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Abstract Injection molding is regarded as one of the cost-
effective molding technologies to produce polymer items in
large numbers. In this paper, a fabrication method for
nanopillar arrays by combining electroforming and injection
molding has been proposed. Mold inserts with satisfactory
replication and high homogeneity have been electroformed
by a self-designed micro-electroforming equipment. A
variotherm injection molding technique with electrical heating
and oil cooling has been realized for precise temperature con-
trol on mold cavity. It is shown that the mold cavity temper-
ature can be represented by the measured temperature of the
thermocouple installed in the mold. Nanopillars are found to
be almost filled during the packing stage. Circular structures at
the top of nanopillars have been observed under a lower pack-
ing pressure. As a key processing parameter, mold tempera-
ture is recommended as 25 °C higher than the polymer glass
transition temperature. To ensure better replication quality of
nano-patterns, the demolding temperature should be around
10 °C lower than the polymer glass transition temperature.
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1 Introduction

Polymer products with nanostructures have excellent mechan-
ical and optical properties, chemical resistance, and other ad-
vantages over more commonly nanostructured materials
[1-3]. Injection molding is regarded as one of the cost-
effective technologies to produce polymer items in large num-
bers. Sub-micrometer/nanometer surface structures have been
successfully fabricated by injection molding in recent years [4,
5]. Compared to traditional injection molding, the filling qual-
ity of nanostructures is very sensitive to process variations
[6-11]. Nanostructures have been found to be filled mainly
in the packing stage [12]. A durable master with well-
fabricated nano-scale features is a fundamental component
of an injection mold for mass production. Researchers firstly
wrote nanostructure patterns on silicon plates by electron
beam lithography (EBL) and then embedded them in the mold
for injection directly. Due to the huge difference of thermal
expansion coefficient between silicon and polymeric mate-
rials, the silicon plate can be broken easily, thus having a
limited working life [13]. Hybrid polymeric inlays, patterned
by nano-imprint lithography, were used to rapidly mass repli-
cate pillar-like nanostructures by injection molding [14].
However, the replicated nanostructures were stretched up to
40 % of their designed height. Because of superior mechanical
properties and durability of metal materials, metal masters,
such as nickel stamps, have been widely used as micro/
nano-molds [15]. Nano-patterns from silicon plates could be
transferred to the metal masters effectively by electroforming
process and other methods.

The main purpose of this paper is to propose a feasible
fabrication method for nanopillar arrays by combining
electroforming and injection molding. Electroforming equip-
ment with a moveable cathode is self-designed. Nickel mold
inserts with high homogeneity are fabricated by adjusting the
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Fig. 1 Outline of the steps involved in producing nanopillar arrays:
master structures made of silicon (a) are patterned by electron beam
lithography. The master is conductive treated by high vacuum
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Fig. 2 SEM image of silicon master with nanopillars fabricated by
electron beam lithography. The pillars of width w=380nm and height
h=300nm are located on a square grid of pitch p = 500nm
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(c) Electroforming, (d) Mold insert removing

(e) Nano cavity filling

sputtering (b) before electroform deposition (¢). The separated nickel
mold insert (d) is employed in the filling (e), packing (f), cooling, and
ejection (g) phases during the injection molding process

moving parameters. The injection mold with a variotherm
molding technique with precise temperature control is con-
structed. Effects of the main injection molding processing
parameters on the average heights of molded PMMA
nanopillars are investigated. The flowing and filling behaviors
of the polymer melt in the nano-cavities are further identified.

2 Injection mold and mold inserts

A summary of the process steps involved in producing
nanopillar arrays is presented in Fig. 1. Arrays of 380-nm
wide and 300-nm high pillars in a square grid of pitch
500 nm, as shown in Fig. 2, were fabricated on silicon by
EBL (Raith 150, Raith” Corp., Germany). The patterned areas
were 200 x 200 um? in size.

2.1 Mold inserts with nanostructure fabrication

To meet the high replication requirements of electroformed
mold inserts for micro- or even nano-structures, micro-
electroforming equipment was self-designed with a moveable

Fig. 3 Self-designed micro electroforming equipment with a movable cathode
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Table 1 Major

ingredients of electrolyte Ingredient Content
and their contents
Nickel bis(sulphamidate) 450 g/L
Nickel chloride 15 g/L
Boric acid 30 g/L
Sodium 2-ethylhexyl sulfate 4 ml/L
Saccharin sodium 0.2 g/lL

Fig. 4 SEM images of
nanostructures on the nickel-
electroformed mold inserts with a
fixed cathode (a) and with a
movable cathode (b)

cathode regarding the enhancement of mass transfer. This
equipment includes a control unit, a cathode movement sys-
tem, and an electrolyte circulating filtration system. The sche-
matic diagram and photo of micro-electroforming equipment
are presented in Fig. 3. A 20-nm thick Au film was coated on
the silicon master carrying nano-patterns for conductive treat-
ment by a high vacuum sputter coater (EMSCD500, Leica”
Corp., Germany). In order to ensure the qualities of nano-
patterns during the lift-off process, a passivation treatment
was performed using a solution of potassium dichromate and
water. Because of the passivation treatment, the Au layer was

Fig. 5 Injection mold for nanopillar arrays

mainly retained in the anode. The master was then successive-
ly cleaned in an ultrasonic cleaner by ethanol and distilled
water before electroforming.

The major ingredients of electrolyte and their contents are
listed in Table 1. During the electroforming process, the elec-
trolyte was kept at the pH value of 3.5~4.5 and the temperature
of 45~50°C. Rectangular pulse current, with frequency of
1500 Hz and duty ratio of 24 %, was used in this experiment.
The average current density was about 4 A/dm?, while the
initial current density was 1 A/dm? to avoid coarse grains.
The anode was an electrolytic nickel plate with the size of
65 mm x 55 mm x4 mm, and the initial distance between the

anode and the cathode was 100 mm. Two nickel mold inserts
were electroformed with a fixed cathode and a movable cath-
ode, respectively. With a movable cathode, the rotation speed
was 150 r/min and the reciprocation speed was 250 mm/min.
Fig. 4 compares the nanostructures, measured by FESEM (Mira
3, Tescan" corp., Czech Republic), on the two electroformed
nickel mold inserts with a fixed cathode and a movable cathode.
It was found that the replication quality of the electroformed
mold insert was significantly improved with a movable cath-
ode. This is due to that the movement of cathode can promote

Moving
die insert

Pressing plate

Moving

mold insert Fixed

die insert
Cover plate

Fig. 6 Schematic diagram of the mounting structure for the mold inserts
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Fig. 7 Installation diagram of (a)
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thermocouple
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the flow of electrolyte near the electrode surfaces, thus increas-
ing the mass transfer rate around the nanostructures. With the
help of cathode movement, a mold insert with around 400-pum
thick nickel layer was fabricated after 24 h non-stop
electroforming. To avoid the influence of thickness non-
uniformity during the electroforming process, the mold insert
was polished to 300 um. The mold insert carrying nano-
structures was a 25 mm X 25 mm rectangle. The diameters of
nano-cavities were measured by SEM and its analysis software
(Image-Pro Plus). The average value of diameters was mea-
sured at 344410 nm, and the depth was about 297412 nm.
The decreased diameters of nano-cavities were mainly due to
the existence of internal stresses during the electroforming pro-
cess. The electroformed mold insert was further visualized and
measured by an atomic force microscope (Dimension Icon,
Bruker” corp., Germany). The electroformed mold insert with
high homogeneity and replication precision could be applied to
the following injection molding process.

2.2 Injection mold

The injection mold (presented in Fig. 5) was designed to be
capable of air pumping and variotherm molding. The moving
mold insert, carrying nanostructures, was electroformed by
self-designed micro-electroforming equipment mentioned
above. A pressing plate and a cover plate, as shown in
Fig. 6, were added between the die inserts of moving and fixed

(b)

22mm

Thermocouple— & 4 E

Y
Cover plate — @ S

Moving i [

mold insert E E

*® =)

Mold cavity — = =
Electric

halves to protect the easily deformed moving mold insert from
the high forces generated during the molding process.

A variotherm injection molding technique with electrical
heating and oil cooling was realized in this mold. Four elec-
trical heating rods were symmetrically arranged around the
mold cavity, as shown in Fig. 7. The mold cavity was
surrounded by the moving mold insert, the pressing plate,
and the moving die insert. The cavity length was 20 mm, the
width was 20 mm, and the depth was 0.8 mm. A thermocouple
(TJ36, Omega® Corp., USA) was located 4 mm above the
moving mold insert on the fixed part side to acquire the tem-
perature there. For the heat dissipation from the mold surfaces,
the mold cavity temperature is different from the set tempera-
ture by a mold temperature controller of the injection molding
machine. As a key processing parameter, the mold cavity tem-
perature is analyzed in the coming section.

heating cores

3 Characterization of mold cavity temperature

For products with micro- or nano-structures, the mold
cavity temperature is particularly important for replica-
tion quality and dimensional precision. The mold cavity
temperature could be approximately measured by the
thermocouple in the designed mold, but there is a slight
difference due to the 4-mm distance from the thermo-
couple to the mold surface.

Table 2 Thermo-physical

properties of mold materials Component Material Thermal conductivity Density Specific heat
plglem’)  ¢,(g-K))
Cover plate Heat-resistant epoxy resin 0.59 1.80 1.60
Fixed and movable mold plates GS-2316 die steel 243 7.75 0.46
Other mold bases 1.7311 structural steel 49.8 7.85 0.49
Mold inserts NAKSO die steel 413 7.72 0.46
Electrical bar 304 stainless steel 16.2 7.93 0.50
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Fig.8 Changes of mold temperatures with heating time from simulations
and experiments

3.1 3D numerical simulation

The 3D simulation model based on the ANSYS" commercial
software is established. The model is meshed with a tetrahe-
dral mesh method. The mold inserts are supposed to have an
excellent contact with the mold base. The thermal conductiv-
ities between them are set to be a constant. The ambient tem-
perature is set to 22.5°C. The mold materials are set to be
homogeneous. Table 2 lists the thermo-physical properties of
mold materials which are used in the simulations.

The initial mold temperature is the same as the ambient
temperature (22.5°C ). The heating time is set to 120 s in
simulations. In the mold heating process, the interfacial ther-
mal contact resistance between mold inserts and mold plates
would significantly influence the mold temperature distribu-
tion. The value of interfacial thermal contact resistance cannot
be measured directly, determined by multi-factors, such as
material properties, contact surface temperature, contact pres-
sure, and surface roughness. By comparing the mold cavity
temperatures from simulations and experiments, the interfa-
cial thermal conductivity can be estimated. Interfacial thermal
conductivity is the reciprocal of thermal contact resistance. In
simulations, the interfacial thermal conductivity is set to: 1/

(m*-K), 2kW/(m*-K), 4kW/(m*-K) and 8kW/(m*-K),
respectively.

3.2 Experimental verification

The changes of mold temperatures with heating time from
both simulations and experiments are demonstrated in
Fig. 8. When the interfacial thermal conductivity between
mold inserts and mold plates was 2kW/(m” - k), the simulation
results agreed well with experimental results. The mold
cavity temperature near the thermocouple increased from
22.5 to 127.5°C in 120 s, with a decreasing heating rate.

The mold cavity is encircled by the moving mold insert, the
moving die insert, and the coving plate. The upper surface of
mold cavity is in the moving die insert, marked out with a
white dotted rectangle in Fig. 9a. With a confirmed interfacial
thermal conductivity of 2kW/(m* - K), the temperature distri-
bution of moving die inserts after 120 s of heating is demon-
strated in Fig. 9a. The average temperature of the upper sur-
face was 127.7°C from the simulation. The temperature dif-
ference in this area was less than 4°C. The lower surface of
mold cavity is in the moving mold insert, also marked out with
a white dotted rectangle in Fig. 9b. The average temperature of
the lower surface was 123.3 °C, with around 3.9°C tempera-
ture difference in this area. From the simulation, the average
temperature of mold cavity surfaces was 125.5°C, about 2°C
lower than the measured temperature by the thermocouple. As
the temperature difference was acceptable, the mold cavity
temperature could be represented by the measured tempera-
ture of the thermocouple.

Figure 10 demonstrates mold temperatures captured by the
thermocouple in electrical and oil heating with a set mold
temperature of 110 °C in two mold cycles, respectively. It
seems that the electrical heating could obviously improve
the heating efficiency and the temperature control accuracy.
The cooling rates of the two curves were comparable due to
the same oil cooling method adopted. The mold temperature
fluctuated between 85 and 93 °C by oil heating. Since the
mold temperature cannot be accurately controlled, oil heating
is not suitable for nano- or micro-injection molding.

L
K
|
n

Fig 9 Temperature distributions of mold cavity surfaces in the simulation. a moving die insert; b moving mold insert

@ Springer



1324

Int J Adv Manuf Technol (2016) 86:1319—-1328

4 Injection molding of nanopillar arrays

Injection molding was conducted with polymethyl methacry-
late (PMMA, Mitsubishi” Acrypet TF-8) in a Sodick”
LDOSEH2 injection molding machine (max injection pressure
197 MPa, plunger diameter 12 mm). Mold temperature, melt
temperature, packing pressure, packing time, and cooling time
are investigated to study their effects on the replication quality
of nanostructures, characterized by the average height of poly-
meric nanopillars. An atomic force microscope (Dimension
Icon, Bruker” corp., Germany) was used to measure the
heights of nanostructures. Fifteen or more nanopillars near
the center of the molding parts were measured to obtain the
average heights under each molding condition. Table 3 lists
the processing parameters used in this study. At least five
levels of each parameter were tested. It is reported that the
mold temperature and the packing pressure are two main pa-
rameters affecting the quality of molded nano-structures [8,
10]. The numbers of the two parameters were thus increased to
six. The values of the packing time used in initial experiments
were 0, 1, 3, 5, 7, and 9 s, respectively. It was found that the
average heights of nanopillars varied greatly when the packing
time was increased from 0 to 1 s. Three reference points of the
packing time were then added between 0 and 1 s.

5 Results and discussion

The molded part with its runner system is shown in Fig. 11.
Mold temperature was obtained by the thermocouple installed
in the mold as mentioned in Section 2.2. Effect of the mold
temperature on the average heights of PMMA nano-structures
is presented in Fig. 12a.

The values of average height for PMMA nanostructures
present an increasing trend with the increase of mold
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Fig. 10 Mold temperatures in two molding cycles captured by the
thermocouple in electrical or oil heating and oil cooling with a set mold
temperature of 110 °C
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Table 3  Processing parameters used in this study

Processing conditions Values

Mold temperature (°C) 50, 70, 90, 110, 130, 150
Melt temperature (°C) 210, 225, 240, 255, 270
Packing pressure (MPa) 20, 40, 60, 80, 100, 120
Packing time (s) 0.25,0.5,0.75,1,3,5,7,9

Cooling time (s) 10, 20, 30, 40,50

Bold-faced type means the default standard conditions. The standard
conditions were used while other values were varied.

temperature. With a lower mold temperature, the substrate
was well replicated while nanostructures were poorly replicat-
ed, due to the rapid solidification of the melt contacting the
mold surfaces. With the increase of mold temperature, the
solidification rate of the skin melt decreases; thus, the replica-
tion heights of nanostructures increase. When the mold tem-
perature was higher than the PMMA glass transition temper-
ature (7; = 101°C)), the polymer melt was easily filling into
nanostructures. It seems that well-replicated nanopillars can
be obtained with the mold temperature about 25 °C higher
than the polymer glass transition temperature. In micro-
injection molding, the mold temperature is recommended to
be around the polymer glass transition temperature for better
replication [6, 7].

High-quality replication requires both complete filling
of the mold structures by the polymer melt and, equally
important, negligible deformation of the solidified repli-
ca during demolding. With a higher mold temperature
(=130°C ), nano-patterns would be fully filled. When
the mold temperature was 150°C, the measured average
height of molded nanopillars was 306+43 nm. The val-
ue was obviously larger than the average depth of the
nano-cavities on the electroformed mold insert. Some of
the nanopillars even reached a height of 340 nm. Under
a higher mold temperature, the interface adsorption

/'///;

Fig. 11 PMMA injection-molded nanopillar array with its runner system
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Fig. 12 Effects of processing parameters on the average heights of PMMA nanostructures. a Mold temperature, b melt temperature, ¢ packing pressure,

d packing time, and e cooling time

force increased with the increasing contact area between
the polymer melt and the mold nanostructures. With the
same cooling time (30 s), a higher mold temperature
brought a higher demolding temperature, at which the
polymer possessed a lower tensile strength. During the
demolding process, nanopillars with a lower tensile
strength would be stretched to some extent, bringing a
larger height. Nevertheless, some nanopillars would be
fractured during demolding (as shown in Fig. 13).

Mold temperatures in two injection molding cycles were
captured by the thermocouple with a set mold temperature of
110 °C, as demonstrated in Fig. 10. The temperature curve was
steady in every cycle time (around 70 s). Maximum mold tem-
perature was recorded as 117 °C, slightly higher than the set
temperature. Different cooling times correspond to different
demolding temperatures. When the cooling time was 10s
(t. = 10s), the demolding temperature (T4 = 107°C ) was still
higher than the PMMA glass transition temperature.
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Fig. 13 SEM images of
replicated PMMA nanopillar
arrays with some fractured
nanopillars during demolding. a
Mold temperature was 150 °C. b
Mold temperature was 130 °C
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Fig. 14 AFM images of replicated PMMA nanopillar arrays with different cooling times . a z.=10s, 7,=107°C, b 1.,=20s, T;,=98°C, ¢ t.=30s,
T7,=90°C, and d z.=40s, T,=85°C

Nanostructures at that demolding temperature were badly dam-
aged during demolding, as presented in Fig. 14a. When the
cooling time was larger than 20 s (as shown in Fig. 14b—d),
PMMA nanopatterns were well formed after ejection with a
lower demolding temperature. Figure 12e shows the effect of
the cooling time on the average heights of PMMA nanopillars.
The average heights rapidly increased when the cooling time

Fig. 15 AFM images of
replicated PMMA nanopillar
arrays under different packing
pressures. a P=40MPa and b
P=120MPa
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was increased from 10 to 20 s and then slightly varied from 20
to 50 s. To ensure the better replication quality of nanostruc-
tures, it seems that the demolding temperature should be around
10 °C lower than the polymer glass transition temperature.
Effect of the melt temperature on the replicated average
heights of PMMA nanopillars is shown in Fig. 12b. With
the increase of melt temperature, the average heights of
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Fig. 16 SEM images of molded
PMMA nanopillar arrays with

different packing times. a #,=0s,
b 4,=0.25s,ct,=1s,and d £,=9s
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nanopillars were increased. Nevertheless, the increase was not
so obvious compared to that of mold temperature. It is report-
ed that the packing pressure plays an important role in the
filling of the micro/nanostructures [10, 12]. Figure 12¢ pre-
sents the effect of the packing pressure on the average heights
of PMMA nanopillars. Packing pressure supplied the main
driving force for polymer melt filling into nanostructures.
With the increase of the packing pressure, the average heights
of PMMA nanopillars were remarkably increased. When the
packing pressure was lower than 80 MPa, it was observed that
there were circular structures at the top of nanopillars (as
shown in Fig. 15a). Under a lower packing pressure, the in-
terfacial tension between the melt and the mold promoted the
filling of polymer melt into nanostructures. During the filling
stage, a largest flow rate of melt occurred near the mold sur-
faces. With the increase of packing pressure, the circular struc-
tures were increasingly obscure (as shown in Fig. 15b). With a
higher packing pressure, the packing pressure dominated the
melt filling into nanostructures overwhelming the interfacial
tension.

With the packing pressure of 100 MPa, effect of the
packing time on the replicated nanostructures is investi-
gated, as demonstrated in Fig. 12d. The value of average
height was rapidly increased with the increase of packing
time from 0 to 1 s and then slightly changed from 1 to 9 s.
Nanopatterns were rarely filled during the filling stage, as
shown in Fig. 16. It was found that the polymer melt
seemed to fill the nanostructures during the packing stage,
with similar results by Lin et al. [10].
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6 Conclusions

In this paper, a fabrication method of nanopillar arrays has
been presented by combining electroforming and injection
molding techniques. Arrays of 380-nm wide and 300-nm high
pillars in a square grid of pitch 500 nm were fabricated on
silicon by EBL. Nickel mold inserts transferring nanostruc-
tures with 334 nm average width and 297 nm average depth
were electroformed by a self-designed micro-electroforming
equipment with a movable cathode. A variotherm injection
molding technique with electrical heating and oil cooling
was realized for accurate mold cavity temperature control.
By comparing the mold cavity temperatures from simulations
and experiments, the interfacial thermal conductivity was es-
timated as 2kW/(m” - K). From the simulation, the average
temperature of mold cavity surfaces was 125.5°C, about 2°
C lower than the measured temperature by the thermocouple.
As the temperature difference was acceptable, the mold cavity
temperature could be represented by the measured tempera-
ture of the thermocouple. The PMMA nanopillar arrays were
successfully injection-molded. Effects of the main processing
parameters on the average heights of nanostructures were in-
vestigated. Mold temperature is one of the most important
parameters. Well-replicated nanopillars could be obtained
with the mold temperature about 25 °C higher than the poly-
mer glass transition temperature. However, demolding tem-
perature should be around 10 °C lower than the glass transi-
tion temperature. A higher mold temperature brought a higher
demolding temperature, at which the polymer nanopillars
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possessed a lower tensile strength. When the mold tempera-
ture was 150 °C, the molded nanopillars were indeed found to
be stretched with the average height of 306 nm. Other param-
eters, such as the melt temperature and the packing pressure,
also had influences on the replication heights of nanopillars.
Nano-patterns were rarely filled during the filling stage. It was
found that the polymer melt seemed to fill the nanostructures
during the packing stage. Obvious circular structures at the top
of nanopillars were observed under a lower packing pressure
for the first time, caused by the interfacial tension between the
melt and the mold. The mechanisms of molecular motions in
nano-cavities during injection molding will become an impor-
tant research field in our future work.
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