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The temperature control of the mold surface is a key determinant for precision
nanoreplication in polymer processing. Here, we introduce a new local film heating system
(LFHS) that can precisely control the local mold wall temperature in the nanoinjection
molding process. A metal stamp with nanostructures was prepared using micro-electro-
mechanical system (MEMS) techniques. We fabricated polymeric nanostructures using
LFHS integrated injection molding and carried out modeling on the relevant physical
phenomena such as molding and the optical and structural behaviors of the injection molded
parts. The findings showed that the application of the LFHS to injection molding led to
uniform volumetric shrinkage and high nanopattern quality over the entire part. In addition,
the ejection behavior of nanopatterns in the injection molding was modeled to understand the

physics of the burr generation.
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Introduction

Recent research and development for fabricating state-of-the-art products such as optical,
magnetic, chemical, biological, and electronic devices has shifted towards the fabrication of
nanoscale patterns with high resolution '°. Much effort has been made to manufacture
polymeric nanostructures using various polymer processing techniques such as imprinting,
embossing, stamping, and injection molding.”” However, such fabrication methods have yet
to show robust and solid production of nanopatterned devices. For example, for the
imprinting method, the curing resin process is usually time-consuming, and mass production
can barely be realized. The limitation of the embossing method is its inability to replicate
precise patterns on the polymer surface since polymer is not often completely molten when

passing through a roller 10, 11

. In addition, it is only appropriate for two-dimensional (2D)
rather than three-dimensional (3D) structures and devices. On the other hand, injection
molding is a key fabrication technique that can mass-produce nanostructured plastic products
with complex shapes in a sustainable manner. The nanopatterns replicated on the molded
parts are likely to be deformed or damaged depending on the processing conditions, mold
design and systems, machinery, and so on '*'*.

From the manufacturing perspective, four factors in polymer processing are required
to successfully prepare nanostructures: material, mold, machinery, and appropriate processing
conditions. Most previous studies have focused on how to control the processing conditions

to enhance the replication quality of micropatterns and nanopatterns > '°

. Such a strategy for
producing nanostructures is effective in some cases. However, there are still limitations
stemming from the gap between the material property and machine structure. Therefore, an
interactive combination of the factors is required to achieve a desirable replication of
nanostructures in polymer processing. For the patterning of a nanostructure on a plastic

surface using the injection molding process, the proper temperature and pressure must be
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applied to the mold, which needs to be followed by the cooling and ejection of the molded
parts. If we can precisely control the mold wall temperature rather than only the bulk mold
temperature, the replication rate of nanopatterns would be enhanced significantly. Moreover,
the precise spatial and temporal manipulation of temperature on the local mold wall surface is
expected to yield ideal fabrication of polymeric nanostructures. Inherently, the filling and
cooling process in the injection molding do not give a uniform spatial distribution and
temporal history. In this sense, the precise mold wall temperature control can lead to the
uniformity of molded parts including nanopatterns.

In the current study, we introduce a new mold wall control system, referred to as the
local film heating system (LFHS) for securing the precise filling and cooling behaviors of
molten polymer in the injection molding process. With the aid of such a system, the
temperature of the mold surface can be controlled spatially and temporally, thus leading to
uniform nanopatterns over the entire molded plastic surface. Among the required processing
conditions of injection molding, the fast and active control of the mold wall temperature is
one of the key factors for realizing the nanoinjection molding process' . In a typical
molding process, the mold surface is kept sufficiently hot during the filling step and is then
cooled down to solidify the molten polymer using a water or oil flow based heat sink system.
For heating the mold surface in the injection molding, various techniques have been proposed
such as steam, induction, and laser. However, their inherent problems, such as low production
rate and equipment expense, need to be resolved for practical application in the industry. In
contrast, the LFHS enables rapid local heating and cooling of the mold surface, which can
enhance the production rate (Figure 1). To the best of our knowledge, this is the first
pragmatic system that can not only control the distribution of the mold temperature in a
systematic manner but also fabricate nanostructures with high precision and efficiency. We

fabricated nanopatterned polymer structures while applying the LFHS system to the injection

-4 -

Page 4 of 25



Page 5 of 25

RSC Advances

molding process and carried out numerical simulation for the molding process in order to

understand the underlying physics behind the relevant material behaviors.

Experimental

Insert fabrication
For the photolithography, a Cr photomask with a size of 7 inch X 7 inch was made by using a
mask generator (DWL 200, Heidelberg Instruments, Germany). A <100> Si wafer with a size
of 6 inch was employed as a sacrificing layer, and Ti and Cr were vacuum-evaporated at
thicknesses of 100 A and 1000 A, respectively for the metal seeding layer. Ti enhances the
adhesive strength between the Cr and Si wafer, and Cr acts as a conductive seed layer, which
is necessary for the subsequent Ni electroplating process.

Photoresist (PR) (THB 151N, JSR corp) was deposited at a thickness of 200 nm using
a spin coating method. The thickness of the PR becomes the hole depth when the injection
molded part is prepared. A negative photoresist was chosen to easily remove the photoresist
after Ni electroplating was carried out after photolithography. In the spin coating process, two
steps were applied at 300 rpm and 500 rpm because the viscosity of photoresist is high. After

stabilizing the coating, the soft bake process was carried out at 120°C for 40 min using a
convection oven. Thereafter, a mask aligner (EVG640, Austria) was used to transfer the
pattern from the fabricated mask to the PR coated wafer. The employed energy of UV light is
2,200 - 2,400 mJ/cm, The nanostructure of the PR was materialized using a developer
(DVL2000, JSR corp.).

The second metal seed layer, Cr was prepared using an E-beam evaporator, followed

by the Ni electroplating on the PR structure. To remove the potential bubble between the
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nanostructures fabricated on the wafer, vacuum was applied before the Ni electroplating. The
electroplating was conducted in 5 steps, increasing current intensity gradually, in an effort to
minimize the residual stress of the Ni plate: (1) 100 mA - 500 mA for 60 min in the 1st step,
(2) 600 mA - 1000 mA in the 2nd step, (3) 1100 mA - 2000 mA in the 3rd step, (4) 3500 mA
- 4000 mA in the 4th step, and 7000 mA for 60 min in the 5th step. Finally, Ni was vacuum-

evaporated with a thickness of 100 #m - 150 4m along the nanostructure materialized on the

wafer. Subsequently, an Ni plate of about a 1000 4m thickness was developed using a
relatively high current (approximately 1A level). Following the Ni electroplating, the Ni plate
was cut into 10 cm X 10 cm using a wire cutting method for installation on the mold of an
injection molding machine. In order to identify the nanostructured patterns, the surface of the
Ni plate was observed using an atomic force microscope (AFM) (XE-100, PSIA, Korea)

(Figure 2).

Injection molding

After the nanopatterned Ni stamp was polished, it was installed on the mold. For injection
molding, cyclic olefin copolymer (COC) (TOPAS advanced polymers Co.) was employed. It
consists of beads with a diameter of around 1 mm. Prior to injection molding, the resin was

completely dried using a dehumidifier (Purpose VHMS5-LC, HANSE cop) at 70 C for 5 hr in

a vacuum environment. The temperature of the melting cylinder at the nozzle in the The mold
temperature itself and the temperature distribution on the mold surface were controlled using
the cooling line of the mold and the LFHS introduced in this study. The mold was pre-

warmed for 3 hr to secure sufficient time for thermal equilibrium.
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Injection molding analysis
We carried out numerical simulations for all the processes of injection molding in an attempt
to understand LFHS embedded nanoinjection molding. The governing equations for filling

the mold cavity are the continuity, the momentum, and the energy equations as follows:

ap By =

L4 p(V-5) =0 M

p%=—VP+V-f+pg~ 2)
ar dapP . ~

pCy =BT — +17* +V-§ (3)

where p is the density, V is the velocity vector, P is the pressure, T is the viscous stress tensor,
g is the gravity/body-force vector, Cj, is the specific heat at constant pressure,  is the
coefficient of thermal expansion, 1 is the so-called generalized Newtonian viscosity, and § is

the heat flux. Here, v is the shear rate,

. ou)? v\ 2
=G +&) @
where (u, v) are the velocity components in the (x,y) directions. The flow front in the cavity

is tracked using a fluid concentration equation, which can be expressed as

dF _

<=0 (5)

where F is the fluid concentration. Since the polymer melt was regarded as a non-Newtonian

viscous fluid in this study, the following modified Cross model was adopted for the fluid.

‘DY _ 1o(T,P)
T](T' Y, P) - 1+(170(T,P))//T*)1_n (6)

*

where 1 is the viscosity, 1, is the zero shear rate viscosity, T* is the shear stress at the
transition between the Newtonian and the Power law behaviors and n is the Power law index.

Mo can be represented as a function of temperature using the Williams-Landel-Ferry (WLF)

equation:
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Ay (T-T*(P)) ) 7

T.IO(TI P) = Dlexp <_ A2+D3P+(T—T*(P))
where T*(P) = D, + D3P. The material constants for Equations (6) and (7) and COC are

listed in Table 1 (Moldex3D).

Optical analysis
The birefringence of an injection molded part was analyzed to examine the effect of fast and
active control of the mold wall temperature in terms of the product quality. In general, the
residual stress of molded parts causes the development of birefringence, especially in
transparent plastics. The residual stress can be divided into two types: flow induced residual
stress, which arises from molecular orientation in a cavity during filling, and thermally
induced residual stress due to non-uniform cooling and shrinkage. In this sense, birefringence
is affected by flow kinematics, temperature history, and temperature distribution during the
processing stages such as the filling, packing, and cooling steps. Birefringence is defined as
follows:

An=n, —n, 3)
where n, and n, are the refractive indices experienced by the extraordinary and ordinary rays,
respectively. The sign of birefringence can be either negative or positive, while the absolute
value of the difference determines the total amount of birefringence. The birefringence value
of a specimen is not fixed, but varies with the orientation of the crystal relative to the incident
angle of illumination. The phase difference between the ordinary and extraordinary rays after
they pass through a birefringent crystal is known as retardation:

§=An-d ©)
where 0 is the retardation (as a length) and d is the thickness of the part through which rays

pass. In the case where a polarized light passes through a birefringent material, fringes
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composed of light and shade appear. The magnitude, known as the fringe order N, is related
to the differences among the principal stresses. The fringe order can be determined by the
ratio of the retardation value to the wavelength of light, A, as the following equation:

N = % (10)
For most materials, the indices of refraction remain constant. However, the index of polymers
changes with respect to the applied stress. This can be described by the following stress-optic
or Brewster’s law:

ny —n, = Cg(oy — 03) (11)
where n; and n, are the indices of refraction, Cy is the stress-optical coefficient, and o; and

0, are the principal stresses.

Structural analysis

To achieve computational efficiency, the multi-scale method was introduced to solve thermal
flow problems related with ejection of nanopillars in numerical simulation. It was a useful
means describing the nanopillars within a nanopart as a decoupled solution.

In order to describe the large deformation phenomena of burr generation in an
ejection stage, we carried out additional structural analysis by using the nonlinear
hyperelastic model as a general Mooney-Rivlin material. The model used is a general
Mooney-Rivlin hyperelastic material model defined by a polynomial. For such a material

model, the strain energy density function has the following expression:

W = 3720 Ciy(h = 3)' (L = 3) + 5 Koy — 1)? (12)
Here I; and I, are the first and second invariant of the left isochoric Cauchy-Green
deformation tensor, J; is the elastic Jacobian, C; ; are coefficients in the polynomial, and K is

the bulk modulus.
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Results and Discussion

Cylindrical nanoholes with different dimensions were first designed and arrayed in a
rectangular domain of 10 mm X 10 mm on the Si wafer (Figure 2a), and the overall 9
domains were transferred and placed in the metal master of injection molding as shown in
Figures 2b and 2c. The cylindrical pillars were 200, 300, 400, and 500 nm in diameter and
200 nm in height. Figure 3 presents a flow chart of all the processes used to fabricate the
metal stamp and replicate nanopatterns using the master insert injection molding. It is
important to note that for the nanoinjection molding process, a metal stamp with a
complementary nanostructure needs to be prepared to replicate the designed nanopatterns.
LFHS was applied to injection molding, and its effect was evaluated experimentally as well
as numerically. We also found the optimal mold temperature distribution with the use of the
LFHS. Figure 4(a) presents the domains for injection molding simulation including the LFHS,
cavity, mold insert, and runners. The inset of the figure demonstrates how the LFHS and the
metal stamp were positioned in the mold. As can be seen in the figure, the LFHS and metal
insert encompass 9 partitions, of which the temperatures can be controlled independently. As
soon as a molten polymer is injected into the mold cavity through the hot runner and cold
runner and comes into contact with the mold wall, the solidification of the polymer initiates.
Once the LFHS keeps the mold wall sufficiently hot, the generation of the so-called skin
layer in injection molded parts can be prevented. The contours of the volumetric shrinkage
and optical fringe of the injection molded parts are presented in Figure 4(b). Non-uniform
volumetric shrinkage was observed in the overall molded part in the case without using the

LFHS. The result of the optical fringe pattern was also similar to that of the non-uniform

-10 -
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volumetric shrinkage. This is attributed to two reasons, low mold wall temperature and non-
uniform mold wall temperature, even though the bulk mold temperature was controlled using
a typical cooling line system. Considering this result, the mold wall temperature was then set

to 120 C as shown in Figure 4(b). While LFHS was applied to the mold wall, the optical

fringe pattern near the gate still somewhat differed to that at the end of the cavity due to the
non-uniform volumetric shrinkage. For this reason, the 9 sections of the mold surface were
grouped into three partitions according to the distance from the gate. In order to maximize the
uniformity of the volumetric shrinkage over the entire molded part, the temperatures of the

three partitions were set to 80 C, 100 C, and 120 C with the use of LFHS. It was found that

the volumetric shrinkage was uniform for all sections, thereby leading to a significantly
reduced fringe pattern. This result indicates that if the mold wall temperature is locally
controlled in the mold filling step, we can more actively adjust the inevitable generation of
the skin layer on the mold wall and enhance the uniformity of the molded parts by
modulating the thermally induced shrinkage and residual stress 2%,

To identify the effect of LFHS on the replication quality of nanostructures, four different
sized nanoholes of 200, 300, 400, and 500 nm were fabricated via injection molding. Figure 5
shows SEM images of the nanopatterns. As expected, the case without using LFHS shows
damaged patterns, especially for the 200 nm nanostructure. This can be explained by
examining the result of the volumetric shrinkage. Namely, insufficient heating of the mold
wall and non-uniform temperature distribution result in the poor replication quality of
nanopatterns as shown in Figure 5(a). When the entire mold wall temperature was modified

to 120 C with the LFHS, significantly enhanced nanopatterns were obtained, especially in

the case of the 400 and 500 nm nanoholes. However, uniformly setting the mold wall

temperature has a limitation for the fabrication of smaller nanopatterns such as 200 and 300

11 -
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nm nanoholes (Figure 5(b)). This problem could be solved by progressively increasing the
mold wall temperature in the flow direction, which is expected to lead to a relatively uniform
skin layer and cooling behavior of the polymer melt (Figure 5(c)).

As explained above, the adjusted mold wall temperature can generate a uniform
volumetric shrinkage over the entire molded part. This is one of key advantages of the LFHS.
However, an unwanted defect of burrs appearing in the nanopatterns was observed in the

SEM images. The generation of burrs is induced by the dissimilarity between the volumetric

shrinkages of the polymer and the mold in the cooling and ejection steps of injection molding.

The amount of volumetric shrinkage of polymers is strongly dependent on the cooling rate in
the injection molding process ***°. Subsequently, the shrinkage amount determines the burr
generation phenomenon during ejection. To clarify this, we performed a structural analysis by
using the Mooney-Rivilin material for the ejection process, considering the temperature
history and material properties of the polymers and mold. Based on the stress-strain relation
calculated, the nonlinear hyperelastic behavior of polymer was considered. As shown in
Figure 6, the plastic deformation of the plastics decreased with increasing the volumetric
shrinkage. The inset shows the analysis domain adopted in the numerical simulation. Ejecting
a molded part without generating burrs is critical for a successful injection molding process.
Therefore, acquiring a proper amount of volumetric shrinkage is necessary for stable and
robust ejection. When the volumetric shrinkage of polymers is not sufficient, burrs can be
created on the edge of nanostructures due to the improper tolerance between the solidified
polymer and the mold wall. The LFHS can allow tuning of the volumetric shrinkage of the
polymer for ejecting the molded parts without damage. Overall, it is expected that the LFHS
introduced in this study can provide a new route for manufacturing polymeric nanostructures

by precisely controlling the local mold wall temperature.

12 -
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Conclusions

In the study, we developed a new controlling system of the mold wall temperature and
applied it to the injection molding process in order to fabricate polymeric nanostructures.
Different sized nanoholes were prepared via injection molding by changing the condition of
the mold wall temperature. To provide an in-depth physical understanding of the injection
molding process using the LFHS, we carried out numerical simulations of the manufacturing
process and optical and structural behaviors of the molded parts. Multiscale analysis was
conducted combining macroscale and nanoscale simulations. The finding showed that the
LFHS enabled the spatial and temporal control of the mold wall temperature in a systematic
manner, which is a key requirement for implementing successful nanoinjection molding. In
addition, the ejection behavior of the nanopatterns in the injection molding was modeled to

offer insight into the optimal cooling and ejection conditions.
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Table. 1. Material constants of the COC polymer.

n t'(KPa) D, (GPa) D,(K) D,(K/Pa) A A,

0.428 36.632 9.46x10* 343.15 0 42.775 51.6

Here, n is the Power law index, t* is the shear stress, and A;, A,, D;, D,, and D; are empirical constants for
s 1, Az, V1, Uy 3

fitting in Equation (7).
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Figure. 2. (a) SEM image of nanoholes with a 200 nm diameter on the Si wafer, (b)
schematic of nanopillar array and AFM images of the nanopatterned matal insert, and (c)

Ni stamp with nanopatterns.
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Figure. 3. Schematic diagram of the fabrication procedures for metal stamp using the

MEMS techniques and for polymeric nanostructures using injection molding.
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Figure. 4. (a) schematic description of the entire domain for injection molding simulation
including the LFHS, cavity, mold insert, and runners and (b) volumetric shrinkage and

fringe pattern of injection molded parts at different molding conditions.
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A new local film heating system (LFHS) can precisely control the local mold wall

temperature in the nanoinjection molding process.
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