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Abstract: The filling efficiency during the hot embossing process at micro scale is essential for micro-
component replication. The presence of the unfilled area is often due to the inadequate behavior
law applied to the embossed materials. This research consists of the identification of viscoplastic
law (two-layer viscoplastic model) of polymers and the optimization of processing parameters.
Mechanical tests have been performed for two polymers at 20 °C and 30 °C above their glass
transition temperature. The viscoplastic parameters are characterized based on stress—strain curves
from the compression tests. The influences of imposed displacement, temperature, and friction on
mold filling are investigated. The processing parameters are optimized to achieving the complete
filling of micro cavities. The replication of a micro-structured cavity has been effectuated using this
process and the experimental observations validate the results in the simulation, which confirms the
efficiency of the proposed numerical approach.

Keywords: hot embossing process; thermoplastic polymer; mechanical behavior laws; viscoplastic
model; numerical modelling; friction coefficient

1. Introduction

As the demand for better microstructural control is increasing continuously, it is
necessary to develop an efficient process to manufacture micro-structured component at
lower cost in less time. Hot embossing (HE) consists of heating the polymer substrate to
an adequate temperature and compressing it with an imposed pressure or displacement.
The micro features in the mold are embossed on to the polymer surface. It is a suitable
process for the accurate replication of high-quality features with high aspect ratios, high
porosity, and a large surface area at the micro/nano scale [1]. Polystyrene, poly (methyl
methacrylate) (PMMA) and polycarbonate (PC) are polymeric materials mainly employed
in HE. The main processing parameters are pressure, forming temperature, time, and
demolding temperature [2].

Kim et al. investigated acoustic wave detection using a PMMA-based device obtained
via HE [3]. A polymer layer was successfully replicated with high accuracy to improve the
performance of a tunneling sensor. Deshmukh et al. optimized the processing parameters,
such as embossed time, pressure, and temperature to manufacture a microchannel with
polymer substrate [4]. Generic algorithm and Taguchi method were applied to achieve high
replication accuracy approximately 96%. An in situ observation method was proposed to
capture the filling ratio of the microchannel using HE [5]. The effects of various parameters
on replication efficiency were investigated to satisfy its reproducibility on the PMMA
microstructures. Liu et al. studied the deformation of PMMA in the filling stage of micro
HE [6]. The replication precision was significantly improved during the stress relaxation
and deformation recovery stage. Wang et al. improved HE to replicate the inverted pyramid
microstructure array on a PMMA surface, which demonstrated high replication accuracy
and good hydrophilic effect [7].

Polymers 2024, 16, 1417. https:/ /doi.org/10.3390/polym16101417

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym16101417
https://doi.org/10.3390/polym16101417
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://doi.org/10.3390/polym16101417
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym16101417?type=check_update&version=1

Polymers 2024, 16, 1417

20f 18

Chang and Yu introduced an ultrasonic-assisted HE process to fabricate the micro lens
arrays with a PMMA substrate [8]. The obtained microstructures were confirmed to be
satisfactory after the measurement of geometrical and optical properties. This simple and
rapid method has potential for the mass-production manufacturing of micro lens arrays
with low cost and high accuracy. Yang et al. used the carbon dioxide gas in HE to achieve
a large-area replication with a PMMA substrate [9]. The main advantages of this innova-
tive gas-assisted embossing technique were lower processing temperature and pressure,
associated with a more uniform pressure distribution. Wu et al. confirmed the efficiency
of a gas-assisted HE process in the replication of a PMMA micro lens array [10]. Less
residual stress was observed on the replicated substrate because of the lower embossing
temperature and pressure. Cogun et al. studied the effects of HE processing parameters,
such as force, time, and temperature, on the filling rate of microfluidic channels [11]. The
experimental tests were carried out using the micro-milled aluminum mold with various
widths. However, only the effects of the hardness of polymer substrate as a function of
temperature were considered in the numerical simulation. Other mechanical properties
of the polymer substrate and the suitable material behavior laws are still lacking in the
optimization of HE.

The thermoplastic polymers employed in HE are embossed above their glass transition
temperature (Tg). The polymers exhibit highly temperature dependent properties, includ-
ing elastic, viscous, and plastic behaviors. The complex mechanical properties should be
characterized in the temperature range above Tg.

A two-layer viscoplastic model (TLVP) is available to describe viscoplastic behavior of
a polymer at high temperature [12]. Kichenin et al. used it to carry out the numerical simu-
lation of the cyclic pressure test on a polyethylene specimen [13]. Bianca et al. employed
the TLVP model to predict the mechanical behavior of a thermoplastic polymer under
various strain rates, specifically for the description of its viscoplastic properties [14,15].
Its parameters were identified based on the stress—strain data obtained in the tensile test.
The TLVP model has been applied to predict the relaxation stress vs. time for polymers at
various strain rates [16]. Tensile tests were performed to characterize the material parame-
ters. Rabhi et al. used this model to determine the rheological parameters of PMMA and
studied the effect of elastic—viscoplastic behavior on mold filling via HE [17]. Abdel et al.
employed the model to describe the deformation of PMMA over a large temperature zone
under Tg [18]. This model was observed to offer better consistency with the experimental
data than the elastoplastic one.

The simulation of HE is performed to optimize the replication of micro-components.
Yun and Kim proposed a computational analysis approach to efficiently determine the
HE processing parameters [19]. A constitutive model considering the work hardening
and strain softening was applied to describe the thermomechanical behavior of PMMA.
The finite element method (FEM) was selected, associated with an arbitrary Lagrangian—
Eulerian remeshing approach, to carry out the simulation of HE. Gomez et al. investigated
the mold filling of a PMMA micro structure in HE [20]. A 2D deformable geometric
substrate was created to model the polymer flow under various embossing temperatures
and forces. The numerical results were validated by the experimental observations in
the same processing conditions. Guo et al. effectuated the numerical simulation of the
demolding stage in HE using FEM [21]. The thermal stress distribution of a replicated
PMMA sample during cooling and demolding was analyzed, which indicated that the
friction between the mold and PMMA sample affected the polymer deformation. Kiew et al.
proposed a constitutive model to characterize the PMMA behavior during HE [22]. The
effects of embossing time were studied and confirmed with the experimental results. The
frictional effects during HE on the mold filling were not exploited. Wang et al. employed a
generalized Maxwell model for describing the viscoelasticity of an amorphous polymer
in HE [23]. The relaxation tests at various temperatures were effectuated to identify the
material parameters. According to the numerical simulation and experimental investigation,
enough embossing time was required for filling completely the microstructures with a
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large cross-sectional area. Mondal et al. studied the deformation mechanism of PMMA
with a generalized Maxwell model considering the contact friction and thermal expansion
effects [24]. The experimental tests were effectuated and compared with simulation results
to validate the numerical approach. A parametric optimization was performed to improve
the filling depth of the replicated polymer.

Cheng et al. investigated HE to develop microfluidic devices [25]. Their study included
an identification of material behavior and filling simulation of the process. PMMA and PC
are the most appropriate amorphous thermoplastic polymers for HE. PC is often employed
in mechanical engineering due to its excellent mechanical properties [26].

This paper is a continuation of the work of Rabhi et al. [17], studying the effects of
viscoplastic behavior on the mold filling accuracy of micro HE. The main objective of
this research is to propose a suitable viscoplastic behavior law of polymers and improve
the simulation efficiency of HE. Mechanical compression tests have been performed to
characterize the properties of PC and PMMA above their Tg. The TLVP model has been
identified by an inverse method to determine the behavior law of the selected polymers.
The contact friction is often ignored in the numerical simulation of HE. It is important
to include the interface friction between the polymer substrate and mold to improve the
process simulation accuracy. The effect of the friction coefficient on the mold filling was
analyzed at micro scale. A series of experimental tests have been performed to confirm the
numerical simulation results.

2. Manufacturing Process, Experimental Tests and Behavior Law
2.1. Description of HE

In the case of HE, a polymer plate is pressed by a micro-structured tool above Tg. It is
maintained for a certain time, and cooled to a temperature under Tg to separate from the
mold [27]. Figure 1 shows the steps of HE to create micro-structured components [28]. The
micro-structure from the mold is transferred on to the polymer plate by the application of
optimized temperature and pressure. The polymer plate exhibits viscoelastic or viscoplastic
behaviors during HE. The characterization of the mechanical behavior of the polymer is
essential to identify the suitable processing parameters in HE. An appropriate behavior
law is also indispensable to accurately simulate the process.

Surface microstructure y¥ -

Heated
metal plates

Figure 1. Schematic diagram of HE to replicate micro/nano patterns on polymeric film.

HE is applied to replicate different micro patterns in various thermoplastic polymers.
Figure 2 shows different geometrical shapes at micro scale obtained with PMMA [29].
Circular patterns with a diameter lower than 0.001 mm, threadlike lines with a lateral width
of 0.025 mm, and hexagonal shapes with s side length of 0.015 mm and 0.003 mm spacing
between the hexagons were successfully obtained.
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(a) 0.005mm (b) 0.1mm (C) 0.01mm

Figure 2. SEM images of (a) circular, (b) threadlike, and (c) hexagonal replicated microstructures
obtained via HE.

The main advantage of HE is the possibility to create a device with a large surface and
to obtain a complex structure at micro/nano scale, such as an optical sensor, diffractive lens,
microfluidic channel, and so on. Tan et al. focused on the state of art creation of optical
Fresnel lenses, and micro HE exhibited high accuracy compared to other manufacturing
processes [30]. Jiang et al. improved the embossing process with the optimized processing
parameters to produce a microfluidic channel [31]. Fewer mold tools are required in HE,
and it is relatively easy to carry out [32]. Compared with conventional processes, less
residual stress is obtained in the replicated substrate because of the lower processing
temperature. The principal challenge in HE is to optimize the embossing temperature and
pressure to achieve the full mold filling with the selected polymer.

2.2. Differential Scanning Calorimetry (DSC)

The thermal properties of the embossed polymer need to be characterized in order to
optimize the processing temperatures. DSC is used to identify the thermal behavior of two
thermoplastic polymers (PC, PMMA) and determine their Tg. In this temperature range,
the state of the polymer changes from glassy to rubbery. The embossing temperature of HE
is slightly above the Tg of the replicated polymer. Tg is an important parameter used to
ensure a high-quality replication without defects in HE. In this research, the DSC tests were
performed from 25 to 295 °C (heating rate 2 °C/min). Two heating—cooling cycles were
carried out for each analysis. The first cycle was used to eliminate the thermal history of the
polymers (humidity, residual stress). The second cycle was retained for the measurement
of Tg. The values of Tg of PMMA and PC are summarized in Table 1.

Table 1. Tg of PMMA and PC obtained in DSC tests.

Polymer Transition Interval (°C) Tg (°C)
PMMA 112-117 114 +£1
PC 137-144 140 +£1

2.3. Description of TLVP Behavior Law

TLVP behavior law involves elastic, plastic, and viscous parts. It consists of an
elastoplastic branch in parallel with a viscoelastic one, represented in Figure 3 [33]. The
elastoplastic branch consists of linear hardening, connected in parallel with the viscoelas-
tic branch consisting of the Maxwell model. o is stress, ¢ is strain and oy is the initial
yield stress.

o is calculated by the sum of elastoplastic stress Op and viscoelastic stress oy, repre-
sented as follows:

0 = 0p + oy, 1

The true stress—strain in the elastoplastic branch is described as the following equations:
Gp:prsifapgoy, )

op = Hx e"if op > oy, 3)
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where Ey, is elastic modulus in the elastoplastic branch and n; is the work hardening
exponent. Hardening parameter H is defined as [34]:

1
o eP E
H x €M = = (ey + eP)M = oy(1+ —)™ = 0y (1 + —ePh)™, (4)
&y £y oy
where ey is strain at oy and eP! is the plastic strain.
Viscoelastic stress oy is expressed as:
_1. 1
oy = A ™gm, )

Time-hardening m is set to zero, in the case that the strain rate ¢ is independent of time:
¢ = Ao2t™, (6)

where A represents strength coefficient, ny represents strain hardening of Norton—-Hoff law
(creep strain rate = Ao™2), and t is time.
The total modulus is defined as:

E= Ep +Ey, (7)

where Ey is the elastic modulus in the viscoelastic branch.
f is the proportion of elasticity in the viscoelastic branch to the total elasticity, which is
calculated as:

Ey
f=—v—, 8
T ®)
The elastic strain ¢! consists of viscoelastic component ¢! and elastoplastic component
sf,l:
e = el 4+ (1 1) sle;,l, 9)

Figure 3. Representation of TLVP model.

2.4. Uniaxial Compression Test

Uniaxial compression tests were carried out to characterize the mechanical properties
of PC and PMMA. The polymer specimens were fabricated by injection molding process.
They were heated to anneal for 2 h before the compression test. The cylindrical polymer
specimen was compressed between two metallic molds in an oven, as shown in Figure 4.
The tests were carried out at Tg + 20 °C and Tg + 30 °C and repeated five times to be
consistent with the loading conditions.
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Moving upper plate

Sample

Fixed bottom plate

Figure 4. Description of uniaxial compression test with cylindrical polymer specimen (the length of
the specimen is 18 mm and its diameter is 10 mm).

2.5. Description of Simulation Approach

The aim of the simulation was to investigate the effects of the mechanical behavior
of the material at micro scale on mold filling by taking into account its viscoelasticity and
elastoplasticity. The simulation of HE was performed with two selected materials (PC and
PMMA substrates with a thickness of 1 mm) using FEM, as demonstrated in Figure 5. The
elastoplastic and viscoelastic parameters were determined with the results obtained in the
mechanical tests. The influence of friction parameter pu between the mold and the polymer
on the filling ratio was investigated in the current work.

Identify Tg ]1\[ DSC analysis ]
v

TLVP model

Compressmn 1
Elastic and tests
plastic propertles

Equations (5)—(8
VlSCOplaStIC quations G)~(&)

Parameters
identification

Equations (1)—(3)

von Mises stress

Abaqus

FEM model in }

|
|
[
{
[
[

Effect of friction
Filling efﬁ01ency of
the micro cavity

Figure 5. Flowchart to analyze mold filling in HE at micro scale.

A 2D axisymmetric substrate was created to simulate the displacement of polymer
in the micro cavity, as shown in Figure 6. The mold was cylindrical, with a radius of
0.1 mm and a height of 0.05 mm, which was considered as a rigid body due to its much
higher stiffness. The polymer substrate with 1 mm height was placed under the mold. The
polymer substrate was treated as a deformable solid, described by a TLVP behavior law.
The Coulomb friction model was proposed to describe the contact friction between the
mold and the substrate. A constant friction coefficient was applied with the penalty friction
formulation. The boundary conditions were applied with a constant imposed displacement
of the mold and a zero-displacement imposed on the bottom surface of polymer substrate.
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[}
Axis of symmetry

Figure 6. Description of 2D simulation model in HE.

The mesh applied on the polymer plate consists of free triangular and quadratic
elements. The total number of elements was 3322 with a minimal size of 0.002 mm in
the contact area between tool and polymer, as shown in Figure 7. The CPU time of the
simulation is around 600 s with a 2.4 GHz processor and 8 GB random access memory.

Figure 7. Finite element meshes of the contact zone between tool and polymer used in the simulation
model.

3. Characterization Results of PMMA and PC
3.1. Results of Compression Tests
The uniaxial compression tests were conducted with PMMA and PC to determine
the viscoplastic behavior parameters. To determine the plastic behaviors of these two
studied polymers, a displacement rate of 0.54 mm s~ was imposed on the samples at two
temperatures (Tg + 20 °C and Tg + 30 °C). The true stress o and strain ¢ were determined
with the following equations:
_F _FxHy
N g N SO X HOI
where Hj is the initial height, Sy, S are the initial and final cross section, respectively, and
H; is final height after the compression test.

e = ln<E—(1)), (11)

Figures 8 and 9 illustrate the true stress—strain curves for the PMMA and PC samples.

(10)
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Figure 8. Evolution of true stress as a function of strain in compression tests for PMMA at different
temperatures.
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True strain

Figure 9. Evolution of true stress as a function of strain in compression tests for PC at different
temperatures.

For PMMA, the true stress increases with strain with a maximum value of 1.49 MPa
for Tg + 20 °C and 0.5 MPa for Tg + 30 °C. The true stress decreases with temperature at
the same true strain. The obtained true stress—strain curves of PMMA are coherent with the
results obtained by Federico et al. [35]. For PC, the true stress increases with strain, up to a
maximum value of 0.9 MPa for Tg + 20 °C and 0.95 MPa for Tg + 30 °C. At the same true
strain, stress decreases with temperature.

The plastic deformation of PMMA is more important than that of PC at the same
temperature range. PC exhibits lower mechanical properties and viscosity. The obtained
true stress—strain curves are coherent with the results obtained by Tang et al. [36]. At Tg
+ 20 °C, the true stress—strain curve of PMMA has two domains, an elastic domain up
to 2% deformation corresponding to a stress of 0.7 MPa and a plastic domain after 2%
deformation. At Tg + 30 °C, the transition from elastic state to plastic state is not significant.
For PC, the true stress—strain curves at different temperatures show the same trend and
consist of a small elastic range and an exponential increase in the plastic state. The elastic
and plastic parameters of the polymers were identified from the experimental data and are
summarized in Table 2.
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Table 2. Elastic modulus, plastic strain, and stress of PMMA and PC at two temperatures.
Tg +20°C Tg+30°C
Polymer  g(MPa) o, (MPa) eP! E(MPa)  op (MPa) eP!
+0.005 +0.005 +0.005 +0.005 +0.005 +0.005

0.50 0 0.05 0
0.80 0.01 0.20 0.03
PMMA 3.61 1.10 0.04 281 0.40 0.07
1.40 0.08 0.50 0.10

0.12 0 0.09 0
0.20 0.05 0.10 0.10
PC 217 0.27 0.10 0.97 0.12 0.15
0.60 0.13 0.18 0.20

3.2. Identification of TLVP Parameters

The inverse method was applied with an optimization procedure to minimize the sum
of squares of deviations between the uniaxial compression test data and the actual one. The

assessment function E(X), representing the average of least squares errors, was defined as
follows [15]:

| B0 = || - PO =i
min E(X) = 1:21 N , (12)
where X is an unknown vector that collects a, b, and ¢ parameters, y(X) denotes the
calculated true stress—strain response, yI"(X) is the measurement data from experimental
tests for vector X, N is the parameter number, and () is the analysis space for X.

The relaxation tests were performed to identify the viscoelastic behavior of the polymer
above its Tg. A strain rate ¢ = 0.03 s~! was imposed on the sample up to a final strain level.
The evolution of true stress vs. time was measured. The relaxation tests were effectuated
at six different true strains (from 0.06 to 0.40). The true stress—strain curves obtained at
different strains are plotted in Figure 10. As a conclusion, the true stress of PC decreases
with time. A great descent of true stress appears during the first 20 s. At the end of the test
(100 s), the value of true stress is close to zero.

0.2

0.18

0.16
~0.14
& ——£=0.06
S 0.12 :
g ol e=0.12
g e=0.18
2 0.08 £=0.25
& 0.06 —--£=0.33

0.04 ——e=0.4

0.02

0 =ttty
0 20 40 60 80 100

Time (s)

Figure 10. Evolution of true stress vs. time for PC under different strains at Tg + 20 °C.

An exponential equation, including three parameters, was used to characterize the
viscoelastic behavior of PC at Tg + 20 °C. The parameters (a, b, and c) in Equation (13) were
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identified with the least squares method based on the experimental results obtained at six
different strains:
or =axexp(—bxt)+c (13)

where oy is relaxation stress, a and b are material constants, and c is equilibrium stress.

The obtained parameters with the coefficients of determination (R?) are summarized
in Table 3. The value of R? is close to 1, indicating a strong coherence of the obtained
parameters with the experimental tests.

Table 3. Fitting parameters for PC in stress relaxation tests.

Strain a b ¢ (MPa) R?
0.06 0.081 0.1802 0.0010 0.9772
0.12 0.101 0.2201 0.0020 0.9830
0.18 0.153 0.1901 0.0038 0.9797
0.25 0.169 0.2301 0.0040 0.9903
0.33 0.174 0.2001 0.0050 0.9899
0.40 0.170 0.1801 0.0060 0.9944

The strain rate is zero, because the true strain remains constant in the relaxation test.
The viscoplastic strain rate ¢é'¥ is represented by the following equation:

e = ¢, (14)
where ¢ is elastic strain rate. Hooke’s law is applied for describing the relation of the

elastic strain and stress. A power law is provided to explain the evolution of stress vs.
plastic strain:

el o
=2 1
e =g (15)
ePl = Ao™, (16)

where E is the elastic modulus, A is strength coefficient, and n; is strain hardening exponent.

- el . . . . . .
E and ¢ are expressed as follows, with the viscoplastic strain rate ¢'F [37]:

el E
Pl = Ao 1g, (18)
l/m1
-vp _ O—¢C 1
er = ] (19)

where K and m; are material constants. c is found in the quasistatic elastoplastic relation:

e = <+ A, (20)
E
where ¢ is the total strain:
e = el 4¢Pl 4 ¢'P, (21)

Five material constants (E, A, ny, K, m;) are required for the elastic—viscoplastic model.
K and m; are identified based on the true stress vs. viscoplastic strain rate curve. A and np
are identified by the equilibrium stress curves at different strains, as shown in Figure 11,
according to the equation:

In(eP!) = In(e — %) =mnIn(g) +In(A), (22)
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Figure 11. Plastic stain vs. equilibrium stress curves at six strains to identify A and n,.

Table 4 shows the parameters identified from experimental tests for the TLVP model
(viscous and plastic parameters) and the elastic properties of the two materials.

Table 4. Identification of TLVP model parameters of the studied polymers at Tg + 20 °C.

Identification
- PMMA PC
Parameter Equation

Ep, (Pa) @) 3.61 x 10° 2.17 x 106
E (Pa) ) 3.338 x 107 3.173 x 107

f ®) 0.89 0.93
A (Pa) 6.63 x 107° 1.71 x 1074

n, (16), (18) 0.88 0.70

m; (19) 0.84 0.93
K (Pa) 3.338 x 107 3.173 x 107

v - 0.4 0.37

4. Simulation Results of the Mold Filling in HE

Various behavior laws were applied to PMMA and PC to analyze their effects on
mold-filling efficiency in micro HE. The influences of friction coefficient and embossed
temperature were also involved in this research. Numerical simulation was performed
with the identified parameters as shown in Table 4.

4.1. Effect of Imposed Displacement

The elastic behavior was considered in this simulation to observe the filling evolution
of PC substrate with different imposed displacements (0.05, 0.10, 0.15, and 0.20 mm). Based
on Figure 12a—d, the filling evolution of polymer was represented. As a conclusion of
simulation, the maximal von Mises stress was obtained at the mold corner, which was
independent of imposed displacement. The lowest value of von Mises stress was 0.62
MPa, obtained with the imposed displacement of 0.05 mm. The highest value was 1.60
MPa, obtained with the imposed displacement of 0.2 mm. The mold filling ratio increased
with the imposed displacement, but a micro-gap was unfilled in the process, even with a
maximum imposed displacement.
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S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
0.6242 1.222
0.5734 1.125
0.5227 .028
0.4720 0.9307
0.421 0.8335
0.370 0.7362
0.3197 0.6390
0.2690 0.5417
0.2182 0.4445
0.1675 0.3472
0.1168 0.2500
0.0660 0.1527
0.0153 0.0555
S, Mises S Mises
(Avg: 75%) (Avg: 75%)
1421 1.601
1.310 1,480
1.198 1359
1.086 1237
0.9741 1116
0.8623 0.6947
0.7505 0.8734
0.6386 0.7520
0.5268 06307
0.4150 0.5093
0.3032 0.3880
0.1913 0.2667
0.0795 0.1453

Figure 12. Evolution of von Mises stress in PC at Tg + 20 °C with different imposed displacements:
(a) 0.05 mm, (b) 0.1 mm, (c) 0.15 mm, and (d) 0.2 mm.

4.2. Effect of Plasticity of PC

The elastoplastic behavior (Equations (2) and (3)) was considered in this simulation to
observe the filling evolution of PC with different imposed displacements (0.05, 0.10, 0.15,
and 0.20 mm). Figure 13 shows the evolution of von Mises stress values of PC substrate
in HE. The maximal value of von Mises stress was approximately 0.9 MPa. Because
of the plasticity of polymer, the concentration of stress increased in size with imposed
displacement, confirmed by the maximum stress zone enlarged with imposed displacement.
Similar with the observation in Section 4.1, the mold filling ratio increased with imposed
displacement.

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
0.9000 0.9000
0.8275 .8302
0.7551 .7604
0.6826 0.6907
0.6102 0.6209
0.5377 0.5511
0.4652 0.4813
0.3928 0.4115
0.3203 0.3418
0.2479 0.2720
0.1754 0.2022
0.1030 0.1324
0.0305 0.0626

Figure 13. Evolution of von Mises stress in PC using elastoplastic model at Tg + 20 °C with different
imposed displacements: (a) 0.05 mm, (b) 0.1 mm, (c) 0.15 mm, and (d) 0.2 mm.

4.3. Effect of TLVP Model

The elastic—viscoplastic constitutive behavior (TLVP model) of PC and PMMA was
applied in this numerical simulation. The material parameters were set based on the
value obtained in Table 4. A comparison of the cavity filling ratio with the case of elastic
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behavior was effectuated to analyze the effects of TLVP model on the deformation of
polymer in micro HE, as shown in Table 5. The filling ratio increased as a function of
imposed displacements for PMMA and PC.

Table 5. A comparison of filling ratio of PMMA and PC with different imposed displacements from
0.05 mm to 0.20 mm and constitutive behavior laws (elastic and elastic-viscoplastic).

Elastic Elastic—Viscoplastic
Imposed Displacement (mm)
PC PMMA PC PMMA
0.05 43.22% 43.00% 52.10% 98.40%
0.10 76.15% 88.00% 90.50% 98.90%
0.15 89.10% 91.50% 96.60% 99.16%
0.20 97.30% 95.34% 98.00% 99.99%

With the same imposed displacement, the polymer flow filled better in the cavity
mold when the elastic—viscoplastic behavior was applied. At the imposed displacement
of 0.2 mm, the micro-cavity mold was filled completely in the numerical simulation. It is
necessary to consider the elastic, plastic, and viscous properties of PC and PMMA substrates
to achieving a filling ratio close to 100% of the mold cavity.

4.4. Effect of Friction

The objective was to investigate the effects of the friction between the mold and the
polymer substrate on the filling ratio of micro cavity. The numerical and experimental
research on the measurement of friction coefficient was realized by Nufio et al. [38], in
which the value of friction coefficient p was from 0.17 to 0.45. In this simulation, the value
of 0.4 was selected to study its influence on mold filling. The TLVP model was used to
describe the viscoplastic behavior of PC at Tg + 20 °C with an imposed displacement
0.2 mm.

The results of the numerical simulation with and without friction are shown in
Figure 14. This figure illustrates the displacement of polymer in the horizontal direction. In
the mold /polymer contact area, the displacement of polymer was 5.10 x 10~* mm without
friction and 2.13 x 10~* mm with friction (green color). Because the friction between
the mold and polymer limited the displacement of polymer, the micro cavity was better
filled without friction, confirmed by the smaller empty area shown in Figure 14. It can be
concluded that mold/polymer friction affected the filling ratio.
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Figure 14. Displacement results for the PC substrate specimen with elastic—viscoplastic behavior at
Tg + 20 °C, (a) without friction and (b) with friction (1 = 0.4).

The filling ratio with and without friction was calculated in order to investigate
quantitatively its effects. As shown in Table 6, the filling ratio was improved without
friction for PMMA and PC. But, it should be pointed out that the difference was quite small.
The contribution of friction on the filling ratio was less important than other processing
parameters, such as embossing temperature and imposed displacement.
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Table 6. Friction effect on the cavity filling ratio.

Polymer With Friction Without Friction
PMMA 99.99% 100%
PC 98.00% 98.45%

4.5. Effect of Temperature

The filling ratio of micro cavity with PC substrate was investigated at different tem-
perature above Tg to analyze its effect during HE. The polymer substrate was embossed at
Tg + 20 °C and Tg + 30 °C with elastic and elastic-viscoplastic behaviors in the simulation.
The material parameters of polymer at different temperatures are summarized in Table 2.

Based on Table 7, the filling ratio of PC substrate at an elevated temperature was
higher than that at a lower temperature when the same behavior law was applied. The
filling ratio was higher at an elevated temperature with the same imposed displacement. It
can be concluded that the embossing temperature improved the filling ratio of micro cavity.

Table 7. Cavity filling ratio vs. different imposed displacements from 0.05 mm to 0.20 mm for PC
with elastic and elastic-viscoplastic behavior laws.

Imposed Displacement Elastic Elastic-Viscoplastic
(mm) Tg+20°C Tg+30°C Tg+20°C Tg+30°C
0.05 43.22% 44.12% 52.10% 53.00%
0.10 76.15% 77.15% 90.50% 91.20%
0.15 89.10% 89.96% 96.60% 97.90%
0.20 97.30% 97.83% 98.00% 98.93%

5. Experimental Validation

A uniaxial compressive testing equipment was improved to carry out HE to validate
the numerical results. The whole system was placed in a heating furnace to ensure the
temperature conditions during the process. An aluminum mold with micro structured
features was inserted in the cross head, as shown in Figure 15. The polymer sample was
placed on the fixed mold plate. The micro cavity was cylindrical and obtained by micro
milling process, with a diameter of 0.20 mm and a height of 0.05 mm, which was coherent
with the simulation model. The profile of the micro cavity was measured using the 3D
optical profilometer, as shown in Figure 15. Some rugosities were observed on the mold
surface, due to the milling process and material.

Cross head

Microstructured mold insert

0.05 mm 1 i J i :

0.20 mm

Polymer sample

Fixed mold plate

Figure 15. Description of HE equipment and profile of the micro mold manufacturing insert cavity.
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The polymer sample was placed in the center of the plate to ensure the homogeneity
of the distribution of applied pressure. It was polished to reduce the friction between the
polymer and mold surfaces. HE was piloted by the imposed displacement and temperature
in different steps (embossing, packing, cooling). The evolution of imposed displacement
and temperature as a function of time are shown in Figure 16. The mold and polymer were
heated to the embossing temperature. The mold insert moved to compress the polymer
sample at the temperature above Tg. After the maintain and cooling steps, the mold insert
was separated from the polymer sample.

Displacement (mm) Temperature (°C)
0mm === 4 Embossing
]
|_ ______ -4 Tg
=0.2 MMe= == e b e — . E
Contagt gap i : i .
:Compression: E Demolding ™~ --Demolding
E I Maintain and cooling ! i
1 1 ]
! 1 1 1
: I ' i Time (s)
10s 120 s 20s

Figure 16. Evolution of imposed displacement and temperature vs. time during HE at micro scale.

The replicated polymer samples were characterized by 3D optical profilometer Alicona.
The obtained profile was compared with the mold insert, as shown in Figure 17. The
polymer replica was embossed at Tg + 20 °C, with an imposed displacement of 0.2 mm. The
micro feature was successfully replicated on the polymer. The experimental investigation
confirmed the numerical results.

Mold insert L J |

Polymer replica

Figure 17. Comparison of profiles between the mold insert and polymer replica obtained at
Tg + 20 °C, with an imposed displacement of 0.2 mm.

6. Conclusions and Perspectives

This research concerned the investigation of the viscoplastic behaviors of PC and
PMMA polymers and their influence on the filling efficiency of micro HE. The TLVP model
was proposed to describe the deformation of polymer above its Tg. The material parameters
were identified by inverse method, based on the thermomechanical compression tests. The
numerical model was applied in FEM simulation with different temperatures and friction
conditions.

The simulation results showed that the filling efficiency increased with the imposed
displacement. The proposed TLVP model was confirmed to be more accurate than the
elastic model. The micro cavity was completely filled with optimized processing parameters
for PMMA (99.99%). The effect of the friction parameter was investigated by considering
the viscoplastic properties of PC and PMMA at Tg + 20 °C. The polymer flowed better
in the micro cavity without friction. The filling ratio of the microchannel improved with
higher embossing temperature. The numerical approach was validated by experimental
observation of micro HE, associated with the 3D optical profilometer.
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The manufacturing process of an embossing mold could be enhanced by micro electri-
cal discharge machining to guarantee the dimensional accuracy. The behavior model may
be improved by taking into account of the effects of molecular weight, polymer chain, and
other microstructural features. The optimization of the HE processing parameters will be
effectuated to improve the replication efficiency.

Author Contributions: FR.: Experimental tests, identification, simulation, original draft prepara-
tion. G.C.: Conceptualization, methodology, data analysis, result validation, review—editing. T.B.:
Conceptualization, methodology, review—editing, funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors would like to thank the UFC (University of Franche-Comté) and
INSA Centre Val de Loire for their financial support for this work. Experimental tests were carried
out with the platforms in the Department of Applied Mechanics of Femto-st institute (AMETISTE
for mechanical characterization, MIFHYSTO for polymer forming process and metrology). These
works are realized as part of the French government’s stimulus plan under funding agreement
N°ANR-21-PRRD-0041-01 for the “Preservation of R&D-SET jobs” project.

Conflicts of Interest: The authors declare no conflict of interest.

Glossary

DSC Differential scanning calorimetry
FEM Finite element method

HE Hot embossing

PC Polycarbonate

PMMA Poly (methyl methacrylate)
TLVP Two-layer viscoplastic model
Notation

A Strength coefficient

a,b Constants

c Equilibrium stress

D Diameter of specimen

d Mold displacement

E Elastic modulus

Ep Elastic modulus in elastoplastic
E(X) Assessment function

Ey Elastic modulus in viscoelastic
F Force

f Proportion of elasticity in viscoelastic to total elasticity
H Power law hardening

Hy Initial height

H; Final height

K, my Material constants

L Length of specimen

m Time hardening

N Number of parameters

n Work hardening exponent

ny Strain hardening exponent

S Final cross section

So Initial cross section

Tg Glass transition temperature
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t Time

X Constant vector

y§ Calculated true stress—strain
yi Measured true stress—strain
€ Total strain

I3 Strain rate

el Elastic strain in viscoelastic
sleol Elastic strain in elastoplastic
gel Elastic strain

eP! Plastic strain

eV Viscous strain

ey Strain at the initial yield stress
¢ Elastic strain rate

éP! Plastic strain rate

e'P Viscoplastic strain rate

o Stress

o Stress rate

op Plastic stress

oy Viscous stress

oy Relaxation stress

oy Yield stress

| Viscosity

v Poisson’s ratio

v Friction coefficient

Q Inverse analysis space
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