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ABSTRACT

Hot embossing is a compression molding technique used
for high replication accuracy of small features. One of the
most sensitive phases of the process is the de-embossing stage
during which the patterned part has to be demolded. In this
paper, the demolding stage is considered as a frictional contact
problem between a rigid mold insert and a viscoelastic polymer
sheet as it deforms and cools inside a mold under an applied
force. The contact is modeled with a modified Coulomb’s law
of dry friction while a generalized Maxwell model is used to
describe the polymer behavior during embossing, cooling and
de-embossing stages. The heat transfer between the mold
insert and the patterned polymer sheet is solved through a
domain decomposition method. A finite element approximation
based on a penalized technique is proposed and analyzed. The
purpose of this modeling approach is to predict dimensional
stability and residual shape of microcomponents in the hot
embossing process. Such a prediction will allow one to assign
appropriate processing conditions that minimize geometrical
imperfections and increase replication accuracy.

INTRODUCTION

The hot embossing process has been studied extensively
over the last few years due to excellent replication accuracy
and because of high aspect ratios that can be achieved for the
manufacturing of microcomponents, compared with injection
molding. Hot embossing process is essentially the stamping
under a high pressure of a pattern into a polymer sheet that is

held just above its glass transition temperature, T,. Throughout
the process, the polymer sheet undergoes simultaneous
mechanical, rheological and thermal changes. A fter cooling the
polymer below T,, the pressure is released and the patterned
polymer sheet is removed from the mold insert. The stamp
(mold insert) used to define the pattern in the polymer may be
made in variety of ways including laser micromachining,
mechanical micromachining and lithographic methods. A
schematic view of the process is shown in Fig. 1. We shall not
describe the process any further. A thorough description may
be found elsewhere (Heckele and Schomburg, 2004; Heckele et
al., 1998 Schift et al., 2001: Studer et al.. 2002; Scheer and
Schulz, 2001; Juang et al., 2002a: Juang et al., 2002b).

In the hot embossing process, the replication accuracy
depends on the ability to efficiently combine the sequence of
embossing temperature, embossing pressure and embossing
time, in order to prevent the occurrence of defects such as poor
replication, geometrical imperfections, warpage and excessive
molded-in stresses. We have been interested in understanding
the role of frictional contact between the mold insert and the
patterned polymer sheet during de-embossing  since it
significantly affects the replication accuracy and surface quality
of microstructures. In this regard. numerical modeling can give
useful insight in the overall process and help defining optimal
design parameters that improve the replication accuracy. In the
present study, we wish to benefit from progress made in
numerical modeling of materials processing, to develop new
numerical tools designed particularly for embossed components
with micro-scale size feature. with an emphasis on the de-
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embossing stage. The objective is to relate final properties of
the replication to the design parameters, ic.. the processing
conditions, the polymer rheology and the interaction between
contacting surfaces. Therefore, for the sake of clarity, we will
find it useful to develop the basic equations for the model
problem shown in Fig. Ib, along with different numerical
techniques used.

In this study, a numerical approach for predicting
deformations induced in a patterned polymer sheet during the
replication of microstructures by hot embossing is presented.
Only the compression phase, when the polymer sheet has
already filled the small features of the mold insert is examined,
along with the de-embossing process. Therefore, the paper is
concerned with a frictional contact problem between a rigid
mold insert and a viscoelastic polymer sheet as it deforms and
cools inside a mold under an applied force or pressure. The
model takes into account phenomena associated with non-
isothermal stress relaxation (Kovacs, 1958; Kabanemi and
Crochet, 1992; Isayev, 1987; Ferry, 1970; Struik, 1990).
Rheological characterization of the polymeric material is
carried out in the range of the embossing temperatures, i.e., the
glass transition temperature, to get useful insight of the material
behavior during the process. In addition, a model is proposed
to predict the frictional forces between the mold insert and the
patterned polymer sheet as it deforms and cools inside the mold
insert up to the moment of de-embossing. Though penalty
procedures may induce problems associated with penalty
sensitivity and possible ill conditioning of the matrix that is
obtained from the finite element discretization of the problem,
they were successfully used to enforce the contact condition.

In addition to numerical investigations, embossing
experiments have been carried out to establish the relationship
between various combinations of processing conditions and the
fidelity of pattern transfer. The experiments were carried out
with two different machines, i.c., an Instron machine and a
commercial hot embossing machine, ie., EVG-520 (Jaloux-
Salard, 2005). As an illustration, a qualitative comparison
between the numerical prediction and experimental data for an
embossed microstructure is presented along with other relevant
output emphasizing the effects of the three major design
parameters, i.c., the embossing temperature, embossing
pressure and the friction properties of contacting surfaces, on
the replication accuracy.

BASIC EQUATIONS

Integral Constitutive Model

In order to describe the behavior of a viscoelastic polymer
sheet as it deforms and cools inside a mold insert under an
applied force or pressure, an expression for the stress tensor has
to be specified. We recall that, only the deformation phase,
when the polymer sheet has already filled the small features of
the mold insert is concerned, along with the de-embossing
stage. The setting is as follows. A viscoelastic body occupies

the full domain cavity, (2 (i.e. the cavity is completely filled),
and is acted upon by given forces, tractions and thermal
solicitations,

Applied Force or Displacement

AR

Moid

Substrate

Fig. 1. Schematic view of the hot embossing problem.

We assume that a quasi-static process is valid. We further
assume that during the hot embossing process the polymer
behaves as an isotropic thermorheologically simple material. in
such a manner that stress components are related to histories of
strain  components and temperature through appropriate
relaxation functions. The latter are derived from isothermal
relaxation functions by assuming time-temperature equivalence
on the basis of the WLF equation (Kovacs, 1958: Kabanemi
and Crochet, 1992: Isayev, 1987: Ferry, 1970: Struik, 1990).
On that basis, one obtains the general form of the constitutive
equations for thermorheologically simple materials. Let us
denote by s and s the spherical and the deviatoric components

of the stress tensor, o, respectively, while e and e denote the
i

spherical and the deviatoric components of the strain tensor, &,
respectively.  For an isotropic material, we use relaxation
functions Gf and G_ in shear and dilatation respectively,

together with a modified time-scale, & Following Kabanemi
and Crochet (1992), the stress-strain relation is expressed as

t fe(x,t")
sij(x.t)= [G(E=E)- Ua’ dt’ (1

—og

t -
s(x,1) = sz(é-g')—%[e(x,t')—-eth(x.t"}]dt' (2)
-0 ¢

In Eq 2, ey, = a0 AT, is the thermal strain tensor which depends

upon the entire temperature history of the material point and
not on the temperature 7' at time ¢ alone (« being the thermal
expansion coefficient) and & is the modified time scale at a
given position, x, and is defined by

| §
E(x,0) = Jo[T(x,)]dA )
0

In Eq 3. 7' is the temperature field and @ the shift function
often characterized by the WLF equation written as follows
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c(T-T,) (4)

log =
. (cp +T-T,)

where ¢, and ¢ are material constants and 7, is a reference

temperature, that can be different from the glass transition
temperature, 7.

We wish to briefly comment on the relaxation functions 0‘H and
G inEqs 1 and 2. Let 21 and 3K denote the value of G, and

G attime t = 0, respectively. In order to simplify the system of

equations, we assume that

E
G (t) =——(t) = 2ue(t) (3)
l+v

(32{1)=I_—L;;lp{t)=3mpu} (6)

where both G! and G depend upon the same relaxation
function @(t). In Eqs 5 and 6, £ and vare Young's modulus

and Poisson's ratio, respectively, and 1 and K are shear and

bulk modulus, respectively. We further decompose below the
function ((t) as a sum of m exponentials, i.e.

m
(L) = Yg exp(—1/6,) (7)

r=|

in which @ are relaxation times and g material constants. We
r r

s r . ¥
define partial stress components Sij and s" associated with

each relaxation time @ as
r

I r
Sij = X 8rSf @)
r=1
m
s= Yg.s (9)
r=1
where

1
spD = [2uexpl-[ax, 0 -&(x.)]/0, )
-

RHOL) o (10)
5

]
s(x, )= | 3chp{-—!§{x,l']-E_(x,t')]fﬁr}%[c{x,l')—ethtx,t’)]dl'(I b

—iaf]

Contact and Fiction Formulation

In the present formulation of the hot-embossing process, it
is assumed that the mold insert and the substrate behave as
rigid bodies (Fig. 1). We consider the case of a unilateral
contact, which involves no penetration between the two bodies
and is modeled with the Signorini conditions (Amassad and
Fabre, 2003). We start our analysis by considering that a full
contact zone, [ is developed at the entire interface between the
polymer sheet and the mold insert. The first condition to
satisfy is the non-penetration condition. Let # the interior
normal to the mold insert that depends on the node under
consideration. That normal can easily be obtained once the
mold insert geometry is defined. Under these hypotheses, the
non-penetration boundary conditions on /“can be written as

u, <0 (12)
f, <0 (13)
£y -ty =0 (14)

Here u, is the normal displacement at the interface and Ju is the
normal contact force. The first inequality, Eq 12, represents the
kinematic condition of no penetration of the contact surface.
The second inequality, Eq 13, is the static condition of
compressive or zero normal tractions. The third equation, Eq
I4, states that there is zero work done by the normal contact
stress, i.e., the normal contact stresses exist only at the nodes
where the polymer sheet is in contact with the rigid mold insert.

We model the frictional contact between the viscoelastic
body and the mold insert with a Coulomb’s law of dry friction,
written as

[ Ty [<pglfy| (15)

Here 4 is a static friction coefficient associated with the stick
friction constraint and f; represents the tangential force on the
contact boundary /7 This static version of the Coulomb’s law
states that the tangential shear cannot exceed the maximal
frictional  resistance. When  the strict inequality,
| £t [<kg | £, [, holds the surface adheres to the mold insert
and is in the so-called stick state, and when the inequality,
[Ty [ pg [y [, holds there is relative sliding, the so-called

slip state. The Coulomb’s friction law is modified to include a
dynamic friction coefficient s associated with the slip
condition when the static constraint is violated. In that case the

inequality, [y <, holds. It follows from the above

analysis that the interface mold/polymer is divided in three
zones, which are not known a priori and are part of the
problem: stick, slip and no contact or gap.
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We use the penalty method to enforce contact constraints and a
regularization technique to obtain estimates for the normal
contact force, £, and the tangential frictional traction, I L
follows

fy =—Aquy, (16)
fy ==Au, (17)

where A, >0 and & >0 are normal and tangential penalty

parameters, respectively. The result is a solution to the contact
problem that allows small violations of the contact constraints
in order to estimate the direction and magnitude of the actual
tractions. The physical significance of the tangential penalty
parameter A, is that it represents the distributed tangential
stiffness of the microstructure contact interface with the mold
insert and therefore serves a double role of penalty parameter
and microstructure stiffness parameter in the contact-friction
algorithm.  If the penalty is chosen too small there is
unacceptable overlap, if it is chosen too large, one gets
convergence problems.

Conservation Equations
The mechanical problem of frictional contact of the

viscoelastic body may be formulated as follows. Find a
displacement vector u, and a stress field o such that
V.o+f=0in Q, (18)

with the following boundary conditions:

u, <0, f3 <0, f, -u, =0,0n 7,
iF[fy l<pg |y | =u; =0,
16 g [y | =30, >0, such that £, =2 u,.

The equilibrium equation, Eq 18, is solved along with the
following energy equation

LI (19)
ot

where p, ¢ and k are the density, the heat capacity and the
thermal diffusivity respectively and the symbol V is the
gradient operator.

We wish to briefly comment on Eq 19. The deformation
(shrinkage and warpage) that occurs during solidification of the
patterned polymer sheet in the mold insert causes a gap
between the two bodies. A sharp temperature drop may occur
across the gap depending on its thickness, as a result of the
thermal contact resistance, Although the gap is known as the
‘air gap’, in many instances, there is probably no air in it. In
our numerical simulation, the thermal conductivity of the gap

medium is taken as that of air. It is clear that the gap at the
mold/part interface will reduce the cooling rate and increase the
cooling time of the part. The gap computed at the interface
mold/part can be used in the heat transfer calculations. The
heat flux across the interface is expressed as

ar k
=—k—=—(Tp =T )= h(Tp =T (20)

where A is the gap thickness, k is the thermal conductivity, 4 is
the heat transfer coefficient and Iy and T, are polymer and
mold insert temperature, respectively.  In our numerical
simulations the heat transfer coefficient has been set to a
constant value.

HOT EMBOSSING EXPERIMENTS

In this part, embossing experiments are carried out to
establish the relationship between various combinations of
processing conditions and fidelity of pattern transfer. Two
different machines, i.e. a modified Instron machine and a
commercial hot embossing machine (EVG-520) are used to
carry out the embossing experiments. A thorough description
of experimental devices is given by Jaloux-Salard (2005). The
polymer used is a PMMA (ACRYLITE M-30), for which the
glass transition temperature, of about 95 °C. was characterized
using differential scanning calorimetry (DSC). The mold insert
used to define the pattern in the polymer sheet was made by
mechanical machining. Its surface was not very smooth as
shown in Fig. 2. The surface roughness was then used to
measure the replication accuracy, by scanning electron
micrograph technique (SEM) photos of the embossed
microcomponents. The main dimensions of a single square pin
of the mold insert were 1x1 mmand | mm of height (Fig. 2).

Fig. 2. Scanning electron micrograph (SEM) picture of the
square grid pattern mold insert.

Hot embossing with EVG-520 machine

Using the commercial hot embossing machine, the
fabricated microstructures showed excellent surface quality
under embossing temperature of 115 °C, embossing pressure of
20 kN and holding time of 20 minutes, as shown in Fig. 3. The
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other combination of processing conditions gave only poor
replication accuracy as can be seen in Figs. 4 and 5. More
precisely, for embossing temperature around T,, for which the
material has a higher modulus, visible cracks were observed on
the surface of microstructures (see Fig. 5). Increasing the
embossing temperature above 115 °C resulted in a much better
replication while increasing the cycle time. Because of the
high level of residual stresses induced in the microstructures in
such conditions, the de-embossing process itself was no longer
easy.

b Gt G

Fig. 3. SEM pictures of embossed PMMA microstructures
showing a portion of the grid pattern at embossing temperature
of 115 °C and embossing pressure of 20 kN.

Fig. 4. SEM pictures of embossed PMMA microstructures
showing a portion of the grid pattern at embossing pressure of
2.5 kN and embossing temperature of: (a) 95 °C, and (b) 100
(=]

C,

(b)
Fig. 5. SEM pictures of embossed PMMA microstructures
showing a portion of a grid pattern at embossing temperature of
95 °C and embossing pressure ofi(a) 20 kN, and (b) 30 kN.

Hot embossing with Instron machine

The embossing experiments with the modified Instron
machine produced excellent surface quality under embossing
temperature of 100 °C. embossing pressure of 2.4 kN and 7
minutes of holding time, as shown in Fig. 6.

Fig. 6. SEM pictures of embossed PMMA microstructures
showing a portion of a grid pattern at embossing temperature of
100 °C, embossing pressure of 2.4 kN and holding time of
Sminutes,

As can be seen from this replication picture, less severe
processing conditions for temperature, pressure and holding
time with our modified Instron machine, produced high
replication quality compared to the replication with the
commercial EVG machine. The noticeable difference between
experimental results from these two devices, at same
processing conditions, highlighted in Figs. 4b and 6, is due
essentially to temperature control of the patterned polymer
sheet (by means of a thermoelectric cooler) and embossing time
during which the pressure was maintained constant to
compensate for the material shrinkage due to cooling inside the
mold insert. It follows from these two series of experiments
that to better produce high replication accuracy of
microstructures, the sequence of embossing temperature,
embossing pressure and embossing time have to be controlled
carefully. This control needs an accurate determination of the
contact zone along with the friction effects between contacting
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surfaces. This issue is addressed in the following section
devoted to numerical simulation.

NUMERICAL RESULTS AND DISCUSSION

Several embossing problems, with and without frictional
contact, were solved numerically to demonstrate the
effectiveness of the numerical approach discussed above and to
study the effects of different processing conditions on the
replication accuracy. The polymer used in this study is a
PMMA, whose physical data are given in Kabanemi et al.
(2005).

Square hole grid pattern

As first application, we study the cooling of a 3x3 square
hole grid pattern inside a mold insert along with the de-
embossing stage, with an emphasis on the frictional contact
between the microstructure and the mold insert.  This
application is an idealized problem of our previous
experimental microstructure. The objective is to show the
efficiency of the method developed for solving
thermoviscoelastic small strain frictional contact problem. In
what follows, the effects of processing conditions on the
overall replication quality are investigated. The geometry and
boundary conditions of the frictional contact problem are
depicted in Fig. 7. The main dimensions of a single square
hole of the microstructure were 1x1 mm and 1 mm of depth.
We start the analysis by considering that a full contact zone is
present at the entire interface between the microstructure
shown in Fig. 7a and the mold insert (not shown). We recall
that the lateral outer surfaces of the microcomponent are
considered as free during the entire process (see Fig. 7a for
details). For the sake of simplicity in creating the mesh
depicted in Fig. 7a, no demolding angle has been designed
contrary to the mold insert photograph in Fig. 2. Accordingly,
high stresses are expected during embossing and de-embossing
stages.

» J
» N BN
N A

displacement

de-cmbossing

(b)

Fig. 7. (a) Geometry of the square hole grid pattern and finite
element mesh. The main dimensions of a single square hole of
the microstructure were 1x1 mm and | mm of depth, and (b)
Graphic of processing conditions used for cooling of
microcomponents under an applied force.

Free cooling inside the mold insert without an applied force
At first, we only study a free cooling inside the mold insert
of the microcomponent depicted in Fig. 7a without an applied
force, followed by the de-embossing  stage. The
microcomponent is initially at temperature 183 °C., while the
reference temperature is set to 90 °C. The total cooling time
inside the mold, without an applied force, is 20 s. The duration
of de-embossing stage depends on how long it takes for the part
to be removed from the mold insert. Unless otherwise stated,
the penalty parameter for normal and frictional contact is set to
1000, and the static and dynamic friction coefficients are 0.3
and 0.1, respectively. Numerical results are summarized in
Figs. 8-10. The deformed configurations of the microstructure
and the gap formation at two stages during cooling inside the
mold are shown in Fig. 8 (only a half of the cross section is
shown). We have superimposed in the same figure the original
shape (in wire frame) and the deformed shape of the
microcomponent, to emphasize the gap formation at the
contacting surfaces during cooling. Since we are analyzing
free cooling of the microcomponent, a gap is developed at the
bottom of contacting surfaces and along the lateral contacting
surfaces as a result of shrinkage of microstructures, while a
fully contacting surface still persists in the upper region of the
mold insert (re-entrant corners) and the microstructures. The
prediction of contact and no contact regions is of great interest,
as it affects the surface quality during sliding of the two bodies
in the de-embossing stage. The stress distribution at the end of
cooling inside the mold insert (=20 s) and after 5 s during de-
embossing is shown in Fig. 9. In this figure, complex
deformations of outer microstructures are apparent, Tensile
stresses  are  developed around the comers of the
microstructures as a consequence of the mold core, which
prevents free deformations of the part. The effect of friction
between the mold insert and the microstructure at a given time
during de-embossing is shown in Fig. 10. Results with and
without friction are very different. More precisely, the re-
entrant  corners of microstructures, which exhibit large
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frictional force, experience large deformations. In particular,
the outer microstructures are more deformed than the inner
ones (Fig. 10b). When de-embossing is performed without
friction coefficient, all microstructures experience almost the
same deformation as shown in Fig 10a.

(a) -

(b)

Mg aninIgs 00 | b o i T 43 werzead (o)

Fig. 8. Half cross section of the microstructure showing the
gap formation at the interface between the mold insert and the
microcomponent during cooling at two different times: (a) =5
sec and (b) t=20 sec (end of cooling inside the mold). The
deformation has been amplified by a factor of 20 (initial shape
of the microcomponent in wire frame).

-25.0 12.5 0.0 125

i

25.0 (MPa)

Fig. 9. Cross section of the microcomponent showing the
stress field: (a) End of cooling inside the mold insert (=20 sec),
and (b) After 5 sec during de-embossing stage.  The
deformation has been amplified by a factor of 5 (initial shape of
the microcomponent in wire frame).

(a)

(b)

0.00747 0.00495 0.00243 0.000100

Fig. 10. Cross section of the microstructure showing the effect
of frictional force on the deformation of the microcomponent at
a given time during de-embossing: (a) without friction (1.=0
and pg=0), and (b) with friction (1,=0.3 and ug=0.1). The
deformation has been amplified by a factor of 5 (initial shape of
the microcomponent in wire frame).

Role of the embossing force

A second series of numerical simulation concern the
cooling of the microcomponent under an applied force. Since
we are mainly interested in the coupling effects of pressure,
temperature and friction on the replication quality, we shall
now study the role of the embossing pressure alone. A vertical
displacement is therefore applied at the top of microstructure
during the cooling inside the mold, followed by the de-
embossing stage. The graphic of the processing condition is
shown in Fig. 7b. The other conditions are as before. In Fig.
I1a we show the distribution of the stress field at the end of
embossing (=20 s). As stated before, since no demolding
angle is present in the microstructures, very large stresses are
predicted accordingly. The combined effect of embossing force
and frictional contact on the deformation of the outer
microstructures is emphasized in that figure. In particular,
noticeable differences are obtained for the overall deformation
of the microcomponent compared to deformation in free
cooling inside the mold (see Fig. 9a), which exhibited a smaller
deformation of outer microstructures. The deformed
configurations of the microcomponent at different stages during
de-embossing are shown in Figs. 11b and ¢. We basically
observe three zones.
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(b)

)

Vame s uy (MPa)

B i + 23 L] 1 403 1 ity o 13

Fig. 11.  Cross section of the microstructure showing the
deformation of the microcomponent at three different stages
during embossing and the distribution of the stress field: (a)
end of cooling inside mold (t-20 sec), (b) After 10 seconds
during de-embossing and (c) Afier 20 seconds during de-
embossing. The deformation has been amplified by a factor of
3 (initial shape of the microcomponent in wire frame).

The first corresponds to the gap (no contact zone). In this
zone, the normal and tangential forces are zero. The second
and third correspond to the contacting zone. In these zones.
nodes continue to stick or to slide depending on whether or not
the Coulomb friction law is verified. Large stresses are
predicted around edges due to the mold insert core that
prevents the part from deforming freely. There is no tangential
displacement at this node until the tangential frictional force

reaches the value p | f‘n » and then sliding occurs. During

sliding, we observe a re-distribution and a partial relaxation of
stresses in the part. At the beginning of de-embossing, the
contact between the mold insert and the part is only localized
near corner and higher friction forces are developed in these
regions. Therefore, it can be expected that the replication in
these regions will not be of good quality as can be seen in Fig.
Ic. Therefore, the geometrical imperfection can be predicted
by means of the amplitude of the friction force at the interface
of contacting surfaces., The effect of embossing force at a
given contacting node is depicted in Fig. 12, As we vary the
embossing force, we only get a small effect on the frictional
contact force and on the overall deformation.

0.06 T
0.05 4
—~ D.04 4
z
&
9
g
£ 003
-]
]
o
= 0024
0.01
0.00 T T v T T
o 5 10 15 20 25 30

Time (sec)
Fig. 12. Evolution of the friction force at a contacting node
during cooling (t<20 sec) and de-embossing (£>20 sec). Effect
of the embossing force.

Role of the embossing temperature and [friction coefficient

As we stated earlier, the replication quality is very
sensitive to embossing temperature and friction at contacting
surfaces. The effects of embossing temperature and friction
coefficient are depicted in Figs 13-14. The evolution of the
frictional contact forces at three different embossing
temperatures is shown in Fig. 13. It appears from that figure
that, the frictional forces increase monotonically as the part
cools down inside the mold under an applied force. During de-
embossing (t>20 s), for an embossing temperature of 140 °C
(close to T,). the frictional force increases very rapidly. Sucha
frictional force may induce cracks and large deformations on
the surface of microstructures, resulting in poor replication. A
similar behavior was reported in our experiments, where we
examined the role of the embossing temperature on the fidelity
of the replication (see Fig. 5). In Figs. 10 and 14, we analyze
the effect of the friction coefficient on the frictional contact
force developed at the mold/part interface.  The same
conclusions can be drawn for the frictional force at contacting
surfaces, which shows similar qualitative trends to what we
reported for the effect of embossing temperature. As a result,
the embossing temperature and the friction coefficient between
the master and the replica are the major parameters that
strongly influence the embossing process. The numerical
experiments suggest reducing the interfacial forces between the
master and the replica in order to ensure a clean de-embossing
process and to reduce the residual stresses, which have negative
effect on the replication quality.
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Fig. 13. Evolution of the friction force at a contacting node
during cooling (1<20 sec) and de-embossing (t>20 sec). Effect
of the embossing temperature.
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Fig. 14. Evolution of the friction force at a contacting node
during cooling (<20 sec) and de-embossing (t>20 sec). Effect
of the coefficient of friction between contacting surfaces.

CONCLUSION

In this paper a solution of a viscoelastic frictional problem
with application to the hot embossing process has been
proposed. Numerical results, obtained with an experimental
microstructure geometry, have shown the effectiveness of the
method.  Frictional forces between the mold insert and the
substrate strongly influence the overall deformations during
cooling inside the mold insert. Our results have also shown
that residual stresses are mainly localized around corners of
microstructures and that, outer microstructures exhibit higher
shear stresses and larger deformations. The numerical
procedure developed provides a tool for studying the
importance of processing conditions and of the nature contact
surface on the replication quality, i.e., deformation. frictional

forces and residual stresses. More precisely, the replication
quality is more sensitive to the variation of the embossing
temperature and the friction between the master and the replica,
followed by the embossing force.

REFERENCES

Amassad, A., Fabre, C., “Analysis of a Viscoelastic
Unilateral Contact Problem Involving the Coulomb Friction
Law™, J. Opt. Theor. Appl., 116, 465-483 (2003)

Brunet, M., “Numerical Analysis of Cold-Forming
Residual Stresses in Thin-Walled Structures”. In Numiform’92
Proceedings, Chenot, Wood & Zienkiewicz (eds). Balkema,
Rotterdam, 427-432 (1992)

Ferry, J.D.: Mechanical Properties of Polymers. 2nd
edition, Willy & Sons (1970)

Heckele, M., Schomburg, W.K., “Review on Micro
Molding of Thermoplastic Polymers™, J. Micromech.
Microeng., 14, R1-R14 (2004)

Heckele, M., et al., “Hot Embossing — The Molding
Technique  for  Plastic  Microstructures”, Microsystem
Technologies, 4, 122-124 (1998).

Isayev, A.L: Injection and Compression  Molding
Fundamentals, Marcel Dekker, New-York (1987)

Jaloux-Salard, M.A.: Etude Expérimentale et Théorique du
Procédé de Matrigage & Chaud de Thermoplastiques pour la
Fabrication de Microstructures. Bachelor Thesis, FEcole
d’ingénieurs en génie des systémes industriels. La Rochelle,
France (2005)

Juang, Y.J., et al., “Hot Embossing in Microfabrication.
Part I: Experimental”, Polym. Eng. Sci., 42, 539-550 (2002a)

Juang, Y.I., et al., “Hot Embossing in Microfabrication.
Part II: Rheological Characterization and Process Analysis™,
Polym. Eng. Sci., 42, 539-550 (2002b)

Kabanemi, K.K., Crochet, M.J., “Thermoviscoelastic
Calculation of Residua Stresses and Residual Shapes of
Injection Molded Parts™, Int. Polym. Processing, 1, 60-70
(1992).

Kabanemi, K.K., et al. “Numerical Simulation of a
Thermoviscoelastic Frictional Problem with Application to the
Hot-Embossing Process for Microstructure Fabrication™, In
proc. PPS 2005, Americas Regional Meeting Proceedings
(2005)

Kloosterman, G.: Contact Methods in Finite Element
Simulations. Ph.D. Thesis, Netherlands Institute for Mtals
Research (2002)

Kovacs, AJ., “La Contraction Isotherme du Volume des
Polyméres Amorphes™, J. Polym. Sci., 30, 131-147 ( 1958)

Quarteroni, A., Valli, A.: Domain Decomposition Methods
for Partial Differential Equations. Oxford, Clarendon Press
(1999)

Scheer, H.-C., Schulz, H.,“A Contribution to the Flow
Behaviour of thin polymer films during hot embossing
lithography™ Microelectronic Engineering, 56, 311-332 (2001)

Schift, H., et al., “Pattern Formation in Hot Embossing of
Thin Polymer Films™, Nanotechnology, 12, 173-177 (2001)

9 Copyright © 2009 by ASME



Smith, B. et al.: Domain Decomposition, Parallel
Multilevel Methods for Elliptic Partial Differential Equations.
Cambridge University Press (1996)

Struik, L.C.E.: Internal Stresses, Dimensional Instabilities
and Molecular Orientations in Plastics, Willy & Sons (1990)

Studer, V., et al, ‘“Nanoembossing of Thermoplastic
Polymers for Microfluidic Applications™, Applied Physics
Letters, 80, 3614-3616 (2002)

10

Copyright © 2009 by ASME



