous works [21e23], the effects of roughness,
including period and amplitude of serrations of nanochannels,
on the flowability of liquid crystal polymers (LCP) were ana-
lyzed using novel GB-spring-bead model. These MD simula-
tion results reveal that the roughness amplitude, slippage,
shear rates and surface energy of inner wall all have profound
influences on the fluid viscosity and fluidesolid boundary con-
ditions of LCP in nanochannels. So far, it has been accepted in
theory that the nature of the shear rate, liquidesolid interface,
in particular surface wettability and roughness play important
roles on the slip behavior of simple liquid on interface or in
micro-/nano-channel [24].

For the verification of simulation results on boundary
condition and slip of liquid on interface, some characterization
techniques have been developed, which includes fluorescent
recovery after photo-bleaching [25], using tracers to follow
liquid flow [26], surface forces apparatus [27], and small angle
X-ray scattering [28], etc. And other experimental methods,
such as inducing glycerin and ionic salts flow through a single
nanopipe driven by the pressure difference between two liquid
drops with different shapes and sizes [29] and pressure driven
flow of classical fluids through lithographically produced
channels [30] were also presented. However, the realization
and visual experimental characterization of flow of polymer
melts with high viscosity and elasticity in nanochannels are
very difficult, and few features are definite though it is very
important for achieving polymer-based micro-/nano-devices
via lithography or nano-injection/casting. The main reason is
that the surface effects between inner walls and melts become
the key factors to determine the polymer melts’ permeation
and flow behaviors through nanochannels. To assure the stable
flow of melts with high viscosity and elasticity, the driven
pressure is often out of the acceptance of laboratory and
engineering when the channel’s diameter is decreased to nano-
scale. To achieve the flow of polymer melts in nanochannels,
from our viewpoint, the wetting phenomenon of liquid on
a high-energy surface should be adequately noticed [31,32].
In fact, the well comprehension of wetting of polymer melts
on a high-energy surface of metal oxide or silicon has pro-
moted the fabrication of polymer one-dimensional nanostruc-
tures, such as nanopillars, nanofibers and nanotubes [33e37]
since Steinhart et al. [38] for the first time presented the prep-
aration of polymer nanotubes using nanoporous template
wetting. If the nanochannels in lithography or nano-injection
are prepared using materials with high surface energy, the
polymer melts with low surface energy can wet and permeate
into them favorably. So in an adequate time scale, the flow of
polymer melts in nanochannels can be conveniently achieved
and visually observed.

In this paper, for the first time, the displacement and rate of
polymer melts in nanochannels of nanoporous anodic alumina
template by wetting actions are studied by a facile statistical
analyses strategy, i.e. determining the length of the generated
model polymer nanofibers wetted in nanochannels at different
times using Scanning Electron Microscopy. The influences of
wetting temperature, nanochannels size, and nanochannel
surface properties modified by self-assembled monolayers on
the nanoflow behaviors of polyethylene in nanochannels are
discussed. The results will provide fundamental guidelines
for the preparation of polymer-based nanomaterials and
nano-devices using lithography and potential nano-injection/
casting nanotechnologies.

2. Experiments

2.1. Materials

Aluminum foils (purity: 99.9995%, thickness: 0.13 mm),
H2C2O4, phosphocromic acid, perchloric acid, Cr2O3, CuCl2,
NaOH, ethanol, acetone and deionized water were purchased
from Alfa Aesar China Co. Ltd. Octadecyltrimethoxysilane,
chloroform and hexane were obtained from Hong Kong Ad-
vanced Technology and Industrial Co., Ltd. The high-density
polyethylene with density of 0.945 g/cm3 and melting index
of 13.0 g/10 min was obtained from Qilu Petroleum and
Chemical Co. of China. The number-average molecular
weight is 11,000 g/mol and the polydispersity index is 17.7,
determined using PL220 high-temperature SEC.

2.2. Preparation of nanoporous anodic alumina
templates

Nanoporous anodic alumina template (PAA) was prepared
by two-step anodic oxidation. The aluminum foil was an-
nealed at 450 �C for 5 h to perfect its crystalline structures.
To obtain the polished surface of aluminum foil, electropolish-
ing was conducted with a cleaned stainless steel as cathode at
ambient temperature. The electrolyte was composed of
perchloric acid and ethanol with a volume ratio of 1:4. Alumi-
num foil and the stainless steel were placed facing each other
in the beaker with violent stirring of electrolyte solution. A
DC voltage of 40 V was applied on the electrodes for 10 s
during the electropolishing process.

After electropolishing, the standard two-step anodization
was conducted to fabricate the PAA template. One surface
of aluminum foil was firstly coated with nail polish (Maybel-
line Colorama). Anodization was performed at DC 40 V and
25 �C in a 0.5 M oxalic acid solution. The first anodization
lasted for 0.5 h, and the second one lasted 2 h. During the
interval of two stages, the partly oxidized foil was put into
a mixed solution of 6% H3PO4 and 2% CrO3 at 60 �C under
ultrasonic treatment for 20 min to remove the aluminum oxide
generated on the aluminum foil surface. After the second
anodization, the sample was washed with deionized water.
The remaining aluminum substrate was removed by immers-
ing the as-prepared template in a CuCl2-based solution
(40 mL of HCl (38%)þ 100 mL of H2Oþ 3.4 g of
CuCl2$2H2O) at 25 �C for about 2 h. Then the bottom of the
pores was subsequently opened by 0.1 M phosphoric acid at
35 �C. Before the removal of the aluminum substrate and
enlarging pores, nail polish was coated on the top surface of
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the PAA film, serving as a protective layer. At the end of pro-
cess, the nail polish layer was peeled off using tweezers. The
sample was then soaked in deionized water and ethanol for
15 min, resulting in the formation of a clean through-hole
PAA template.

2.3. Surface modification of nanochannels of PAA
templates

The PAA template was firstly treated using solvents with dif-
ferent polarity under ultrasonic treatment (ethanol, acetone,
chloroform and hexane in sequence). Subsequently, octadecyl-
trimethoxysilane (OTMS) self-assembled monolayers were
prepared on the alumina surface of PAA nanochannel to adjust
their surface wettability properties. The PAA template was
immersed into a solution of 5% (v/v) OTMS and 16 mM acetic
acid in ethanol/water (95% v/v) for 60 min at room temperature
followed by being cured at 150 �C for 2 h. After hydrolysis,
condensation and subsequent curing at high temperature, the
cross-linking reaction of OTMS was performed, and self-
assembled monolayers on surface of nanochannels could be
obtained.

As a comparison of surface properties, the static contact
angle of n-hexadecane (non-polar, with similar molecular
structure as polyethylene) on OTMS self-assembled mono-
layers modified alumina surface and native alumina surface
was determined using a Rame-hart Model 250-F1 standard
contact angle meters. The weight of polyethylene melts drop
is about 5.0 mL and six parallel measurements were made
for each sample.

2.4. Characterization of flow behaviors of polymer melts
in PAA template

A facile strategy to study the flow behaviors was employed
here. The displacement and rate of melts were deduced by
statistical analyses of generated polymer nanofibers’ length
in nanochannels via Scanning Electron Microscopy. At first,
polyethylene film with a thickness of about 300 mm was
placed on the top of PAA template. Then, the polyethylene/
template was assembled in a mould to ensure a good contact
between the PE film and template and then put it into the
hot oven, which had been heated to the set temperature. After
the infiltration of melts for different times, the mould was
taken out of the hot oven and cooled to ambient temperature.
At last, the polyethylene nanofibers’ arrays were released from
the PAA template by removing the template using a NaOH
solution and well rained by deionized water and ethanol.
The nanofibers were characterized using Scanning Electron
Microscopy (SEM, Leica Stereoscan 440) and Field-emission
Scanning Electron Microscopy (FE-SEM, JEOL JSM-6335F).
All samples were coated with 5 nm Au before measurements.

In addition, the released nanofibers were also characterized
using Transmission Electron Microscopy (TEM, Philips
CM120) at an accelerating voltage of 80 kV. Before the
TEM observation, the nanostructures were sonicated in etha-
nol for 10 min and placed onto carbon-coated copper grids.
The melting behavior of polyethylene was characterized using
Differential Scanning Calorimeter (MDSC2910, Waters-TA
Instruments) equipped with a refrigerated cooling system
(RCS). The temperature was calibrated with indium. The fur-
nace was purged with dry nitrogen at a flow rate of 50 mL/
min. About 5.0 mg of sample was sealed in an aluminum
pan, and the heating scanning was conducted from �20 �C
to 180 �C at a scanning rate of 10 K/min.

3. Results and discussion

3.1. Establishment of characterization strategy for flow
in nanochannels

For the investigation of flow behaviors of polymer melts in
these through-hole nanochannels, the dynamic parameters
such as driven force p, displacement lt and rate dlt/dt are con-
sidered as illustrated in Fig. 1. Due to the high surface energy
of alumina, polymer melts with low surface energy can be
wetting the surface in a partial or complete wetting regime
and the wetting driven force p from high-energy surface can
be described as the following Laplace equation [39]:

p¼ 2g cos q=R ð1Þ

where g is surface tension of polymer melts on alumina sur-
face, q is contact angle, R is hydraulic radius and equal to
half of radius of a nanochannel. In particular, the contact angle
q is determined by the solidegas ðgSGÞ, solideliquid ðgSLÞ,
and liquidegas ðgLGÞ interfacial tensions as shown in Fig. 1.

The displacement lt of melts into nanochannels at the time t
and the rate dlt/dt can be employed to visually describe the
nanoflow behaviors. The small angle X-ray scattering [28]
and fluorescence confocal microscope [40,41] have been
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Fig. 1. Dynamic parameters of nanoflow of polymer melts in nanochannels,

the p, lt, q and gSG, gSL, gLG are driven force, displacement, contact angle

and solidegas, solideliquid, liquidegas interfacial tensions, respectively.
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used to study the diffusion of the sample liquid including
methanol in silica nanotubes or alumina nanopores. However,
considering the difficulty in fluorescence bleaching of the
polymer melts with high viscosity and dynamic non-harmony
between X-ray scatterings and the melts flow in nanochannels
without shear actions [42e44], hereby, a facile statistical
analysis strategy to study the nanoflow behaviors is employed.
The displacement and rate of melts are deduced by statistical
analyses of the generated polymer nanofibers’ length in nano-
channels at different wetting times.

The nanochannels of nanoporous alumina template were
prepared by two-step anodic oxidation [45,46]. The SEM
images in Fig. 2 indicate that self-organized, well-ordered,
and parallel nanochannels have been obtained in PAA tem-
plate. The diameter of monodispersed nanochannels presented
here is around 60e80 nm and the length of nanochannels is
50 mm that is equal to the thickness of template as presented
in Fig. 2C. At the wetting temperature far above the melting
temperature (Tm), the polyethylene melts infiltrated into nano-
channels of alumina template due to the wetting actions
[47,48]. Polyethylene nanofibers with an average diameter of
80 nm and a length or height of 50 mm aligned in a direction
nearly perpendicular to the remaining bulk substrate were
obtained as presented in Fig. 3. The length or height of the
generated nanofiber can represent the trace of polymer melts
permeated into nanochannels before their condensation. After
the removal of PAA template in NaOH solution, the length or
height of nanofibers aligned on the remaining bulk film can be
conveniently determined from their cross-section SEM image
(Fig. 3C).

Since the length of the nanochannels (micrometer scale) is
much smaller than the so-called capillary length k�1 in milli-
meter scale (k�1 ¼ g0:5=ðrgÞ0:5, where r and g are the density
of polymer melts and gravitational constant, respectively),
gravitational influence on nanoflow of polymer melts can be
negligible [48]. So the influences of wetting temperature,
nanochannel size, and nanochannel surface properties on the
flow behaviors of polyethylene melts in nanochannels are
investigated in the following sections.

3.2. Flow behaviors of polymer melts in nanochannels
under different wetting temperature

For the investigation of influence of wetting temperature on
nanoflow of polymer melts, the nanochannels with a diameter
of 80 nm and a length of about 50 mm was employed and the
wetting time was set as 60 min. The dependence of displace-
ments lt of polymer melts into nanochannels on wetting
temperature is shown in Fig. 4 and the according DSC melting
curve of polyethylene is also presented.

The results indicate that the wetting temperature plays an
important role on the displacement of polyethylene melts
into nanochannels. The infiltration displacement is remarkably
increasing with the increase of temperature from the Tm
Fig. 2. SEM images of nanoporous alumina template and its nanochannels (A) top-view of template, (B) cross-section of nanochannels, and (C) cross-section of the

whole nanochannels.
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Fig. 3. SEM and TEM images of polyethylene nanofibers, (A) SEM image of nanofibers, (B) TEM image of a single nanofiber, and (C) SEM cross-section image of

nanofibers on the substrate.
(129 �C) to the podium temperature of 160 �C on DSC ther-
mograph. It indicates that the polymer melts can wet the
alumina nanopores’ inner walls with high-energy surface
when most of lamellae of this semi-crystalline polymer are
melted under the temperature far above the Tm [49,50]. Con-
sidering that the aspect ratio of nanofibers is equal to w500
within the short wetting time of 60 min, so the flow rate of
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Fig. 4. The relationship between the displacements of polyethylene melts in

nanochannels and the wetting temperature within the same wetting time.
polyethylene melts in nanochannel can be considered very
high when the wetting temperature is 160 �C.

The influence of wetting temperature on nanoflow of poly-
mer melts in nanochannels can be ascribed to the wetting tran-
sition of melts on high-energy surface. For the wetting of solid
substrates by liquids, a temperature Tw is predicted for a wet-
ting transition from partial to complete regime, where Tw is
called the wetting transition temperature [51]. When the
wetting temperature is 160 �C, the polyethylene melts with
low viscosity will be wetting the inner walls of nanochannels
in a complete wetting regime. It should be pointed out that the
displacement of melt is only determined in the scale less than
50 mm due to the limitation of maximum length of nanochan-
nels. The higher flow displacement perhaps can be achieved at
wetting temperature higher than 160 �C because the viscosity
of melts is decreasing with the increase of temperature.

3.3. Flow behaviors of polymer melts in nanochannels
with different sizes

At the wetting temperature of 160 �C, the nanoflow behavior
of polyethylene melts in nanochannels with different diameters
was studied. The relationship between displacements lt of poly-
mer melts into nanochannels and wetting time is shown in Fig. 5.

For three types of nanochannels with different diameters,
the infiltration displacements of melts reach the maximum
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length of nanochannels (50 mm) only within 60 min. This
demonstrates that the wetting of polyethylene melts in nano-
channel is a rapid process as mentioned above. Furthermore,
the flow rate is increasing with the increase of diameter of
nanochannels. It suggests that the polymer melts are easier
to be wetting into the nanochannels with larger size in the
range of 80e220 nm. The dependence of infiltration displace-
ments of polymer melts into nanochannels on wetting time is
in accordance with the following LuacseWashburn equation
[52], which describes the relationship between capillary veloc-
ity of simple liquid into micro-/nano-channels and surface
tension, contact angle, viscosity of liquid and the diameter
of channels:

dz=dt ¼ Rg cos qc=ð4hzÞ

where z is the length of the melt column in the pore, t is the
time, h is the viscosity of the melt, R is the hydraulic radius,
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nanochannels with different diameters and wetting time at the wetting temper-

ature of 160 �C.
g is surface tension, and q is contact angle. The presented
results indicate that the flow rate of polymer melts into nano-
channels on wetting time is dependent on the diameter of
nanochannels and the polymer melts are easier to be wetting
into the nanochannels with larger size in the range of
80e220 nm.

3.4. Flow behaviors of polymer melts in nanochannels
with different surface properties

The alkylsilane self-assembled monolayers (SAMs)
possessing a significantly low surface energy were often
used on alumina surface to adjust their wettability property
[53e56]. After the hydrolysis, condensation and curing at
high temperature of octadecyltrimethoxysilane [40,54,57],
the self-assembled monolayers on inner walls of nanochannels
in PAA template are formed as illustrated in Fig. 6. The
according infiltration displacements lt of polyethylene melts
in native nanochannels and SAMs treated nanochannels at
the same wetting temperature are presented in Fig. 7.

From Fig. 7, it can be seen that the infiltration displace-
ments and rate of polymer melts into SAMs treated nanochan-
nels are less and lower than those in the native alumina
nanochannels at the same wetting temperature. It can be
explained by the decrease of surface free energy on alumina
surface treated by SAMs, which is low surface free energy ma-
terial. This phenomenon is also found for the contact angle or
surface free energy of n-hexadecane (non-polar, low molecular
weight analogues of polyethylene) on octadecyltrimethoxysi-
lane modified alumina surface or silicon wafer [53,58]. Based
on our results of contact angle measurement, the static contact
angle of n-hexadecane on the SAMs treated alumina surface
(41�) is higher than that on the native alumina surface (3�).
In another word, the modified alumina nanochannels actually
possess a significantly low surface free energy after the forma-
tion of self-assembled monolayers. According to the Laplace
equation (Eq. (1)), the wetting driven force p will be decreas-
ing on the modified surface as the g is decreasing and the q is
A
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Fig. 6. The inner wall surface of PAA nanochannels, (A) native PAA template and (B) octadecyltrimethoxysilane self-assembled monolayers treated surface.
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increasing. So slow flow of polymer melts in nanochannels
with SAMs treated alumina surface is observed at the wetting
stage. Thus, as the presented results in Fig. 7, it reveals that the
high surface free energy and solideliquid interaction between
melts and surface lead to noticeable flow of polymer melts in
nanochannels at the wetting stage.

Integrated with the results mentioned in the above sections,
it can be demonstrated that the flow rate of polymer melts into
nanochannels at the wetting stage is mainly dependent on the
wetting temperature, the size of nanochannels and surface
properties of nanochannels. The wetting of polyethylene melts
in nanochannels is a rapid process due to the high surface free
energy of alumina nanochannels and wetting driven force.
Considering the potential application of nanopores wetting
nanotechnology, these results will be useful for the preparation
of polymer-based nanomaterials and nano-devices using
lithography, nano-injection and nano-extrusion strategies.

4. Conclusions

In conclusion, the polyethylene nanofibers with high aspect
ratio are formed after the infiltration of their melts into the alu-
mina nanochannels by nanopores wetting strategy. The wetting
of polyethylene melts in nanochannels is a rapid process due
to the high surface free energy of alumina nanochannels and
wetting driven force. The polymer melts can wet and flow in
nanochannels rapidly under the temperature much higher
than the melting temperature. And the flow rate is increasing
with the increase of diameter of nanochannels in the range
of 80e220 nm. The displacement and rate of polymer melts
into nanochannels treated by octadecyltrimethoxysilane self-
assembled monolayers with low surface free energy are lower
than that in the pure alumina nanochannels with high surface
free energy at the same wetting temperature. The high
surface energy and solideliquid interaction between melts
and surface lead to more noticeable flow of polymer melts
in nanochannels at the wetting stage.
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Weder C, et al. Nano Lett 2005;5:429e34.

[35] Zheng RK, Yang Y, Wang Y, Wang J, Chan HLW, Choy CL, et al. Chem

Commun 2005:1447e9.

[36] Steinhart M, Senz S, Wehrspohn RB, Gösele U, Wendorff JH. Macromol-
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