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Robust and thin membranes of ultra-high molecular weight polyethylene (UHWM-PE) were obtained 
from commercial powder material via melt-drawing technique without any solvent treatment. A 
combination of rolling and compressing successfully erases the powder boundaries within the initial 
films, which gives enables defect-free structure in a biaxially melt-drawn membrane. The resultant tensile 
strength was improved up to 90MPa, but the membrane thickness could be reduced into 6m. Such 10 

membrane robustness and thinning are achieved by extended chain crystallization induced during biaxial 
melt-drawing.

Introduction 

Ultra-high molecular weight polyethylene (UHMW-PE) has 
superior wear resistance1,2 and biocompatibility,3 thus is used for 15 

artificial knee joints and hip caps4,5 with surface modifications for 
implantation.6,7 Although these excellent properties originated 
from extremely long chains of UHMW-PE, its high melt viscosity 
due to many entanglements prevents manufacturing thin films or 
membranes. Therefore, some organic solvents which can dissolve 20 

PE, for example decahydronaphthalenedecalin and xylene, are 
used as plasticizer. This method is used for production of lithium 
ion battery separator.8 Similar solvent dissolution is also 
beneficial for high-strength UHMW-PE fibre processing.9-12 
However, several tens of volume of these organic solvents toward 25 

UHMW-PE are required for disentangling UHMW-PE chains. 
These solvent vapours are hazardous to the environment and to 
the health of manufacturing personnel therefore must be collected 
necessarily, increasing processing costs. 

Therefore, industries highly requires non-solvent processing 30 

of high-performance UHMW-PE membrane. One of the possible 
approach is reactor powder processing, which utilizes the less-
entangled state of as-synthesized reactor powder. PE molecule 
exhibits the highest crystallization rate, due to the simplest 
architecture, thus immature shorter segments crystallize before 35 

complete chain growth on polymerization. This prevents 
molecules entangling even for the longer UHMW-PE chains, 
especially for slower chain growth at the lower polymerization 
temperature. Smith et al.13 firstly applied such less-entangled 
reactor powder for film compaction below its melting 40 

temperature. The obtained film can be also solid-state tensile-
drawn up to draw ratio (DR) of 20, exhibiting the maximum 
achievable tensile strength of 0.5GPa. Kanamoto et al.14 
combined the solid-state extrusion technique with subsequent 
solid-state tensile-drawing, giving the resultant tensile strength 45 

increases up to 1.5GPa. Rastogi et al.15 further improved tensile 
strength up to 2.0GPa for selected UHMW-PE reactor powders. 
However, the ultra-drawing from the entangled powder is not 
successful, which restricts the wider availability of this drawing 
technique using reactor powder state. 50 

In contrast, we have developed melt-drawing technique for 
manufacturing high-performance UHMW-PE films, utilizing the 
high viscosity of UHMW-PE melt attributed to its highly 
entangled state.16-24 The advantage of this membrane 
manufacturing is its availability of various commercial UHMW-55 

PE reactor powders. This methodology has also been applied for 
preparing transparent and robust films of 
poly(tetrafluoroethylene) (PTFE)25 or poly poly(tetramethyl-p-
silphenylenesiloxane) (PTMPS),26 which exhibit similar high 
melt viscosity. During uniaxial melt-drawing of UHMW-PE, 60 

PTFE or PTMPS, the molecular disentanglement induces the 
oriented crystallization into extended-chain crystals (ECCs), 
resulting in high strength. Such melt-drawing is also applied to 
prepare biaxial membranes, yielding larger UHMW-PE and 
PTFE membranes with high performances.27,28  65 

However, the adhesion between initial powders is often 
unsatisfied for latter drawing, thus this study adopts calendar-
rolling to improve adhesion between reactor powders within the 
starting undrawn film.29 Such a procedure also introduces 
molecular orientation that is desirable for uniaxial drawing along 70 

the rolling direction, but results in easy tearing along the 
perpendicular direction. This is disadvantageous for subsequent 
biaxial drawing for thinning the membrane. In the present study, 
such pre-orientation is eliminated by cross-stacking the rolled 
films, followed by compression moulding in the molten state. 75 

This procedure also prevents void formation caused by tearing 
the powder boundaries during biaxial drawing. The resultant 
properties of biaxially melt-drawn thin membranes were 

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

characterized by mechanical tests. The membrane structure was 
also analysed by scanning electron microscopy (SEM), X-ray, 
and differential scanning calorimeter (DSC) measurements. 

Experimental section 

Film preparation 5 

The UHMW-PE used was Hizex 340M supplied by Mitsui 
Chemical. Its viscosity average MW is 3.5x106 Da. This UHMW-
PE material exhibits powder morphology with a diameter of 
about 150m. The crystallinity estimated from fusion heat is 
77%.30 Initial film was continuously processed using a roll-10 

processing machine with a parallel arrangement of two polished 
stainless-steel rolls 100mm in diameter and 150mm in width.29 
The distance between the two rolls was adjusted to 50m, and 50 
grams of reactor powder was placed between the two parallel 
rolls. Continuous rolling at 10rpm, corresponding to 3m/min for 15 

the resultant film length, produced the moulded films. The 
temperature of these two rolls was isothermally maintained at 
145oC, which is the optimum temperature for subsequent uniaxial 
drawing.29 Squares with a 65mm x 65mm area were cut from the 
rolled films, and several films were assembled with alternate 20 

rolling directions, leading to cross-stacks. The number of 
assembled films depended on the desired thickness. This 
assembly of rolled film was sandwiched between commercial 
polyimide films (UPILEX-125S, Ube) and compression moulded 
into a film at 180oC and 5MPa for 10min in a vacuum, followed 25 

by slow cooling to room temperature. A press equipped with a 
vacuum chamber (Boldwin, Japan) was used.31 This film 
preparation innovated in this study is called as “roll-pressed” 
method here.  

For comparison, other films were prepared directly from 30 

reactor powder without rolling, as in our previous study.28 The 
reactor powder was sandwiched between commercial polyimide 
films and compression moulded into the film at 180oC and 5MPa 
for 10min in a vacuum, followed by slow cooling to room 
temperature. This film preparation is called as conventional 35 

“powder-pressed” method in this study. 
Biaxial Drawing 
The above prepared UHMW-PE films were biaxially drawn at 
150oC up to a DR of 2x2 to 8x8. Such biaxial drawing along 
vertical and horizontal directions was performed simultaneously 40 

at a cross-head speed of 5mm/min. A custom-made machine was 
designed for such biaxial drawing.28 The sample membrane was 
gripped by eight chucks with air-compression control to prevent 
slippage due to membrane thinning during drawing. Depending 
on the targeted DR, the initial sample films were cut to 20x20 to 45 

40x40mm2.  
Measurements 
The mechanical properties of the prepared membranes were 
measured by a Tensilon RTC-1325A tensile tester (A&D, Japan) 
at room temperature. Strips 5mm or 25mm wide and 50mm long 50 

were cut from the prepared membranes for tensile or tearing tests. 

Tensile tests were performed at a CHS of 20mm/min for 30mm 
gauge length. Tensile strength was calculated from the maximum 
recorded stress at the breaking point, and the tensile modulus was 
evaluated from the slope of the stress-strain curves. 55 

Morphologies of the resultant membranes were observed 
using a Hitachi field-emission SEM S-4800 operated at 1.0kV. 
The sample membranes were uncoated for SEM morphological 
observations, so artifacts were negligible.  

A Perkin-Elmer Diamond DSC was used for DSC 60 

measurement. Heating scans were performed from 50 to 180oC at 
a rate of 10oC/min in a nitrogen gas flow. The sample melting 
temperature (Tm) was evaluated as the peak temperature of the 
melting endotherm. Temperature and fusion heat were calibrated 
using indium and tin standards. A small amount of silicone oil 65 

was placed between the sample and the bottom of the DSC 
sample pan to avoid the effects of both shrinkage of the oriented 
membrane on melting and delay in heat transfer during heating 
scan. 

Wide-angle X-ray diffraction (WAXD) measurements of the 70 

obtained membranes were performed using a Rigaku 
MicroMAX-007HF X-ray generator with a confocal multilayer 
mirror. The wavelength of the incident CuK beam was 1.54 
angstroms. The obtained WAXD patterns were recorded using a 
cooled CCD camera (Hamamatsu Photonics, C4742-98) with an 75 

image intensifier (Hamamatsu Photonics, V7739P). The incident 
beam was radiated perpendicular (through-view) or parallel 
(edge-view) to the membrane surface.  

In-situ WAXD measurements were carried out during heating 
of the prepared membranes. The heating chamber23,26 was 80 

installed in the beamline, and edge-viewed WAXD patterns were 
continuously recorded. The heating temperature range was 50 to 
180oC at a rate of 2oC/min. 

Results and Discussion 

Biaxial drawing was performed at 150oC because the maximum 85 

biaxial DR was obtained both for the “roll-pressed” films newly 
designed in this study, as well as for the conventional “powder-
pressed” film prepared by simple compression molding of the 
reactor powder without roll processing. The appearances of these 
membranes were compared here. Fig. 1 presents photographs for 90 

DR = 8x8 membranes melt-drawn at 150oC from the powder-
pressed and roll-pressed films. The membrane thickness of both 
was 8m. The biaxial melt-drawing of the powder-pressed film 
had a whitened membrane appearance, due to the morphological 
heterogeneity caused by the prior powder boundaries within the 95 

starting film. In contrast, a transparent membrane was obtained 
when the roll-pressed film was biaxially melt-drawn, indicating 
superior adhesion between the initial UHMW-PE powders. This 
result suggests that rolling is a key to obtaining homogeneity of 
the resultant biaxially melt-drawn membrane. 100 
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Here, all the through-viewed patterns exhibit random reflection 
rings for both series of membranes, independent of DR (Fig. S1 
ESI†). These results suggest that no difference between the 
membranes prepared from powder-pressed and roll-pressed films 
was recognizable in WAXD analysis. 5 

Melting behaviour of these membranes are also similar, as 
depicted in Fig. 4. The characteristic double endotherms are 
observed for both biaxially melt-drawn membranes prepared 
from powder-pressed and roll-pressed films. The lower-Tm 
endotherm is observed for initial films in Figs. 4A and 4D, but 10 

the higher-Tm one is characteristic for melt-drawn membranes. 
The higher biaxial DR emphasizes the higher-Tm endotherm, 
independent of initial film preparation (Figs. 4C and 4F). Similar 
double melting endotherms have been observed for uniaxially 
melt-drawn UHMW-PE film,16-18 These lower- and higher-Tm 15 

endotherms are attributable to melting of lamellar FCCs and 
fibrilar ECCs. However, the peak position of the higher-Tm 
endotherm is quite different between previous uniaxially and 
present biaxially melt-drawn samples. The former uniaxially 
melt-drawn film exhibits the higher-Tm at 144oC,16-18 but the latter 20 

biaxially melt-drawn membrane gives the higher-Tm at 150oC in 
Figs. 4A and 4F, which exceeds the equilibrium Tm of PE 
(145oC33). Similar higher Tm has been observed for high-strength 
gel-spun UHMW-PE fibers wounded to copper pieces in a DSC 
cell.9 During heating UHMW-PE fibers with fixed ends, fibrillar 25 

ECCs are initially orthorhombic form, but transform into 
mesophase hexagonal one above 150oC.34 Such hexagonal form 
is disordered to give the lower melting entropy, which is ascribed 
to the higher Tm exceeding the equilibrium Tm of closely-packed 
orthorhombic crystals. In-situ X-ray measurements during 30 

heating the DR=8x8 membrane prepared from roll-pressed film 
exhibit corresponding phase transition from orthorhombic to 
hexagonal form, as depicted in Fig. 5. Until 145oC, the 
orthorhombic (110) and (200) reflections are major, but rapidly 
disappears at 150oC. Spontaneously, the hexagonal (100) 35 

reflection peak newly appears at 150oC. Such hexagonal peak 
immediately decreases with increasing temperature, due to final 
melting of the hexagonal ECCs. These results indicate that 
fibrillar ECCs transform from initial orthorhombic into hexagonal 

one even for the biaxially melt-drawn UHMW-PE prepared in 40 

this study. Such characteristic appearance of hexagonal form in 
our membrane indicates a fixation effect similar to wounding gel-
spun fibre. As shown in Fig. 2C, the radial orientation of fibrillar 
ECCs parallel to membrane surface is similar to the woven 
textures, which are constraint each other even during melting.  45 

However, the coincident increases of the oriented ECCs in Fig. 2 
and the higher-Tm endotherm in Fig. 4 are still independent of 
initial film preparation.  

Such increase of ECCs develops the mechanical properties of 
these series of biaxially melt-drawn membranes of UHMW-PE. 50 

Again, it should be noted that skiving limits the resultant film 
thickness to 100m; however, the present study successfully 
provides much thinner membranes of several micrometres. Fig. 
6a depicts the changes in tensile strength and membrane 
thickness with increasing biaxial DR for the membrane prepared 55 

from the roll-pressed film. The initial film had the thickness 
around 500m, but it could be thinned below 100m at biaxial 
DR of 4x4, finally leading to 6m at 8x8. In contrast, the 
corresponding tensile strength increases from initial 35MPa to 

Fig 6 Tensile strength of the UHMW-PE membranes prepared in this study.
(a) Corresponding thickness change with stepwise processing. Samples (D)
- (F) are same in Figs.2-4. (b) Value change as a function of biaxial DR. The
results obtained for the targeted roll-pressed films were compared to those
for the conventional powder-pressed films. Biaxial melt-drawing was
performed at 150oC. 

(b) 

Fig 5 Stacked 2 line profiles extracted along equatorial direction of a series
of in-situ WAXD patterns edge-viewed during heating the DR=8x8
membrane prepared from the roll-pressed film, which is same as sample (F)
in Figs. 2-4. The heating rate was 2oC/min. The measurement temperatures
were denoted with the corresponding profiles. 
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final 90MPa although the thickness reduction is one of several 
tens. Here, the thickness measured for several points of the tested 
membrane was always within a 10% deviation. 

As described above, X-ray and DSC results are quite similar 
for both biaxially melt-drawn membranes prepared from powder-5 

pressed and roll-pressed films. However, the mechanical 
properties are developed for the latter series of membranes. Fig. 
6b compares the tensile strength of the membranes with different 
biaxial DRs drawn from the targeted roll-pressed and 
conventional powder-pressed films.28 Tensile strength increases 10 

with increasing biaxial DR and reaches 90MPa, which is 
significantly higher than the maximum achievable value of 
75MPa for the membrane biaxially melt-drawn from the powder-
pressed film. Even at the lower DRs, the values for the 
membranes prepared from roll- pressed films are always higher 15 

than those for the powder-pressed film. Here, these strength 
values for the sample specimens cut along the horizontal, vertical 
and diagonal directions toward biaxial drawing axes were 
included in the error bars at the corresponding DRs. The above 
superior physical properties of the former membranes are 20 

ascribed to the structural homogeneity of the resultant membrane 
prepared from the roll-pressed film, which is also confirmed in 
SEM images in Fig. 2. A combination of roll processing and 
compression moulding is effective for property development of 
the resultant biaxially melt-drawn membranes. 25 

Recently, Keller et al.35,36 reported that protein molecules, 
which is required for cell proliferation, are effectively absorbed 
on stacked lamellar surfaces prepared by uniaxial melt-drawing 
of UHMW-PE. Our biaxial melt-drawing technique is 
advantageous for preparing UHMW-PE membranes with a larger 30 

area (over several hundreds of millimetres square) even at 
laboratory scale, enabling wider culturing of various cells. The 
thinness of our membrane also facilitates peeling from the 
proliferated cell without fracturing damage, which is required for 
regenerative transportation. 35 

Conclusions 

We prepared a series of thin membranes of UHWM-PE by biaxial 
melt-drawing technique without any solvent treatment. A 
combination of rolling and compressing successfully erases the 
powder boundaries within the initial films, resulting in a biaxially 40 

melt-drawn membrane with a homogeneous structure. The 
thickness of the prepared UHMW-PE membrane could be 
reduced to several micrometres, but its mechanical properties are 
quite superior to those of the commercial UHMW-PE membranes 
prepared by the conventional skiving technique.  45 
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