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Abstract
The fabrication of micro-scale components requires a high degree of precision in the

manufacturing process. The microsystems obtained by using the hot embossing (HE)
process is widely developed in various fields, since it allows to emboss complex struc-
tures at micro/nano scale such as optical sensors, diffractive lenses, microfluidic chan-
nels and so on. The development of micro-parts via this process requires in-depth anal-
ysis of the surface quality obtained and the mould filling rate. It is essential to analyze
the influence of the properties of the polymers employed in the HE process on the final
filling quality of the mould, in order to optimize the process in terms of cost, quality
and productivity. In this research, compression tests were carried out with two poly-
mers, Poly(methyl methacrylate) (PMMA) and Polycarbonate (PC), at different tem-
peratures (Tg+20°C and Tg+30°C) to determine their elastic, plastic and viscous prop-
erties. Numerical simulation of the HE process was carried out by using Abaqus finite
element software, taking into account the mechanical properties of both polymers and
the characteristics of microchannels. The aim was to analyze the effect of the elastovis-
coplastic properties of the materials on the mould filling rate at different temperatures.
The two-layer viscoplastic model was employed to describe the viscous behavior of the
polymers on mould filling. Numerical simulation of HE process with PMMA shows
that the mould cavity is completely filled with elastoviscoplastic behaviors, and the
filling rate increases as a function of mould displacement. On the other hand, for PC,
the viscous properties have little influence on the filling of the mould, and good filling

of the cavity is obtained with the elastoplastic property.
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1. Introduction

The demand for microstructures continues to grow. It needs to improve the manu-
facturing process for fabricating the micro components at lower cost and in less time.
Hot embossing (HE) is the perfect technique for manufacturing small-scale devices on
a large scale. Thermoplastic polymers such as PS, PMMA and PC are mainly used as
processing materials in HE [1]. HE is a promising technology for mass production of
PMMA and PC microstructures due to its high efficiency, low cost, and high replication
accuracy.

Cheng et al. [2] successfully employed HE with an innovative injection-moulding
press and mould to manufacture PMMA microfluidic systems slightly above its T,.
Wang et al. [3] took into account the polymer's recovery properties and optimized the
related processing duration and temperature of the micro HE process and achieved a
filling with high precision and efficiency. Kasztelanic et al. [4] employed HE process
to develop the optical devices with ZBLAN glass . Their work was aimed at optimizing
the process to eliminate the product defects. Deshmukh et al. [5] analyzed the replica-
tion accuracy of embossed micro-channel by optimizing the HE processing parameters.
The process was also numerically simulated by using different methods to analyze the
quality of the product obtained. Worgull et al. [6] employed Moldflow to simulate
mould filling, and applied ANSYS for demoulding simulation to describe the typical
damage of the replicated microstructures obtained by HE process.

Many experimental tests have been performed to analyze the behaviour of amor-
phous thermoplastic polymers and identify their properties in the temperature range
below Tj. Cheng et al. [7] employed the compression tests to investigate the viscoelas-
tic behaviour of PMMA during the micro HE process. The viscoelastic, viscoplastic,
and elastic-viscoplastic models have been developed to explore the physical constitu-
tive behaviour laws of amorphous thermoplastic polymers. The Two-Layer Visco-
Plastic (TLVP) model behaviour law was initially developed for metals. It was com-
posed by two parallel elastoplastic and viscoelastic branches. Charkaluk et al. [8] em-
ployed an elastic-viscoplastic constitutive law with a two-layer model under thermo-
mechanical loading for cast-iron exhaust manifolds. Abdel-Wahab et al. [9] investi-

gated the plastic, elastic and viscous properties of PMMA at large strains with a TLVP



model. The parameters were identified according to the experimental data from differ-
ent mechanical tests under various loading conditions below T;.

In this paper, the HE process for producing microchannels in PMMA and PC was
investigated numerically with the TLVP model. Compression tests were carried out at
Tg+20°C and Tg+30°C to identify the elastic, plastic and viscous parameters of the two
polymers. HE simulation was carried out to determine the influence of material param-
eters on mould filling efficiency.

2. Description of HE process and TLVP model
2.1 Description of micro HE process

The HE process is one of the polymer replication processes for elaborating the mi-
crostructures. The process is especially suited for manufacturing small and medium
series of microcomponents [10]. Fig. 1 shows the steps of HE process to elaborate mi-
cro-scale components (Moulding, cooling, demoulding). As illustrated in Figure 1, the
process consisted of a mould, which was pressed against a polymer substrate that was
heated to a temperature that was typically above the glass transition temperature of the
polymer material. A holding time was necessary under heat and pressure to allow the
polymer to flow completely all the patterns in the mould. Upon cooling down and sep-
aration (demoulding step) of the mould from the polymer substrate, a reversed image

of the pattern would be imprinted on the polymer surface [11].
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Fig. 1.Schematic picture of the HE technique [12].



The main advantage of HE is the possibility to manufacture the devices with various
patterns thanks to its easy operation, high accuracy, mass production, short cycle time
and cost effective. The HE is employed to produce different geometries in microscales
Fig. 2. HE process can be used to replicate the geometries from simple (triangular, rec-
tangular with shape repetition...) to complex shapes (microfluidic, MEMS...).

Fig. 2. Different types of 3D geometrical patterns [13].

2.2. Description of TLVP model

This model was employed to describe the viscous and plastic behaviours of polymers
at high temperature. In this research, the model was adapted to describe the behaviour
of PMMA and PC. All the parameters of TLVP were identified based on the compres-
sion tests. The TLVP model is shown in Fig. 3.

H
NN
Kp
FaVaVvaX
Oy
KV
I AV AV AN | 1
—_—
nm

Fig. 3. One-dimensional idealisation of the TLVP model [14].

The TLVP model considers the elastic, plastic, and viscous deformations of a mate-
rial and was implemented in the Abaqus® software. The elasticity is defined by the



linear isotropic elastic part. f is the proportion of elasticity in the viscoelastic branch to
the total elasticity. The total modulus is defined as K = Kp + Kv. f is defined as follows:

(¢ K

K, + K,
!KFK—Kp (1)
l _K-K,
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where K,, the elastic modulus of the elastoplastic branch and K, is the elastic mod-
ulus of the viscoelastic branch.

The total stress is defined by adding the viscous stress g, in the viscoelastic branch
and stress a,, in the elastoplastic branch and the total stress o is given by:
o =0, + 0y, (2)

A time-hardening power law was used for the viscous behaviour by setting m = 0;
this means that the viscous strain rate ¢ is independent of time:
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where A and n represent the Norton—-Hoff law, t represents the testing time.

The elastic strain €' is divided into a viscoelastic part eg' and elastoplastic part £':

e = fell + (1 - f)ef! (5)

The total strain includes the elastic and plastic strains in the elastoplastic branch P
and the viscous strain in the viscoelastic branch £”:

e=¢e%+ fev + (1 — f)eP! (6)

3. Results of experimental characterization tests

Uniaxial compression tests were performed to identify the material parameters of the
viscoplastic constitutive behaviour at Tg+20°C and Tg+30°C for PMMA and PC. The
plastic parameters of the polymers are extracted in the plastic domain of the stress-

strain curves. According to the stress-strain curve of the compression response at Tg+20



°C and Tg+30°C, the plastic strains were identified at various stresses, as listed in Table
1.

Table 1. Plastic strain parameters of PMMA at Tg + 20°C and Tg+30°C

Tg+20°C Tg+30°C

oP (MPa) &P oP (MPa) gP

0.50 0 0 0
0.51 0.01 0.10 0.01
PMMA 0.90 0.04 0.30 0.05
1.49 0.11 0.5 0.11

0.20 0 0 0
pC 0.39 0.40 0.14 0.40
0.62 0.50 0.21 0.50

0.90 0.56

viscoplastic model were summarised in Table 2.

Table 2. TLVP model parameters at Tg + 20°C.

The parameter f was calculated with Eq. (1) and the material constants in the elastic-

Parameters PMMA PC
K, (MPa) 3.61 2.17
K (MPa) 33.38 31.73
f 0.89 0.93
A (Pa) 6.63x10° 1.71x10*
n 0.88 0.70
m 0 0
4. Results of numerical simulation of HE process

The numerical simulation of the HE process was carried out on Abaqus by taking
into account the elastic, plastic and viscous properties of PMMA and PC at different
temperatures. A 2D axisymmetric geometry model representing the mould and polymer
is illustrated in Figure 4. The filling efficiency was investigated with different displace-
ment of the mould : d=0.05 mm, d=0.10 mm, d=0.15 mm and d=0.20 mm.
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Fig. 4. 2D axisymmetric geometry model used to simulate the micro HE process.

4.1. Results and discussions of mould filling ratio for PMMA

Numerical simulation was carried out for both polymers in order to determine the
Von-Mises stresses as well as to determine the influences of the material properties on
the mould filling rate.

The results of the numerical simulation of the HE process for PMMA at Tg+20°C in
terms of mould filling rate are shown in Figure 5. The filling rate increases with mould
displacement. Elastic, elastoplastic and elastic-viscoplastic behaviours are considered
in the numerical simulation. The mould is 99.99% filled by Appling the elastovisco-
plastic behaviour on PMMA. It indicates that the viscous behaviour plays a very im-
portant role in the filling of micro cavity.
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Fig. 5. Cavity filling ratio versus different imposed displacements and constitu-
tive behaviours.



The Figure 6 shows the filling of the mould with the combination of PMMA’s elas-
tic, plastic and viscous properties at Tg+20°C. The cavity filling ratio increased with
the imposed displacement. When the imposed displacement was 0.2 mm, the micro-
cavity was almost completely filled. Based on the filling ratios obtained at the same
imposed displacement of 0.2 mm, using the elastic-viscoplastic model increased the
filling ratio in the numerical simulation. This result demonstrates that the micro-cavity
was almost completely filled when the elastic, plastic, and viscous behaviours were all

considered during the simulation.
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Fig. 6. Von Mises stress results for the PMMA substrate specimen during the
whole process with the elastic-viscoplastic model at Tg+20 °C: (a) d = 0.05 mm,
(b)d=0.1 mm, (c) d=0.15mm, and (d) d = 0.2 mm.

4.2. Results and discussions of mould filling ratio for PC

Numerical simulation of the HE process was also carried out at Tg+20°C and
Tg+30°C for PC, taking into account the elasto-viscoplastic parameters of the polymer.
The filling rate in the elasto-viscoplastic case was similar to that in the case where we
only used the elastoplastic properties of PC. This means that for PC, the viscous prop-

erties have less influence on the mould filling rate.
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In order to visualize the influence of temperature on the mould fill rate, the Figure 7
shows a comparison of filling rates for PC as a function of temperature (Tg+20°C and
Tg+30°C) and mould displacement, taking into account elastic and elastoplastic prop-

erties. The filling ratio increases slightly with temperature.
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Fig. 7. Cavity filling ratio versus different imposed displacements for PC with
elastic and elastoplastic behaviours.

5. Conclusions

The aim of this work was to investigate the influence of the elastic, elastoplastic, and
elastic viscoplastic behaviours of polymers (PMMA and PC), on the filling efficiency
of the micro HE process. The TLVP model was employed to model the elasto-visco-
plastic property. The identification of the elastic, plastic and viscous parameters was
effectuated according to the true stress—true strain curves obtained in uniaxial compres-
sion tests at different temperatures: Tg+20°C and Tg+30°C.

For PMMA, a filling rate of 99% was obtained taking into account the elasto-visco-
plastic property, which means that the viscous property of PMMA influences the filling

rate. For the PC, the viscous property possesses less influence on the filling rate of the
mould in HE process.
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