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Abstract This paper reports a highly effective method for rep-
licating large-area micropattern devices through hybrid extru-
sion rolling embossing using a roller mold, wherein a thin
stainless steel mold with a large-area micropattern is wrapped
onto a metallic roll to form a roller mold. During the hybrid
extrusion rolling embossing period, the molten polymer film is
extruded and immediately pressed against the embossing roller
and roller mold, which results in the molten polymer complete-
ly filling the micropattern on the surface of the roller mold.
Next, the molten polymer film is cooled and wound using a
conveying system equipped with highly polished rollers. Thus,
a continuous polymer film with many large-area micropattern
devices can be fabricated. In this study, a new hybrid extrusion
rolling embossing system was designed, constructed, and test-
ed; the basic film extrusion and rolling embossing conditions
were investigated; and the thickness uniformity of the polymer
films and the replication quality of the micropattern devices
were measured and analyzed. The results indicate that the hy-
brid extrusion rolling embossing can potentially be used for
continuous mass production of large-area micropattern devices.

Keywords Rolling embossing - Roller mold - Micropattern

1 Introduction

Polymer micropattern devices are being increasingly utilized
in various industrial applications, such as in backlight

P4 Chih-Yuan Chang
cychang @kuas.edu.tw

Department of Mold and Die Engineering, National Kaohsiung
University of Applied Sciences, Kaohsiung 807, Taiwan

modules of TFT-LCDs, front light diffusers of LED systems,
polymer microfluidic systems, biochips, and solar cell optical
films. Therefore, developing an effective method of replicat-
ing polymer micropattern devices is crucial for many indus-
trial applications. Several replication methods for the mass
production of polymer micropattern devices, such as microin-
jection molding [1-3], hot embossing [4—6], and ultraviolet
(UV) embossing [7-9], have been developed. These methods
have high precision and throughput, but their efficiency is
limited because they are batchwise production processes.
Several concepts, such as roll-to-roll hot embossing [10—12]
and roll-to-roll UV embossing [13—15], have been proposed to
overcome this problem. In roll-to-roll embossing, unlike in
batch production, large-area micropattern devices can be rap-
idly replicated on the surface of a continuous polymer film.
Roll-to-roll embossing has relatively higher efficiency and
lower production costs, but it has other drawbacks; for exam-
ple, the employed polymer films must be purchased from
commercial manufacturers and require pretreatment or
preheating.

To further improve productivity, we have previously devel-
oped a hybrid extrusion rolling embossing process [16, 17] for
the continuous fabrication of microlens array patterns on poly-
mer films; in this method, which involves cast film extrusion
and a roller mold, multiple micropattern devices can be direct-
ly fabricated onto a roll of polymer film in a single hybrid
extrusion rolling embossing process. Only a prototype exper-
imental facility was developed in our earlier studies, and
wavelike and sharkskin defects were induced in the polymer
film during the hybrid extrusion rolling embossing process. In
addition, our earlier studies focused only on the fabrication of
microlens arrays; the intricacies of the film extrusion and
rolling embossing phenomenon remained unclear. Overall,
the hybrid extrusion rolling embossing technology must be
optimized before it can be commercialized.

@ Springer


mailto:cychang@kuas.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-1293-y&domain=pdf

1004

Int J Adv Manuf Technol (2018) 95:1003—-1012

In this study, a new hybrid extrusion rolling embossing
facility was developed in-house, and the hybrid extrusion
rolling embossing with and without using a roller mold was
systematically investigated. Moreover, the qualities of the
polymer films and micropattern replication were measured
and analyzed. Finally, the optimal molding area for fabricating
large-area micropattern devices using the developed process
was determined.

2 Experimental setup and method

Figure 1 is a schema of hybrid extrusion rolling embossing
facility used in the experiments. The facility primarily com-
prises a single-screw extruder with a flat T-die, a film
embossing system with an oil temperature controller, and
a conveying system with highly polished rollers. The
single-screw extruder is a stationary cylindrical barrel with
a rotating screw inside. The barrel is often manufactured in
sections and is equipped with a heating unit. The film
embossing system is composed of three metallic rolls: an
embossing roller (number 1), molding roller (number 2),
and cooling roller (number 3). The temperature of these
rollers can be controlled using the oil temperature control-
ler. Notably, the temperature around the rollers is highly
uniform, and the temperature difference on the surface of
the rollers is only = 2 °C. The embossing and molding
rollers are assembled together and can be heated up to
115 °C. In this paper, the temperature and pressure of these
two rollers is referred to as the rolling temperature and
rolling pressure. The hybrid extrusion rolling embossing
process starts by feeding plastic raw material from a hopper
into the barrel of the extruder. Then, the plastic beads are
melted and mixed by rotating the screw. The molten poly-
mer travels through a flat T-die and becomes a flat film.
Subsequently, the molten polymer film is embossed using
the embossing and molding rollers; following which, it is
cooled and wound using the conveying system and the

Fig. 1 Schema of the hybrid
extrusion rolling embossing
facility
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highly polished rollers. This process yields a roll of poly-
mer film.

In this study, an optical polycarbonate (PC) raw material
(Chi Mei Corporation, Taiwan) with a glass transition temper-
ature (Tg) of 150 °C was used for fabricating the polymer
films. The width and gap of the flat T-die were 30 cm and
0.3 mm, respectively, and the temperature of the cooling roller
was fixed at 50 °C. A thin stainless steel mold with a large-
area micropattern was wrapped onto the molding roller to
form a roller mold. After the molten polymer film was extrud-
ed, it was immediately pressed against the surface of the
embossing roller and the roller mold. Consequently, the mol-
ten polymer completely filled the micropattern of the roller
mold. Thus, a continuous polymer film with many large-area
micropattern devices was fabricated. The T-die temperature,
screw speed, rolling temperature, rolling pressure, and feeding
speed could be adjusted and maintained during the
experiments.

As discussed earlier, hybrid extrusion rolling embossing
with and without a roller mold was investigated in this study.
For the hybrid extrusion rolling embossing without a roller
mold, the effects of five basic processing parameters were
investigated: T-die temperature, screw speed, rolling temper-
ature, rolling pressure, and feeding speed. To verify the feasi-
bility and film uniformity in hybrid extrusion rolling
embossing without a roller mold, the thickness of the polycar-
bonate film was measured at 12 measurement points each in
four sections of the fabricated polycarbonate film in each ex-
periment (Fig. 2). The thickness of the polymer film was mea-
sured using an ultrasonic thickness analyzer (45MG,
Olympus). For the hybrid extrusion rolling embossing with a
roller mold, a thin stainless steel mold with a microcircular
hole array pattern (15 cm x 30 cm) was fabricated through
photolithography and wet chemical etching [18]. The diame-
ter, pitch, and average depth of the micropattern array were 50,
200, and 99.6 um, respectively. The thin stainless steel mold
can be wrapped, as shown in Fig. 3, to form the roller mold for
replicating large-area micropattern devices.
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Replication ratio (R%) is defined as [H / D] x 100%,
where H is the average height of replicated large-areca
micropattern device and D is the average depth of the
large-area micropattern mold. In the experiments, the effects
of feeding speed and rolling temperature on the replication
ratio of the fabricated large-area micropattern devices were
investigated. In addition, the dimensional characteristics of
five large-area micropattern devices fabricated on the film
were chosen and measured in each experiment; each
micropattern device had nine different measure points. The
shape and dimensions of the replicated micropattern device
were characterized through a scanning electron microscopy
(Hitachi S-3000N, Japan) and a surface profiler (Alpha-Step
Profilometer, KLA-Tencor).

Fig. 3 Wrapped thin stainless
steel mold with a microcircular
hole array pattern

3 Results and discussion

3.1 Hybrid extrusion rolling embossing without a roller
mold

In the preliminary experiment, hybrid extrusion rolling
embossing without a roller mold was investigated. Figure 4
presents the effect of T-die temperature on the average thick-
ness of the fabricated polymer film. In this experiment, the T-
die temperature was varied from 270 to 290 °C at a screw
speed of 300 rpm, rolling temperature of 90 °C, rolling pres-
sure of 20 kg/em?, and feeding speed of 1.5 rpm. The results
suggest that the average thickness of the fabricated polymer
film decreases with an increase in T-die temperature; a
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possible explanation is that as T-die temperature increases, the
viscosity of the polymer melt decreases, and polymer neck-in
and shear-thinning behaviors resulted in a decrease in the
thickness of the polymer film. In addition, the edge of the film

4 5 6 7 8 9 10 11 12

Positionsof the measure points (P)

tended to be thicker than its middle. At a T-die temperature of
290 °C, the middle area of the polymer film exhibited high
thickness uniformity (width of the region between P2 and P11
= approximately 18 mm). The average thickness and standard
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Wavelike and Sharkskin defect

Fig. 6 Wavelike and sharkskin defects on the fabricated polymer film

deviation of the middle area of the polymer film was
0.27 = 0.022 mm.

To investigate the effect of rolling temperature on the thick-
ness of the fabricated polymer film, the rolling temperature
was varied from 70 to 110 °C at a constant T-die temperature
of 280 °C, rolling pressure of 20 kg/cm?, screw speed of
300 rpm, and feeding speed of 1.5 rpm. At a rolling temper-
ature of 70 °C, the fabricated polymer film exhibited non-
uniform thickness (Fig. 5) as well as wavelike and sharkskin
defects on the surface (Fig. 6). However, as the rolling

Fig. 7 Effect of rolling pressure 1
on the average thickness of the
fabricated polymer film 0.9

@10 kg/cm? (Rolling pressure)
| 20 kg/cm? (Rolling pressure)
A 30 kg/cm? (Rolling pressure)

temperature was increased beyond 90 °C, the surface quality
and thickness uniformity of the polymer film improved and
reached acceptable values.

Figure 7 presents the effect of rolling pressure on the aver-
age thickness of the fabricated polymer film. In this experi-
ment, the rolling pressure was varied from 10 to 30 kg/cm? ata
constant T-die temperature of 280 °C, screw speed of 300 rpm,
rolling temperature of 90 °C, and feeding speed of 1.5 rpm.
The results suggest that the average thickness of the fabricated
polymer film decreases with an increase in rolling pressure. At
arolling pressure of 10 kg/cm?, the rolling pressure is too low,
and it will lead to insufficient embossing of the polymer film.
The thickness of fabricated polymer film was thus obviously
bigger and exhibited non-uniform thickness distribution. On
the other hand, if the pressure is too high, it will generate
residual stress in the final products and deformation of the
product. In this research, the proper rolling pressure was
20 kg/em?.

The effect of screw speed on the thickness of the polymer
film was also investigated, by varying screw speed from 200
to 400 rpm at a constant T-die temperature of 280 °C, rolling
temperature at 90 °C, rolling pressure of 20 kg/cm?, and feed-
ing speed of 1.5 rpm. The average thickness of the fabricated
polymer film increased with an increase in the screw speed
(Fig. 8), because at higher speeds, the screw transfers more
polymer melt from the barrel to the T-die. However, at high
screw speeds, the film exhibited low surface quality and thick-
ness uniformity, possibly because high screw speeds (polymer
flow rates) induce extrusion swell behavior. This problem can
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Fig. 8 Effect of screw speed on 1
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be eliminated by controlling screw speed and thus the polymer
flow rate.

Next, to study the effect of feeding speed on the average
thickness of the fabricated polymer film, the feeding speed
was varied from 0.5 to 2.5 rpm at a constant T-die temperature
of 280 °C, rolling temperature of 90 °C, rolling pressure of
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20 kg/cm?, and screw speed of 300 rpm. Increasing the feed-
ing speed slightly decreased the average thickness of the fab-
ricated polymer film (Fig. 9). In addition, the feeding speed
did not affect the thickness uniformity of the film.

Thus, T-die temperature, rolling temperature, rolling pres-
sure, and screw speed are the four critical processing

Fig. 9 Effect of feeding speed on 1 : ; :
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parameters in hybrid extrusion rolling embossing without
using a roller mold. The thickness of the polymer film can
be adjusted by controlling the T-die temperature, rolling pres-
sure, and screw speed, and the surface quality and thickness
uniformity of the polymer film can be improved by controlling
the rolling temperature. A roll of polycarbonate film with high
thickness uniformity and high surface quality was fabricated
under the following conditions: T-die temperature = 290 °C,
rolling temperature = 90 °C—110 °C, rolling pressure = 20 kg/
cm?, screw speed = 300 rpm, and feeding speed = 0.5—
2.5 rpm. The web width of the film was approximately
25 cm, and the thickness uniformity of the middle area of
the film was approximately 18 mm. The surface roughness
of the fabricated polycarbonate film was characterized
through atomic force microscopy (AFM) on measurement
points in the middle area of the polycarbonate film; the aver-
age surface roughness was 8.4 nm, and the minimum surface
roughness was 8.1 nm (Fig. 10). These experimental results

Fig. 10 AFM image and
roughness analysis of the
fabricated polymer film

substantiate the feasibility of the proposed method in fabricat-
ing a roll of polycarbonate film with high surface quality that
would be acceptable for many optoelectronic systems.

3.2 Hybrid extrusion rolling embossing with a roller mold

In the experiment, hybrid extrusion rolling embossing with a
roller mold was implemented and investigated. To replicate
the large-area micropattern devices on the polymer film with
high thickness uniformity and high surface quality. The effect
of feeding speed on the replication ratio of the fabricated
large-area micropattern devices on the polycarbonate film
was investigated by varying the feeding speed from 0.5 to
2.5 rpm at a constant T-die temperature of 290 °C, rolling
temperature of 90 °C, rolling pressure of 20 kg/cm?, and screw
speed of 300 rpm. At a feeding speed of 0.5 rpm, the replica-
tion ratio of the fabricated large-area micropattern devices was
85.3% (Fig. 11). As the feeding speed was increased to 0.75—
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Fig. 11 Effect of feeding speed 120
on the replication ratio of the O
fabricated micropattern devices é
@
; 100
>
>
-
=
1
2 80
<
(=5
o
—
=
E 60
@
S
S
o
2 40
<
-
=
2
3 2
=
o
[+
0

0.5 0.75

1 rpm, the replication ratio of the fabricated devices reached
99-100%, indicating that the polymer melt completely filled
the microcircular hole array of the mold and formed a com-
plete cylinder array pattern on the polycarbonate film.
However, with further increases to the feeding speed, the rep-
lication ratio of the fabricated devices decreased rapidly,

Fixed processing parameters :
Screw speed=300 rpm
T-die Temp.=290°C

Rolling Temp.=90°C
Rolling pressure=20 kg/cm?

1 1.25 1.5 1.75 2 2.25 25
Feeding speed (rpm)

suggesting that the average height of the replicated
micropattern structures decreases with an increase in the feed-
ing speed. In addition, the shape of the micropattern structures
changed from a cylinder to a hemisphere, possibly because the
contact time between the polymer melt and the roller mold
decreases with an increase in the feeding speed; in other
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Fig. 13 Microcylinder array pattern on the polycarbonate film

words, at a high feeding speed, the molten polymer material
does not have sufficient time to flow and fill the microcircular
hole array of the roller mold.

Figure 12 presents the effect of rolling temperature on the
replication ratio of the fabricated large-area micropattern devices.
The replication ratio of the devices gradually increased with an
increase in the rolling temperature. When the rolling temperature
exceeded 90 °C, the replication ratio reached 99-100%.

Thus, the molding area of the proposed process can be
optimized by controlling two key processing parameters:
feeding speed and rolling temperature. At a T-die temperature
290 °C, rolling pressure of 20 kg/cm2, and screw speed of
300 rpm, the optimal feeding speed and rolling temperature
ranges are 0.75—1 rpm and 90-110 °C, respectively. Under
these conditions, a polycarbonate film with high thickness
uniformity and high surface quality can be obtained, and the
replication ratio of the fabricated micropattern devices in the
optimal molding area becomes 99—100%, yielding a roll of
polycarbonate film with microcylinder array patterns
(Fig. 13). Outside the optimal molding area, the replication
ratio of the fabricated micropattern devices is less than 99—

188 1868rmm

Fig. 14 Microhemisphere array and incomplete filling pattern on the
polycarbonate film

100%, and a microhemispherical array or incomplete filling
patterns can be observed on the film (Fig. 14).

4 Conclusions

An effective method for replicating large-area micropattern
devices through hybrid extrusion rolling embossing was re-
ported and demonstrated. Under proper processing conditions,
a roll of polycarbonate film with high thickness uniformity in
the middle area was successfully fabricated. This polycarbon-
ate film had acceptable surface quality. Furthermore, a thin
stainless steel mold with a large-area micropattern was
wrapped onto the molding roller to form a roller mold, and a
continuous polymer film with many large-area micropattern
devices was successfully replicated. Under the following con-
ditions: T-die temperature = 290 °C, rolling pressure = 20 kg/
cm?, and screw speed = 300 rpm, the optimal range of feeding
speed and rolling temperature were determined as 0.75—1 rpm
and 90110 °C, respectively. The replication ratio of fabricat-
ed micropattern devices reached 99—100%. These experimen-
tal results evidence that the proposed method can replicate
large-area micropattern devices with high precision, high pro-
ductivity, and low cost.
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