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Abstract — The modelling of the hot embossing process requires accurate determination of the polymer flows. The present
work is focussed on experiments and numerical simulations of the hot embossing processes consisting in the replication of
polymers plates on engraved shapes in the metallic plates that are used for the tests. In the proposed analysis consisting of
the micro-indentation of the polymer plate, axisymmetrical and 2D FE models are used to analyse the cavity filling capa-
bilities vs. strain rates, strains and temperature contours. The numerical simulation results show that profile deformation is
largely influenced by the forming pressure and temperature, velocity of movement of upper plate and fluidity of the poly-
mer during the embossing step. These results showed also the flow behaviour of COC inside the mould during hot emboss-
ing process. This may assist future improvement of manufacturing quality and production throughput. Hot embossing ex-
periments were also conducted and the results obtained were compared with the simulated ones. The predicted workpiece
geometry shows good agreement with experimental result. It is found that the finite element simulation results are in rea-

sonable agreement with the experimental observation.
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1 Introduction

Hot embossing is becoming a key technology to manufacture
high precision and high quality plastic microstructures, using
a range of thermoplastic polymers including PMMA, poly-
carbonate and cellulose acetate [1-4], Fig. 1. It provides sev-
eral advantages such as low-cost for moulds, high replication
accuracy for micro-features and simple operation [5,6]. This
process include three steps, the first one consists in heating
and applying pressure step, the second is remaining tempera-
ture and pressure step and the third one consists in de-
moulding step. The important parameters that govern the
success of hot embossing process include temperature (usu-
ally heating the polymer substrate to above its glass transi-
tion temperature T, is required), pressure and embossing
time. The protocol associated with this technology, as shows
in Fig. 2; need to guarantee both the dimensional accuracy,
even for complex shapes and replication of topographical
surface states [7]. Numerous of studies have been conducted
in recent years to investigate the hot embossing process for
micro or nanostructures. The pressure profiles on the surface
of the polymer during hot embossing process have been in-
vestigated. The results indicate that a higher embossing pres-
sure results in more uniform shrinkage in the elastically de-
formed state during cooling [8].

Chang and Yang [9] reported an innovative method for
hot embossing by applying gas pressure directly to press the
mould and the substrate. This can improve replication accu-
racy because more uniform embossing pressure was applied
across the entire substrate. Becker and Heim also concluded
some suggestions in processing conditions for the hot em-
bossing of polymer parts with micro-sized features [10].
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Li et al. [12] carried out a series of experiments to inves-
tigate the processing of micro-components by hot embossing.
The results indicate that the replication accuracy strongly
depends on the processing conditions, in particular on the
processing temperature and pressure.
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Fig. 1. Principle scheme of the hot embossing process [7]
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Fig. 2. Experimental setup of micro hot-embossing pro-
cess [11]
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However, to date, only a limited number of contributions
are focussed in numerical analysis concerning the forming by
the hot embossing process in the mould cavity. Recently,
Wang et al. [13] studied the hot embossing of forming micro-
gear with Zr-Cu-Ni-Al bulk metallic glass was analyzed by
the finite element simulation with Deform 3D software and
they report also experimental investigations. It was found
that the finite element simulation results were in reasonable
agreement with the experimental observations.

Chang et al. [14] studied the micro-imprinting replica-
tions using the finite element simulation method. In this
study, they consider the viscous flow behaviour of the metal-
lic and the amorphous polymer PMMA at temperatures
slightly above their glass transition temperature. The result
reveals that pressure level of 400kPa and forming time equal
4min are good combinations to replicate micro-lens array.
The results were in reasonable agreement with the experi-
mental observation.

In this study, the finite element method has been used to
perform modelling of hot embossing process using the
LsDyna® software in order to describe the behaviour of
polymers plate during the forming process. A mechanical
characterization of a COC polymer material by tensile tests
was conducted at temperatures close to the glass transition
temperature (T,) to assess to the behaviour of the polymer as
a function of strain, strain rate and temperature. Then the
results were considered to identify the material model that is
used for the numerical simulations based on the finite ele-
ments method using the LsDyna® software.

2 Finite elements model

2.1 Constitutive relations

In 1983, Johnson and Cook [15,16] proposed a constitu-
tive model for materials which captures the strain rate and
temperature dependency of the material, expression in the
following form:

o, =[4+BQ§4,)ﬂl+Clné)ﬁ—(Tﬂ)”: (1)

where o is the the true stress, 4 is the yield stress at room
temperature and reference strain rate, B is the strain harden-
ing coefficient, n is the strain hardening exponent, ¢ is the
plastic strain, € is the plastic strain rate and Ty is the ho-
mologous temperature and expressed as:

TH = T - T;(mm /Tmelt - ]-;oom (2)
with T standing for the current absolute temperature, 7T,
the melting temperature and 7, is the ambient temperature
(T2T,00m)- The minimum temperature of the matrix is taken
as the reference temperature. Here it is limited to the interval

0<Tyu<l.

In Eq. (1) the terms within the first set of parentheses im-
poses a power-law relationship on the true stress versus ef-
fective plastic strain. The second term in parentheses intro-
duces a logarithmic dependence on strain-rate. The final
term gives the stress an exponential decay as temperature
increases.

2.2 Finite elements method
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With the data obtained through tensile test experiments,
the simulation of hot embossing on COC polymers has been
carried out with LsDyna. Fig. 3a illustrates the geometry,
dimensions and boundary conditions of hot embossing, in
which a circular shaped die is used. The initial FE mesh of
the polymer part and the die mould are shown in Fig. 3b.
Under the assumption of plain-strain forming conditions, FE
results of the material flow and displacement contours on the
polymer plate have been obtained. Moreover due to sym-
metry, only the right part of the system was considered.
Other assumptions are proposed to describe boundary condi-
tions. First of all, one considers that the polymer material
exhibits a viscoplastic behaviour and the die mould remains
rigid and not deformable. The mesh of the polymer plate and
die mould were respectively composed of 4016, 300 and
1898 elements. It is assumed that the friction with the
contact surfaces between polymer plate and die mould meet
Coulomb friction law and remains unchanged during hot
embossing process (f=0.1). The speed of upper die varies
from 10 to 40mm/s (in steps of 10) and is kept constant dur-
ing the simulation. A uniform mesh with an adaptive re-
meshing and hourglass control are employed to reduce the
distortion of the elements and control the zero energy
modes.
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Fig. 3. Finite element model used for the numerical simula-
tions of hot embossing

3 Experimental method

3.1 Materials

In this analysis, COC in plate shape provided by Ticona®™
Company was used as substrate. It is a glassy polymer at
room temperature, with a melt flow index between 14 and
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48g/10min as determined under a constant load of 2.16kg.
The glass transition temperature of COC provided by sup-
plier is about 130-140°C. Each substrate with a thickness of
Imm was cut to 20mmx20mm square pieces. The details of
the mechanical and thermal properties of the considered ma-
terials are listed in Table 1.

Table 1. Main characteristics of the COC polymers

Polymers grades coc coc
ymen e 5013 6013
Density 1.02 1.02
Young modulus (MPa) 3220 2900
Glass transition temperature (°C) 140 135
Poisson’s ratio 0.40 0.40
Coefficient of linear thermal expansion
x107K™) 0.60 0.60
Thermal conductivity (W/mK) 0.15 0.15

3.2 Method

Instrumented compression tests reproducing the hot em-
bossing process were conducted. For this analysis, the upper
plate of a tensile test machine was equipped with a mould
that includes a symmetric punch of cylindrical shape and
with dimensions respectively equal to @=200um et h=800um
(depicted in Fig. 4). The speed varied from 10 to 40mm/s is
kept constant during the tests. The material part used in this
study is a plate of amorphous polymer of cyclo-olefin-
copolymer (COC), which was heated to a temperature close
to the glass transition one (T+20°C).

The experimental data associated to the geometry pro-
duced by the indentor and on the negative shape correspond-
ing to a cavity in the polymer was conducted by scanning
mechanical microscopy using an apparatus that was devel-
oped in our laboratory [17,18]. The comparative profiles
related to areas with an identical location were performed
using N=5000 sampled points, equidistant with a value equal
of p=2um, that represents a sampled total length of
L=Np=10mm. The correlation between the numerical data
and the experimental ones enables to adopt a deformation
model to the hot embossing process.
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Fig. 4. Experimental set-up with the instrumented
compression machine used for the tests

3.3 Identification of material model parameters
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An experimental investigation on COC test tensile speci-
mens subjected to tensile tests has been carried out. The
cyclo-olefin copolymer has been first polymer injected in the
cold room die mould in order to obtain the tensile test speci-
men with a hydraulic injection moulding equipment. The
filling of the mould cavity was optimized at injection tem-
perature and pressure equal to 260°C and between 10MPa
respectively. Than, the tensile tests were performed on an
Instron 6025 testing electrical equipment operating with axial
speed control (Imm/min). The equipment is instrumented
with an isothermal enclosure providing test temperatures
from 20 to 300°C with + 2% temperature regulation accu-
racy. Four temperatures have been tested: 100, 120, 140 and
160°C. Two tensile strain rates for each temperature were
used, ie. 107 and 10's". The strain is measured using an
extensometer positioned at the centre of the useful part of the
tensile tests for temperatures below 130°C. For temperature
above 130°C for which the specimen becomes too extend-
able, the deformation was obtained as a function of the cross
beam displacement. These experimental results were used to
identification of constitutive material model parameters. A
schematic view of the experimental setup is shown in Fig. 5.
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(b) Size and dimensions of the tensile tests specimens
Fig. 5. Experimental set-up for the tensile tests

Table 2. Material parameters corresponding to follow stress

over of the COC
COC 5013 COC 6013
¢ 107 107
n 0.27 0.25
m 0.70 0.70
A 0.45 0.20
B 1.10 0.80
C 0.27 0.35

The mechanical data recorded during the tensile test make
it possible to derive the stress/strain relationship. In the case
of thermo-elastic polymers, the selected behaviour law takes
into account the accumulated plastic deformation, the tem-
perature and the deformation rate. The material parameters
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corresponding to the model are listed in Table 2. As an ex-
ample, the stress versus strain curve of the specimens at
160°C is shown in Fig. 6. Fig. 6 reveals a proper agreement
between the experimental results and numerical solutions for
the principal stresses.

0,4

‘ —*— Analytical results * Experimental results

0,3

T
o cocs0113 o
= _______.————-‘"'m
w 02
0
£
7]
/ \ coc50113
0,1 ?',.
3
0 . .
0 1 2 3 4 5

Strain [%]
Fig. 6. Comparison of the flow stress curves obtained
through tensile test specimens

4 Results and discussions

Fig. 7 shows the displacement contour in the polymer sub-
strate during hot embossed. One can remark that during
forming, the profile replication is associated with a correct
filling. We remark again that the profile replication is consis-
tent with expectations.
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Fig. 7. Displacement contours obtained by FE simulation

during hot embossing process at different instants

The graphs related in Fig. 8 reveal very similar trends for
the deformed surface as a function of the imposed displace-
ment. Moreover the appearance of visco-plastic polymer
cushion increases continuously with the imposed displace-
ment, which is linked to the sensitivity to strain rate in poly-
mers. The area requested by the indenter is indeed greater
when penetration increases.

Different simulations were carried out in order to op-
timize the forming parameter for hot embossing of polymer
plate. Fig. 9 relates the variation of the value of the filling
rate vs. the flow of viscoplastic polymers. One found that
higher the melt flow is increased; the rate filling increases,
leading thereby to replicas of the geometry shapes corres-
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ponds to the original. This Fig. shows off well the progress-
ive filling of cavities that takes place in proper conditions.
The filling of sharp edges of the cavities is more or less im-
portant almost equivalent linked to problems of material flow
during the hot embossing process. One can notice that the
trend is consistent with those ones reported in the literature.

06

04 ‘ —10mm/s ——20mms ——30mm/s ——40mmis

02

Depth [mm]
s 5 o
> ® B o

=)
@

IS

Width [mm]
Fig. 8. Profiles of deformed surface obtained by indenta-
tion with the flat base cylindrical punch

(a) COC 6013
Fig. 9. The filling of the mould cavity for different
values of the imposed displacements

(b) COC 5013

5 Experimental validations

The approach was reinforced by experimental studying the
features of hollow imprints made by rigid indentation in the
COC polymers plates. Fig. 10 reveals the fact that, the lower
the young’s modulus of the polymer, the deeper the imprint
within is moreover, the temperature more increases with in-
creasing depth.

The profiles of COC replications are related in Fig. 11.
The curves related indicate that the responses obtained using
this numerical model is rather similar to the experimental
responses. The main difference take place in the part that is
closes to the surface. These results help to understand and
analysis the various observations resulting from the shaping
of thermoplastic polymers using hot embossing.
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Fig. 10. Profile of deformed surface under a constant
pressure
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Fig. 11. Comparison between experimental results and
modelling of the deformation of the surface under a con-
stant pressure

5 Conclusions

This study focused on the numerical and experimental analy-
sis concerning forming of polymers using hot embossing for
the manufacturing of micro-components. In the proposed
study, a simulation approach was developed based on a vis-
cous model to analyze the polymer flow behaviour during the
hot embossing process. Moreover, to have the proper condi-
tions for replication, one has to know the polymer behaviour
during the hot embossing process.

In the first part, the tensile tests are performed to identify
the adequate material behaviour. The study consists in repro-
ducing the uni-axial behaviour of the COC at 160°C. One
can confirm that the model parameters are well identified as
the stress/strain profiles are reproduced correctly. In the sec-
ond part, numerical simulations of hot embossing process
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were carried out integrating the physical and mechanical be-
haviour of the polymer as well as the conditions under which
the forming process is conducted. Experimental validations
of the numerical simulations are proposed. The results show
that the calculated values vary in the same manner as the
experimental data, and the agreement between the numerical
model and the experimental results is good.
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