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Abstract 
The polymer melts flow behaviors through nanopores are investigated by using the 
nanoporous template wetting technique in our study. The experimental observation 
indicates that the meniscus rises according to a (time)1/2 law which agrees with the 
Lucas-Washburn law. Comparing the experimental results with the 
Lucas-Washburn equation, we also demonstrate that the viscosities of polymer 
melts decrease in their flows through nanopores and the induced rheological 
behavior is caused by the nanoconfinement of nanopores. 
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1. Introduction 

In recent years, nanostructures, such as nanofilms, nanowires, and nanotubes, based on 
polymers have drawn increasing attention in widely different areas. Polymer films have 
been employed as the active layers in polymer solar cells which have evolved as a 
promising cost-effective alternative to silicon-based solar cells [1]. Polymer materials are 
being actively used for the sensors and actuators of the microelectromechanical systems 
considering their advantages in terms of cost, mechanical properties, and ease of processing 
[2]. Thin polymer films have important practical applications in the areas ranging from 
corrosion protection to reverse osmosis [3]. Polymer form nanoparticles that assemble into 
square arrays could be pressed into service to make much smaller circuitry elements [4]. In 
addition, patterning surfaces extend the functions and capabilities of polymers, and the 
patterning functional polymers have shown a wide range of applications [5]. For example, 
polymeric surfaces modified with antibiotics have been shown to provide the different 
mechanisms of inhibiting the proliferation or killing the microbes [6]. 

For the fabrication of these nanoproducts, a set of processing approaches, such as 
photolithography, scanning beam lithography [7], moulding [8], embossing [9], printing 
[10] and electrospinning [11], have been reported. In these techniques, moulding offers a 
wide application and has the potential to be the ultimate, low-cost method for 
manufacturing. Micro injection moulding was repoted in the literature to be used for 
microfluidic applications, such as capillary electrophoresis platforms, miniaturized 
heat-exchangers and nanofilters [12]. Besides, it is believed to be simple in principle and 
suitable for the fabrication of complicated structures [13]. What’s more, the nanostructures 
fabricated by nanomoulding present many good properties. The thermal conductivities of 
the fabricated polymer nanowire arrays are found to be about 2 orders of magnitude higher 
than their bulk counterparts [14, 15]. With the arrangement of the micro- and nanostructures 
on the surface the superhydrophobicity of polymers has been obtained [16, 17]. 

In nanomoulding, accurately controlling the flow behaviors of polymer melts through 
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nanoscale channels, pores or layers is a key point. In order to do that the capillarity 
phenomenon need to be noticed firstly. In microscale lots of work has been done [18-20]. 
The Lucas-Washburn equation (LWE) [18], the basic understanding of the capillarity law, 
was gained almost a century ago, which can be expressed as  
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where t is the wetting time, γLV is the surface tension of the liquid, η is the viscosity, r is the 
pore radius and θ is the contact angle between the meniscus and the wall. It predicts that the 
capillary rise should be proportional to the square root of time based on the assumption that 
the Poiseuille region covers practically the whole flow. Recently, some internal 
inconsistencies of the classical equation were pointed out including the singularity in the 
zero-time limit, nonlinear dissipation and flow pattern effects in the front zone of the liquid 
column and near the capillary entrance [19]. Zhmud et al. [19] obtained a more general 
equation with the corrections that removed an initial infinite acceleration and considered 
some second-order dissipation effects. Levine et al. [20] developed a comprehensive 
mathematical theory of the hydrodynamics of the fluid motion in the reservoir near the 
capillary entrance and the departure from Poiseuille flow in the vicinity of the advancing 
meniscus.  

Except for the above discussions, whether the Lucas-Washburn equation is applicable 
in nanoscale is also debated. Martic et al. [21] demonstrated a reduction in the rate of 
penetration due to the dependence of the contact angle on the rate of wetting based their 
molecular dynamics (MD) simulation of a simple Lennard-Jones (LJ) fluid. However, 
Dimitrov et al. [22], also using MD simulation, found for both a simple LJ fluid and a 
polymer melt the meniscus rose according to the Lucas-Washburn law after a transient 
period of a few nanoseconds and for the polymer melt, however, a slip length exhibited. 
Besides, Zhang et al. [23] and Kong et al. [24, 25] just directly analyzed their results with 
the Lucas-Washburn equation qualitatively in their experimental studies dealing with 
nanopores. Above all, the applicability of the Lucas-Washburn equation in nanoscale, 
especially for polymers, is inconclusive at present. 

The aim of the present paper is to help in clarifying the problem of capillary filling of 
polymers in nanopores. We investigate the flow behaviors of polyethylene (PE) melts in 
anodized aluminum oxide (AAO) nanoporous templates experimentally, and discuss the 
theoretical model of the flow of polymer melts through nanopores based the experimental 
results. 

 

2. Experimental details 

Here we use the nanoporous template wetting technique [26] to investigate the flows of 
PE melts through nanopores. The experimental setup is shown in Fig. 1. The AAO 
nanoporous templates used here are purchased from Whatman, Inc.. The templates are 
freestanding disks and their pores are all through-holes with length of 60 µm. The diameter 
and pore diameter are 13 mm and 200 nm respectively. The top view image, characterized 
by scanning electron microscopy (SEM, Hitachi S-5500), of the AAO nanoporous template 
is given in Fig. 2(a), while its cross-section SEM image is shown in the inset in Fig. 2(a). 
The PE films with thickness of about 300 µm, density of 0.945 g/cm3 are obtained from 
Qilu Petroleum and Chemical Co. of China. The pressure meter and temperature controller 
are purchased from Shanghai Hasuc Instrument Manufacture Co., Ltd.. 
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Fig. 1. Schematic of the experimental setup. In the figure: (1) thermal cycle spring, (2) temperature 

controller, (3) pressure meter, (4) vacuum pump, (5) polymer melts, (6) nanoporous template. 

In the experiment, a PE film is placed on the top of the template with a good contact 
and then put into the chamber in vacuum with the temperature of 130 °C at which the PE 
film will melt and infiltrate into the nanopores of the template. After a period of time the PE 
nanowire array with certain thickness can be produced. During the time, the chamber is 
maintained in vacuum and at 130 °C. Choosing different wetting time we get the nanowire 
arrays with different thicknesses, i.e., the different wetting displacements of PE melt. Then, 
the sample is taken out of the chamber and cooled down to ambient temperature. After that, 
the PE nanowire array is released by removing the template in NaOH aqueous solution and 
being rinsed with deionized water and ethanol in sequence. At last, the sample is dried at 
30 °C in vacuum. Here, the thicknesses of nanowire arrays are used to describe the 
nanoflow behaviors of PE melt. 

The cross-section SEM image of the as-fabricated PE nanowire array generated at the 
wetting time of 30 min and the wetting temperature of 130 °C is shown in Fig. 2(b). By 
measuring the SEM image, we can obtain the thickness of the nanowire array is about 13.8 
µm. Using the same method, we also get the thicknesses of the nanowire arrays generated at 
the wetting time of 16 min, 20 min, 25 min and 35 min. Here, we have already modified the 
wetting time considering the thermal inertia of the devices fixing the PE film and template 
sample. 

(a) (b) 
Fig. 2. Top view (a) and cross-section (inset in (a)) SEM images of the AAO nanoporous template and 

cross-section SEM image of the PE nanowire array (b). 

 

3. Results and Discussion 

Our experimental data of the displacements of PE melt at different wetting time are 
shown in Fig. 3. We can see the displacement H(t) increases with the time according to a 
(time)1/2 law, which agrees with the Lucas-Washburn equation, and by fitting the 
experimental data we also get the slope is about 0.28×10-6 m/s0.5.  
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Fig. 3. Dependence of displacements of PE melt on the square root of the wetting time 

As mentioned before, the Lucas-Washburn equation predicts the rise of the fluid 
meniscus in a small capillary. The applicability of the Lucas-Washburn equation on the 
nanoscale is not yet conclusive.  

To figure out whether the (time)1/2 increase is just a mere coincidence, it is crucial to 
estimate the prefactor. Here, r=100 nm and there are three other parameters to determine. 
The surface tensions of polymer melts can be measured by the pendant drop method which 
was firstly reported by Wu [27] in 1969. He measured the surface tensions of polymer melts 
in the temperature range of 100 °C to 200 °C and the results could be expressed as a 
function of temperature. For PE, the function is  

( )LV 35.562 0.057 20Tγ = − − ,                                            (2) 
where the surface tension value γLV is in dyn/cm and the temperature T is in °C. Thus, we 
can get the surface tension of PE melt at 130 °C is 29.3 dyn/cm (0.0293 N·m-1).  

In our study, the capillary refers to the nanopore of the AAO templates with a 
high-energy surface, and the polymer melts with low surface energy can completely wet it. 
According to the Young’s law [28] which can be expressed as  

SV SL

LV

cos
γ γ

θ
γ
−

= ,                                                     (3) 

where γSV, γSL and γLV represent the solid-vapor, solid-liquid and liquid-vapor interfacial 
tensions, respectively, θ will be a very small value for the complete wetting. Here, we 
assume θ=10 ° based on the property of aluminum oxide. 

The dependence of the viscosity of the PE sample used in our experiment on the shear 
rate at 130 °C is measured by a standard rotor rheometer (Physica MCR300) and the result 
is shown in Fig. 4. A comparison is made between the measured values and the famous 
Carreau model [29, 30], 

( )
( )

0

21
q

η
η γ

λγ
=
 + 

,                                                  (4) 

which was developed empirically from the behaviors of complex fluids. In Eq. (4), η0 is the 
Newtonian viscosity and the parameter λ is a characteristic time constant, approximately 
equal to the inverse of the strain rate when shear thinning behavior begins. The fitting 
parameters are estimated to be η0=2.95×105 Pa·s, λ=63 s and q=0.26, consistent with Ref. 
[31], which confirms our measured viscosities. 
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Fig. 4. Dependence of the measured viscosities of the PE sample on the shear rates at 130 °C 

Considering the slope ( )H t t of the fitting of our experimental results is 0.28×10-6 
m/s0.5, based on the Lucas-Washburn equation the viscosity of PE melt will be 1.76×104 
Pa·s, which is smaller than the Newtonian viscosity η0. The decrease of the viscosities of 
polymer melts in its flowing through microchannels has already been reported and the 
possible mechanisms include the shear rate and the wall slip [32]. Thus, the calculated 
viscosity is reasonable and the (time)1/2 increase is not a coincidence. This indicates the 
(time)1/2 law can be applied for modeling the nanoflow behaviors of polymer melts but the 
viscosity deviates from the bulk value. Here, as to clarify the mechanism of the decrease of 
the viscosity we have to estimate the maximum shear rates during the flow. Based on our 
experimental results and the relation between the displacement and the rate of the flow 
which can be expressed as [21] 

( )
( )

LV cos
4

dH t r
dt H t

γ θ
η

= ,                                                  (5) 

we find the maximum shear rate is about 0.2 s-1. From Fig. 4 we get the viscosity of PE melt 
at the shear rate of 0.2 s-1 is about 8.96×104 Pa·s which is much greater than 1.76×104 Pa·s, 
the value of viscosity obtained based on our experimental results. Then we believe the shear 
rate plays a subordinate role in inducing the rheological behavior of polymer melts during 
the flowing through nanopores. As for the wall slip it is believed that the slip length 
vanishes for a completely wetting surface, but increases with the contact angle [33]. When 
the contact angle goes to 180°, the slip length diverges as [34, 35] 

sL σ ~ ( )41 π θ− ,                                                  (6) 

where Ls is the slip length and σ is the molecular diameter. In our case, the nanopores of the 
AAO templates are completely wetted by the PE melt and the contact angle θ is only 10°. 
Thus, the slip length almost vanishes here. Excluding the impact of the shear rate and the 
wall slip we believe the intrinsic confinement of nanopores is the dominant factor inducing 
the decrease of the viscosities of polymer melts during the nanoflows. What’s more, the 
confinement of nanopores is believed to be stronger when the radius of pores is smaller. 

 

4. Concluding remarks 

In this paper, we have studied the flow behaviors of PE melt through nanopores 
experimentally by using the nanoporous template wetting technique. Based on the 
experimental results and the comparison with the Lucas-Washburn equation quantitatively 
we find the displacement of polymer melts changes according to a (time)1/2 law and the 
viscosity of polymer melts decreases during their flows through nanopores. These 
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demonstrate the (time)1/2 law can model the flows of polymer melts through nanopores but 
the viscosity deviates from the bulk value, which means the polymer melts exhibit 
rheological behavior in the nano-wetting process. As for the mechanism of the rheological 
behavior we believe the intrinsic confinement of nanopores plays a dominant role. 
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