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Abstract

This three-year project focused not only on the application of FEA on the hot
embossing of the optical glass material but also on the preliminary research of
forming micro structure on the optical glass by hot embossing. In the first year, the
material models were obtained by the experimental measurements of the thermal
expansion coefficient, compression tests and the relaxation tests. Preliminary hot
embossing tests were also performed within this year to investigate the influence of
the forming parameters to the final products. In the second year, the FEA model was
built according to the prior obtained material model and the hot embossing parameters
and its feasibility was verified by comparing the simulation results to the hot
embossing results. Owing to the sticking problem and the educt from the mold during
embossing, the modification design of the hot embossing apparatus was also
conducted in the second year to improve the quality of the products. In the third year,
in addition to the construction of the die shape optimization system for the
pre-compensation problem in industry, the research of forming micro structures on the
optical glasses was performed with V-shape and Fresnel lens designs with the
modified apparatus.

Throughout this project, the completed FEA model for the hot embossing of the
optical glass can not only provide solution to the problems that the industry may
encounter, but also be a critical technology to the forming process of the optical glass
device with micro structures on the surface.

Keywords: FEA, optical glass, hot embossing, optimization system, micro structure.
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The aim of this research is to obtain an accurate material model for glass that can be used in
finite element (FE) analysis of the glass molding process. A thorough understanding of the
deformation behavior of the glass specimens was acquired by performing uniaxial compres-

FE sion tests. The elasto-viscoplastic model was utilized for the glass material at the molding
temperature to construct the FE model, and a suitable set of parameters for this material
model was verified by comparing the simulation results to the experimental data. As aresult,
the feasibility of the elasto-viscoplastic model for glass at the molding temperature was con-

firmed; this material model can be used in FE analysis of the prediction and modification of
properties of the final lens products.

© 2008 Published by Elsevier B.V.

1. Introduction

In recent years, glass molding technology has been widely
used to produce the small scale optical lenses used in 3C
products. A feature of this technology is that glasses are
heated to a temperature above the glass transition temper-
ature (Tg) or even the yield point (At) and are formed by
replication from the same mold in high numbers (Meden-
Pielinger, 1983; Taniguchi, 1999; Firestone et al., 2005; Yi et
al., 2006). The ability to produce large numbers of replicas
and the imprint characteristic make this glass molding tech-
nology an ideal choice, more preferable to the conventional
glass grinding/polishing technology used to make aspherical
lenses.

There are three stages of the glass molding process: heat-
ing, molding and annealing. During the heating stage, both
molds and glass are heated to the molding temperature, and
a fixed displacement is then applied in order to proceed with

open/closed die forming in the forming stage. In the subse-
quent annealing stage, the molds are held in the final position
of the forming stage and cooled along with the glass until
the mold-releasing temperature is reached; the glass is then
separated from the molds.

Glass is a temperature-sensitive material, and both the
forming and annealing stages, in which the glass undergoes
high temperature variation, will greatly affect the precise
shape and dimensions of glass lenses. Consequently, defects
in the optical properties of glass lenses will be affected by
the deviations in shape and dimension. In addition, the life-
time of the molds used in the forming stage is another critical
problem that is encountered in mass production. Therefore,
this study focuses on the forming stage of the glass molding
process.

It is known that low temperature processes help to
lengthen the operatinglifetime of the mold material (SCHOTT,
in press). In the molding stage, the higher the molding tem-

* Corresponding author. Tel.: +886 3 5712121x5516; fax: +886 3 5720634.
E-mail addresses: Victor@twntsai.com (Y.-C. Tsai), chhung.mail@nctu.edu.tw (C. Hung).
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perature, the lower the pressure, and vice versa. The molding
temperature currently used by the industry is between 30°C
and 40°C above At, i.e., the molding temperature is high, and
the operating lifetime of the molds is shortened. If the mold-
ing temperature is lowered, the pressure increases, which
also shortens the operating lifetime of the molds. In order
to retain a good operating lifetime for the molds, a com-
promise between temperature and pressure was made in
this study, with the molding temperature set to 30-50°C
above Tg. Uniaxial compression tests were performed at this
molding temperature and the stress-strain relationships were
observed in the first part of this study. A finite element (FE)
model of the uniaxial compression tests was then constructed,;
analyses were performed and the simulation results were
compared to the experimental data. Attempts were made to
find an accurate material model for the FE analysis. After
the feasibility of the material model was verified, it could
then be introduced into the FE analysis of the glass molding
process.

2. Material model

Several studies have regarded glass as a viscoelastic mate-
rial and have focused on its stress relaxation behavior
(Scherer, 1986; Rekhson, 1986; Gy et al., 1994; Duffre‘ne et
al., 1997; Duffre‘ne and Gy, 1997). Jain et al. (2005) not only
focused on the measurement of the viscosity of glass at
the molding temperature but also utilized FE analysis for
the glass molding process; this study regarded glass as a
viscoelastic material (Jain and Yi, 2005; Jain et al., 2006).
When discussing the bottle formation of glass at a high
temperature, glass is regarded as behaving as a Newto-
nian fluid, where the viscosity is temperature-dependent,
and the material model is rigid-viscoplastic (Hyre, 2002;
MSC, 2005). Yi and Jain (2005) also attempted to utilize the
rigid-viscoplastic model in FE analysis of the glass molding
process.

In order to fully understand the material behavior of glass
in the forming stage, and to develop an accurate material
model which not only can be used in FE analysis of the glass
molding process, but also in the microstructure imprinting
procedure, the elastic properties of glass should be consid-
ered. In this research, the elasto-viscoplastic model (Cristescu
and Suliciu, 1982) was introduced to investigate the deformed
behavior of glass in the molding stage. This model is described
by

o=Ee, if o<oy
.. 0]
o =3n(T)é, if o>oy

where o is the stress, 5(T) the temperature (T) dependent vis-
cosity, and ¢ is the strain rate. This function shows that the
material behaves as a linear elastic material before the flow
stress (oy) is reached, and as a strain rate-dependent vis-
coplastic material after the flow stress is reached. Although
the viscosity varies with temperature, it will be regarded as
constant during this analysis because the temperature is fixed
in the molding stage.

3. Experiments

In order to find a material property of the glass that can be
used in FE analysis of the glass molding process, uniaxial com-
pression tests on the glass material S-FPL52 (with Tg equal to
445°C), fabricated by the OHARA company, were performed at
the chosen molding temperature (475 °C). The strain rate was
held at 0.00667 s~1, and the experiments were conducted with-
outlubricant. Cylindrical specimens of 10 mm in diameter and
6 mm in height were used. The FE model of the uniaxial com-
pression test at the molding temperature was then built using
a commercial FE program, MSC.MARC, as shown in Fig. 1. Both
the upper and lower molds were set as rigid bodies, and the
glass specimen was set as an elasto-viscoplastic material. The
parameters of the material model were adjusted using the trial
and error method to achieve the best-fitting simulation results
in comparison with the experimental data.

The friction model, used to model the interfacial friction
conditions between the glass and molds, is described by

T = Mkm )

where 7 is the frictional stress of the interface, m the shear fac-
tor (0<m<1), and kn, is the shear yield stress of the glass near
the interface. A shear friction factor of 1.0 was used, which
assumes complete sticking between the glass and molds (Yi
and Jain, 2005).

4, Results and discussion

The comparison results of the experiment and simulation are
shown in Figs. 2 and 3. A set of parameters for the material
model was obtained from these trial and error attempts such
that Young’s modulus was equal to 1300 MPa and viscosity was
equal to 10'° P (1000 MPa s). The simulation results fitted with
the experimental data quite well, and show that this set of
parameters is feasible under the condition of a strain rate of
0.00667 s71.

To verify whether or not the elasto-viscoplastic model con-
sisting of this set of parameters is feasible for FE analysis
under different strain rates, further comparisons between
simulation results and experimental data were made. Uni-
axial compression tests with strain rates of 0.00833s~! and

Symmetric axis H

¥
Upper mold

6mm

Glass specimen <—

X

¥ [z Lower mold

L

Smm !

Fig. 1 - 2D axisymmetric model of a glass specimen.
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Fig. 2 - Comparison of force-displacement curves between
experimental and simulation results at a strain rate of
0.00667 s 1.

0.01s7! were performed, and the flow stresses under each
strain rate were found to be 24.9 MPa and 30 MPa, respectively.
Comparisons of the simulation results and experimental data
are shown in Figs. 4 and 5, from which it can be seen that
the simulation results using the previously obtained material
parameters fitted to the experimental data quite well. There-
fore, the elasto-viscoplastic model is feasible for describing the
deformation behavior of the glass in the molding stage with
different strain rates.

The final shape of the glass specimen after compression is
shown in Fig. 6 and the simulation result is shown in Fig. 7.
Due to the limitations of the apparatus, some parallel devi-
ations exist between the upper and the lower molds, which
may cause the nonuniform deformation of the glass specimen;
temperature control of the environment and both molds also
have some discrepancies. For glass material, a small differ-
ence in temperature or pressure could change the final shape
of the product. It can be seen from these two figures that
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Fig. 3 - Comparison of stress—strain curves between
experimental and simulation results at a strain rate of
0.00667 s 1.
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Fig. 4 - Comparison of force-displacement curves between
experimental and simulation results at strain rates of
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Fig. 7 - Simulation results of the final shape of the glass
specimen.

the glass ends were not deformed as evenly as was shown in
the simulation results. Nevertheless, this study can still pro-
vide a reference for a material model that can be used in FE
analysis of glass molding. More precise investigations will be
performed when the precision of the apparatus is improved.

5. Conclusion

Research on the deformation behavior of glass at a specific
molding temperature (30°C above Tg) was performed in this
work, and the feasibility of the elasto-viscoplastic model for
glass material in the molding stage was verified by comparing
the simulation results to the experimental data. Some conclu-
sions from this work can be made as follows:

(1) The elasto-viscoplastic model can be introduced into FE
analysis of the glass molding process during the molding
stage.

(2) The investigations performed in this work are within the
molding stage. However, annealing is also a key stage in
the glass molding process and will also affect the precision
of the final product shape. In order to perform FE anal-
ysis more precisely, and to reduce the residual stress of
the products to improve the optical properties, the stress
relaxation characteristic of the viscoelastic property of the
glass material should be considered in the annealing stage.
Also, thermal properties in the annealing stage such as
heat conduction between the molds and glass, convec-
tion between the environment and the glass and molds,
and change in the thermal expansion coefficient should
be considered thoroughly.

(3) Molds were assumed to be rigid bodies in this work, but
in the glass molding process, elastic recovery of the molds
will affect the prediction of the final product shape. There-

fore, consideration of the elastic property of the molds
should be included in the FE analysis in order to pre-
compensate for the molds in advance and to predict the
final shape of the glass lens more precisely.
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Abstract

Demand of optical glass lens is progressively
increasing with the development of optical and electrical
products. As far as the optical glass material is
concerned, lens molding technique, compared with the
conventional glass lens grinding and polishing process,
has lots of advantages, like much simplified
manufacture process and dramatically reduction of cost
and waste. However, there still exist several difficulties
needed to be overcome, such as the shape deviations of
the final lens products that may influence the qualities
of optical image. This paper utilized FEA on the glass
lens molding process and constructed a die shape
optimization design system in order to compensate the
shape deviations of the lens products so that the errors
can be reduced efficiently. Once the deviations of the
lens products have been minimized, the aim of mass
production for lens molding of optical glass can be
accomplished.

Keywords : glass molding, optimization, FEA.

1. Introduction

The fabrication processes of optical lenses
comprise casting, hot embossing forming, injection
molding, grind-polishing and so on. But as far as optical
glass material is concerned, grind-polishing and glass
molding are the only two ways to manufacture optical
glass lenses for the time being.

Compared with the grind-polishing fabrication
process of optical glass lens, glass molding serves as a
more economical one. Glass molding is also called hot
embossing forming of optical glass lens since the
quality of the die surface can be translated onto the lens
surface. There are several merits of glass molding, like
easiness for mass production, cost reduction of labor
and time, and simplified steps of process. Fabrication
process of glass lens molding can be generalized to
three stages:

(1) Heating: After the dies and glass gob were put
into the hot forming working machine, both the top and
bottom dies and the glass gob were then heated to the
desired temperature (the forming temperature) which is
slightly higher than the transition temperature (Tg) of
the used optical glass material.

(2) Forming: The top die moved downward with a
constant velocity in order to press the glass gob to the
designed curvature while the glass material became soft.

(3) Cooling: Afterwards, the dies and the glass lens
were cooled to a preset temperature (below the Tg) and
at the same time the top die was released. In the end, the
dies as well as the glass lens were cooled to the room
temperature and the glass lens became a finished
product.

It can be seen from several international
publications that feasibility of the glass molding process
is beyond all doubt [1]-[4].

Glass is a temperature-sensitive material, and the
whole molding process, in which the glass undergoes
high temperature variation, will greatly affect the
precise shape and dimensions of glass lenses.
Consequently, defects in the optical properties of glass
lenses will be affected by the deviations in shape and
dimension. Therefore, the aim of this research is to
construct a die shape optimization system in order to
compensate the geometrical deviations to the original
designed curvature for the final lens products.

2. Research method

At first, commercial FEA software, MARC was
utilized to perform thermo-mechanically coupled
analysis on the lens molding process of optical lens.
According to the results of FEA, a die shape
optimization was conducted subsequently by a linking
program between MARC and the optimization module
in IMSL Fortran library. The die shape optimization
procedure is shown in Figure 1.

3. Finite Element Analysis (FEA)
The detailed settings of finite element analysis are
described as follows:

3.1 Process of Glass Lens Molding

The glass lens molding process in the work can be
seen in Figure 2. In the heating stage, the dies and the
glass gob were heated to the temperature about 4757,
which was 30°C higher than the transition temperature
(445°C) of glass S-FPL52, fabricated by OHARA
Corporation. In forming stage, while the dies and the
glass were hold at the constant temperature 475°C, the
top die moved downward with a constant velocity of
0.0483 mm/s. Then, in the final cooling stage, both the
dies and the glass were cooled to around 200°C, the top
die moves back to its original position and eventually
they were cooled together to room temperature.

CSME-4337
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3.2 Geometrical Model

Because the external appearances of dies and
glass gob were symmetric with the central axis, the
molding processes were therefore treated as an
axisymmetric problem. A glass gob with plan-convex
geometry with radius in 7 mm on the top end was
formed into a lens with radius in 15 mm. Four-node
axisymmetric, thermo-mechanical coupled, quadrilateral
elements were used to model the glass and both dies.

3.3 Material Properties

Because the flow stress of the glass material
varies with strain rate during the forming stages at high
temperature. Material properties modeling of glasses are
typically regarded as viscoplastic by many researches
[5]. Considering the requirement of the geometrical
accuracy of the optical lens products, the elastic
deformation behavior of the glass lens during the
cooling cycle should be taken into account. Therefore,
elasto-viscoplastic is used to model the glass material in
this paper.

The description of the elasto-viscoplastic material
model is shown below:

oc=E(Me , if o<oy Q)
o=3n(M)e, if 20,

, Where E is the temperature-dependent Young’s
modulus, o is the stress, ;1) is the temperature (T)

dependent viscosity, and ¢ is the strain rate. This
function shows that the material behaves as a linear
elastic material before the flow stress (4., ) is reached,

and as a strain rate-dependent viscoplastic material after
the flow stress is reached.
Flow stress (o, ) had been calculated through the

parametric material model in accordance with the
compression experiments conducted in our laboratory
(shown in Figure 3). While the forming temperature is
set to 475°C and the specified strain rate is 0.0083 (1/s),
the viscosity and the flow stress of the glass material
used are 1000MPa-s and 24.9MPa respectively.

In addition, the Young’s modulus of glass
material is temperature-dependent during the heating
and cooling stages [6][7] and can be expressed by the
following empirical equation [6],

E,=E,-At-Bt’ (2

, Where E; is the Young’s modulus at temperature t and
E, is the Young’s modulus at room temperature. A and
B are the constants depending on the particular glass.
Based on the experiments done in our laboratory,
Young’s modulus of the glass material S-FPL52 used in
this simulation had been measured, which is 1300MPa
at forming temperature 475°C. And the Young’s
modulus of the glass material at room temperature is
71700MPa, provided by OHARA Corporation [8]. With
equation (2) the constant coefficients A and B are found
to be -8.234 and 0.3294 respectively. The relationship
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between the Young’s modulus and temperature of the
glass material, S-FPL52, can be plotted in Figure 4.

Other detailed mechanical and thermal material
properties of the dies and glass used in this analysis are
listed in Table 1.

3.4 Boundary Conditions

Figure 5 shows the two-dimensional axisymmetric
model of lens molding process with the displacement
and thermal boundary condition applied to it. The
lowest part of the bottom die is fixed in axial direction
and the movement of top die is given a displacement
boundary condition of 2.5mm downward. For this
simulation, it is assumed that conduction and convection
are the primary modes of heat transfer mechanism in
thermal-mechanical coupled analysis. A convective heat
transfer coefficient of 200 W-(m-°C)™ and a constant
value of the interface heat transfer coefficient of 2800
W-(m-“C)™ are used to simulate the heat exchange at the
contact surfaces between the glass and dies [9].

The friction model, used to model the interfacial
friction conditions between the glass and dies, is
described by

r=mk,, (2
where 7 is the shear stress of the interface, m is the
shear factor (0<m<1), and k., is the shear yield stress of
the glass near the interface. A shear friction factor of 1.0
was used, which assumes complete sticking between
glass and dies [5].

4. Die Shape Optimization
In glass lens molding process, there exist several
factors which cause the geometrical errors of the final
products. In order to overcome such problems, a die
shape optimization process with FEA was conducted to
compensate these deviations.

4.1 The Optimization Implement

The optimization algorithm adopted in this
research is the Sequential Quadratic Programming (SQP)
method. SQP method is often selected as a single
objective optimizer with continuous variables for
accuracy, reliability and efficiency [10].

The implement selected to perform the
optimization is the optimization module form IMSL
Fortran library. “NNLPF” subroutine is selected to
perform the optimization because this subroutine is
coded on the basis of the SQP method. The users need
to define the design variables, the objective function and
the constraints in the optimization system. Instead of
giving their gradient functions, the gradient functions of
the objective and constraints are calculated
automatically by program during the numerical process.

4.2 Formulation of Optimization System

4.2.1 Design Variables

For the die shape optimization, the designed
geometry of the die shape is treated as the design

CSME-4338
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variable. In finite element analysis, the positions of the
die nodes, which might contact the glass, are therefore
served as the design variables in the die shape
optimization. The node coordinates of the die shape can
be presented by the following equation
y=—x2 +AX “)
R+4/R? = (1+k)x?

Equation (4) is the general formulation of the
aspherical curve, where R is the radius of the curve and
k is the conic parameter that stands for the variation of
the conic section. While k is equal to 0, it is a spherical
curve. When k is smaller than 0 but greater than -1, it is
an elliptic curve. k = -1 and k < -1 are parabolic and
hyperbolic curves respectively. A, and others are the
high-order modified coefficients of the aspheric curve.

As for a local minimum problem, the initial guess
of the design variable is important for looking for the
optimal solution of the objective function. Therefore,
the initial guess of the design variable in this
optimization was regarded as the values considering the
shrinkage ratio because the size error of the design with
the shrinkage consideration only is less than that
without any compensation. Shrinkage consideration
means that if we want to get a lens product with radius
in 15 mm, the traditional design will set the radius of the

dies in 15.075 mm considering the shrinkage ratio 0.005.

Hence, the initial guess of the design variables are then
calculated through equation (5),

Xiniz 5)

Yini = Ter
R, ++/R.% — (1+K) X2
, where X, and yi, are the radial and axial coordinates
of the nodes in the die shape curves. R stands for the
radius considering the shrinkage ratio 0.005. er. is the
error between the original design and that with
shrinkage consideration only, which is calculated by
root mean square function.

The method is to modify the specified node
coordinates at the die shape geometry in the input file of
the FEA. While the design variables had been changed,
the linking program will calculate value of the objective
function by calling the analysis solver.

4.2.2 Obijective Function

The choice of objective function of the
optimization system is to minimize the difference
between the original die design and the finished shape
of the lens. A root mean square function is used to
define the object function f as in the following equation:

= B3l n Pt 7) ®

In equation (6), (X;, Y;) refer to the node
coordinates of the final lens product at the top surface
calculated through the FEA and (x; Vi) are the node
coordinates of the expectative designed lens curve
calculated from equation (4). The minimized function f
is the target of the optimization.
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5. Results and discussions

Figure 6 displays the axial displacement
distribution in the beginning of the cooling cycle with
the temperature drop from 475°C to 300°C. At 300C, a
profile difference can be seen between the top die and
the glass lens. Figure 7 plots the differences between the
designed and the formed lens curves and uneven errors
are found. The error increases slightly with the distance
from the center axis.

The Optimization system was constructed and the
numbers of design variables were set from sixteen to
eighteen depended on the curves of die shapes. Three
kinds of aspherical lenses including spherical, parabolic,
and hyperbolic lenses that were selected to perform the
die shape optimization. The optimization results were
compared to the error of the lens products without any
compensation. Table 2 lists the optimization results of
aspherical lens with radius of 15 mm. The results show
that error reductions of Optimization results of these
kinds of lenses can reach 94.76%~96.27% error
reductions.

It can be seen in Figure 8 and Figure 9 that the
final lens curve formed by the optimized die shape is
conformed to the expectation. The average error of the
lens curve is reduced from 0.058468 to 0.01617 and the
maximum error is reduced from 0.071757 to 0.00339.
Therefore the optimization system is useful and efficient
to compensate the deviations.

6. Conclusions

FEA on the molding process of optical glass was
performed and die shape optimization system was
constructed in this work. Some conclusions can be made
as followings.
(1) Lens molding process had been simulated
using the FEA while the elasto-viscoplastic model was
used to model the optical glass material and the
temperature-dependent Young’s modulus of the glass
material had been incorporated into the material model.
Thermal-mechanically coupled analysis was selected as
the analysis type in which the mechanical and thermal
effects were both taken into consideration. This research
shows that it is feasible to apply the FEA to predict the
performance of the lens molding process.
(2) Compensation for the deviations of the finished
lens product can be obtained by the optimization system.
Regardless of the reasons leading to the deviations of
dies or the glass occurred in the fabrication process.
Three different kinds of aspherical lenses had been used
to perform the die shape optimization and the results
show that error reductions could reached 94.76% or
above. On the other hand, the compensation using
optimization system can efficiently eliminate the uneven
deviations at the lens surfaces. The phenomenon of the
unevenness is significant in aspherical lenses. Hence,
the optimization system is especially useful for
aspherical lenses.
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3) This research was mainly focused on the
compensation of the die shape and found that the results
obtained from the optimization system were closer to
the ideal lens design in comparison to that of the
industrial compensation method which only adopting
the thermal expansion of the glass. To make this
optimization system more convincible, verified
experiments of the optimization results should be
performed in the future works.
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Table 2 Comparison with optimization results (R=15

mm)

Spherical(k=0)

error(mm) error reduction(%o)

without compensation| 0.06542 0.00

Optimization 0.00343 94.76

Figure 9 Die shape curve with R =15mm (parabolic)

Table 1 Material properties of dies and glass

Parabolic(k=-1)

error(mm)|error reduction(%s)

without compensation| 0.06461 0.00

Optimization 0.00244 96.27

Hyperbolic(k=-3)

error(mm) error reduction(%o)

without compensation| 0.04910 0.00

Optimization 0.00185 96.22

Dies Glass
Material type Elastic Elasto-viscoplastic
Young modulus (GPa) 610 See Figure 4
Poison ratio 0.299 0.21
Density (kg/m’) 14900 3550
Thermal conductivity (W-(m-C)") 82 0.849
18(=445(C)
Coefficient of thermal expansion (- 10°%°C) 5
1004 (= 445C)
Specific heat (J-(kg- C)™") 300 800
Transition temperature 445°C
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