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a b s t r a c t

Glass molding is as an effective approach to produce precision micro optical elements with complex
shapes at high production efficiency. Since glass is deformed at a high temperature where the mechanical
and optical properties depend strongly on temperature, modeling the heat transfer and high-temperature
deformation behavior of glass is an important issue. In this paper, a two-step pressing process is proposed
according to the non-linear thermal expansion characteristics of glass. Heat transfer phenomenon was
eywords:
lass
ress molding
ptical element
hermo-mechanical property

modeled by considering the temperature dependence of specific heat and thermal conductivity of glass.
Viscosity of glass near the softening point was measured by uniaxially pressing cylindrical glass preforms
between a pair of flat molds using an ultraprecision glass molding machine. Based on the numerical models
and experimentally measured glass property, thermo-mechanical finite element method simulation of
temperature rise during heating and material flow during pressing was carried out. The minimum heating
time and pressing load changes were successfully predicted.
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. Introduction

Glass lens has many predominant advantages over the plastic
ounterpart on aspects of hardness, refractive index, light perme-
bility, stability to environmental changes in terms of temperature
nd humidity, and so on. For this reason, glass lenses have been
emanded increasingly in the field of high-resolution digital cam-
ras, mobile phone cameras, and CD/DVD players and recorders.
onventionally, glass lenses have been fabricated by a series of
aterial removal processes, such as grinding, lapping and polish-

ng, which requires a long production cycle and results in a very high
roduction cost [1,2]. As an alternative approach, glass molding pro-
ess has been accepted as a promising way to efficiently produce
recision optical elements with complex shapes, such as aspheri-
al lenses, Fresnel lenses, diffractive optical elements (DOEs), micro
ens arrays, and so on [3,4].

According to thermal cycle, a typical glass molding process
an be divided into four stages: heating, pressing, annealing and

ooling, which are schematically shown in Fig. 1. Firstly, a glass pre-
orm is placed on the lower mold, and inert gas, such as nitrogen
N2), is flowed to purge the air in the machine chamber; then the

olds and glass preform are heated to the molding temperature

∗ Corresponding author. Tel.: +81 22 795 6946; fax: +81 22 795 7027.
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y a heat source, such as infrared lamps (Fig. 1(a)). Secondly, the
lass preform is pressed by closing the two mold halves (Fig. 1(b)).
hirdly, while a small pressing load is maintained, the formed lens is
lowly cooled down to release the internal stress, namely, annealing
Fig. 1(c)). Finally, the glass lens is cooled rapidly to ambient tem-
erature and released from the molds (Fig. 1(d)). Through these
our stages, the shapes of the mold cores are precisely replicated to
he glass lens.

Glass is a strongly temperature-dependent material. At room
emperature, glass is a highly hard and brittle material; at a high
emperature, however, it becomes a viscoelastic body or a viscous
iquid. Thermal expansion of glass is also significant. For example,
he volume–temperature relationship of a commonly used glass
-BAL42 (Ohara Corp., Kanagawa, Japan) is plotted in Fig. 2. Soft-
ning point (SP) is defined as the temperature at which the glass
eforms under its own weight and behaves as liquid. Yielding point
At), also called “deformation point”, is a temperature at which
lass reaches its maximum expansion and a relatively low plastic-
ty and starts shrinking. When such a melt is gradually cooled, the
olume decreases abruptly down to a transition temperature (Tg)
elow which volume shrinkage occurs at a slower rate. Pressing

f a glass lens is always performed above Tg. Annealing point (AP)
s the upper end of the annealing range for the pressed glass lens,
t which the internal stress is reduced to a practically acceptable
alue over a short period. Strain point (StP) represents the lower
nd of the annealing temperature range. It is also the upper limit of
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ig. 1. Schematics of four stages of a glass lens molding process: (a) heating, (b)
ressing, (c) annealing and (d) cooling.

ervice temperature of a glass component. During annealing, glass
s slowly cooled down from AP to somewhat below StP.

Determination of a suitable temperature for pressing is an essen-
ial issue for glass molding. If pressing is performed above At and
eld on to keep the shape of the lens during cooling, the volume
xpansion around At will lead to a sharp increase in pressing load,
nd in turn, adhesion of glass to molds [5]. On the contrary, if press-
ng is done below At, a high pressing load will be required because
lass is not sufficiently softened at this temperature range. In this
ase, significant residual stresses will occur in the glass lens, and
he high pressing load may also shorten the service life of the molds.
his problem is a critical one especially when molding micro Fres-
el lenses and DOEs where the molds have extremely fine grooves
n the surface. A high pressing load may cause deformation and
amages to the micro grooves.
To solve this problem, in this work, we proposed a two-step
ressing method. The first pressing step is done at a high tem-
erature near the softening point (SP), so that glass behaves as a
iscous liquid and most of material deformation can be achieved
t a low load. After the first step, the pressing load is reduced and

ig. 2. Plot of volume change against temperature for a typical optical glass L-BAL42,
howing strongly temperature-dependent thermal expansion characteristics. SP,
oftening point; At , yielding point; Tg, transition point; AP, annealing point; StP,
train point.
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he temperature is lowered to be between Tg and At. Then the sec-
nd pressing is done at this temperature to close the molds and
btain the final shape of the lens. The two-step pressing method can
chieve both high lens accuracy and long mold life. Another advan-
age of this method is that the thermal expansion coefficient of glass
s approximately linear below Tg, so that it is easy to calculate the
ompensation profile of the molds according to the objective shape
f the lens. The two-step pressing method is especially effective for
olding Fresnel lenses, DOEs and other surface microstructures.
In the first pressing step, two issues are practically important:

ne is to make clear the thermo-mechanical properties of glass at a
emperature near SP, and the other is to uniformly heat the whole
lass to this temperature. If temperature distribution in glass is not
niform, thermo-induced disorder of optical properties may occur.
verheating should also be avoided to prevent the molten glass

rom adhering to mold surfaces. Therefore, modeling of heating
rocess and determination of heating time is essential for improv-

ng both product accuracy and manufacturing efficiency [6].
Since glass is transparent in infrared light, it cannot be directly

eated by the infrared lamp, but instead, has to be indirectly heated
y the molds and the surrounding gas. Therefore, heat transfer in
his case involves heat conduction, heat convection and radiation.
lso, heat expansion coefficient, heat conductivity, heat capacity
nd other parameters of glass are also changing with temperature.
rom these aspects, the heat transfer in glass molding is a very
omplicated issue. However, at present, precise measurement of
he heat transfer in a glass lens is still difficult, although Field and
iskanta [7] demonstrated the possibility of experimental mea-
urement of temperature distributions in soda-lime glass plates.

Finite element method (FEM) has shown to be an effective
pproach to simulate a forming process and visualize the heat
ransfer in glass. For example, Wilson et al. [8] studied the
eat transfer across tool-workpiece interface by using an FEM
ode, DEFORMTM-2D. Viskanata and Lim [9] proposed a physical
odel for internal heat transfer in glass and heat exchange across

lass-mold interface in one dimension. Yi and Jain [10] applied
EFORMTM-2D to the simulation of aspherical glass lens molding.
owever, most of these studies analyzed the heating process by

eparately considering heat transfer and glass deformation. The
umerical models they used did not take into account the time-
ependent and temperature-dependent changes of thermal and
echanical properties of glass, which might cause considerable

imulation errors. To date, there is no available literature on the
ynamic modeling of a high-temperature glass forming process
y comprehensively considering the heat transfer and the ther-
al deformation of glass. Therefore, precise prediction of process

arameters, such as heating time and pressing load is still difficult.
The objective of the present study is to establish a series of

hermo-mechanical models for the glass molding process, from
eating, pressing, annealing to cooling, to enable FEM simulation
nd visualization of the process and accurate prediction of opti-
al process parameters. It is expected that the theoretical work

an partially reduce the number of trial-and-error experiments and
rovide deterministic criteria for active compensation of the mold
eometry. In the present paper, firstly, thermal phenomenon dur-
ng the glass molding process was analyzed by considering heat
ransfer within glass and at the interface among glass, molds and
urrounding gas environment. Secondly, the high-temperature vis-
osity of glass near the softening point SP was measured using
n ultraprecision glass molding machine by uniaxially press cylin-

rical glass preforms between a pair of flat molds. Thirdly, the
eveloped numerical models and the measured viscosity prop-
rties were incorporated into coupled thermo-mechanical FEM
imulation of the glass pressing process based on a viscous fluid
odel. Through a comparison between the experimental results
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Table 1
Thermal expansion characteristics of glass L-BAL42

Characteristic point in the volume–temperature curve Temperature (◦C)

Strain point (StP) 476
Annealing point (AP) 494
T
Y
S

a
p
a
p

2

2

b
i
d
l
t
s
t
c
c
e
a
e

s
g

˛

w
m
s
r
b
e
t
a
i
v
a

m
i
i
(

ˇ

V

w
a
p
m
e

s
c

2

“
t
H
d
s
n
g
i
t
i
i
c
c
h
w

T
i

�

w
c
v
p
i
t
r

k
e
t

C

w
a
b
t

g
o
C
t
respectively. It was reported that oxides BaO and ZnO influence
the thermal properties of glass [18]. However, from experimental
results in the present study, we could not find obvious change of
heat capacity due to BaO and ZnO so that we ignored their effects
in this paper.

Table 2
Composition ratio of glass L-BAL42

Glass composition Content (wt%)

SiO2 40–50 (≈45)
ransition temperature (Tg) 506
ielding temperature (At) 538
oftening point (SP) 607

nd the simulated results in terms of minimum heating time and
ressing load changes, it will be shown that the developed thermal
nd mechanical models can be used to precisely predict important
rocess parameters of glass molding.

. Theoretical models

.1. Thermal expansion of glass

Thermal expansion is an important issue in lens molding
ecause it greatly influences the form accuracy of the lens. As shown

n Fig. 2, the thermal expansion of glass is strongly temperature-
ependent. The expansion coefficient is approximately linear at

ow temperature (below Tg), and becomes non-linear in the high-
emperature range. The thermal expansion coefficient increases
ignificantly from Tg to At, then a negative expansion (namely con-
raction) occurs above At [11]. Ohlberg and Woo [12] proposed a
omplicated formula to describe the change of glass expansion
oefficient, but it is still hard to precisely describe the thermal
xpansion coefficient in a single function. For simplification, linear
pproximations are adopted to represent the changes of thermal
xpansion coefficient in different temperature ranges.

To begin with, we consider the one-dimensional thermal expan-
ion problem. The linear thermal expansion coefficient (˛) can be
iven by Eq. (1):

= 1
l

× dl

dT
=

{
a0 −30 ≤ T < 70
a1 70 ≤ T < Tg

a1 + a2(T − Tg) Tg ≤ T < At

(1)

here l is the overall length of material in the direction being
easured; T is the instantaneous temperature in ◦C; a0 is the con-

tant thermal expansion coefficient in the working temperature
ange of glass; a1 is the constant thermal expansion coefficient
elow Tg; and a2 is the average gradient of the increase of thermal
xpansion coefficient between Tg and At. The glass material used in
he present work is L-BAL42, the thermal characteristics of which
re listed in Table 1. Other glasses show similar general trends
n the volume–temperature curves. According to the data pro-
ided by the glass manufacturer, we obtain that a0 = 7.2 × 10−6 l/◦C,
1 = 8.8 × 10−6 l/◦C, and a2 = 3.0 × 10−8 l/◦C2 in Eq. (1).

Next, we consider volume expansion in three-dimensional glass
olding. The volume thermal expansion coefficient (ˇ) is approx-

mately three times the linear thermal expansion coefficient, thus
t can be defined by Eq. (2). The temperature-dependent volume
V(T)) can then be calculated using Eq. (3).

≈ 3˛ (2)

(T) = V0

(
1 +

∫ T

0

ˇ dT

)
= V0

(
1 + 3

∫ T

0

˛ dT

)
= V0 + �V (3)

◦
here V0 is the volume of glass at the reference temperature (0 C),
nd �V is the swelling increment in volume after heating to tem-
erature T. In the FEM simulation of molding process in this study, a
odule was activated to restore the volume change due to thermal

xpansion during remeshing, and the coefficient of thermal expan-
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ion was used to define the volumetric strain due to temperature
hanges.

.2. Heat transfer models

On most occasions, glass molding processes are based on the
isothermal molding” method where pressing is performed after
he glass preform reaches the same temperature as the molds.
owever, due to the fact that the heat absorption rate of glass is
istinctly different from that of the mold materials, such as tung-
ten carbide (WC), silicon carbide (SiC), titanium carbide (TiC),
ickel–phosphorous (NiP) plated steels and other alloys, even the
lass preform and the molds are heated together by the same
nfrared lamp, there is a significant delay of temperature rise within
he glass preform. Most of the heat transferred to the glass preform
s from the lower mold and surrounding nitrogen during the soak-
ng time. However, it is difficult to directly measure the temperature
hange in the glass preform even if the temperature of the molds
an be easily monitored by thermocouples. Therefore, modeling of
eat transfer phenomenon in glass molding is very important for
orking out heat balance.

Initially, we consider the heat transfer within a glass preform.
he governing equation for heat conduction within an incompress-
ble glass material is given by Eq. (4):

Cp
∂T

∂t
= k∇2T (4)

here � is the density; Cp is the specific heat; k is the thermal
onductivity of glass; and t is the heating time. Most of the pre-
ious work on simulation of glass molding and other forming
rocesses treated the specific capacity Cp and thermal conductiv-

ty k as constants [13,14]. However, in fact these two parameters are
emperature-dependent, as experimentally demonstrated by early
esearchers [15,16].

As glass is a compound material, the specific heat of glass is
nown to vary with its composition and temperature. An empirical
quation, namely, Sharp–Ginther equation [17], has been proposed
o express the mean specific heat (Cm) of glass, as shown in Eq. (5).

m = a3T + C0

0.00146T + 1
× 4.186 × 103 (5)

here a3 is a constant of a glass material; C0 is the true specific heat
t 0 ◦C; and T is the temperature in ◦C. a3 and C0 are both decided
y the glass compositions. This equation can be applied to a wide
emperature range and has been widely used by later researchers.

The composition percentages of the glass samples offered by the
lass manufacturer are shown in Table 2. An intermediate value
f each composition was used to calculate the constants a3 and
0 in Eq. (5). According to the method described in reference [17],
he calculated values were a3 = 0.000408 J/◦C2 and C0 = 0.144 J/◦C,
aO 20–30 (≈25)
2O3 2–10 (≈6)
l2O3 2–10 (≈6)
nO 2–10 (≈6)
thers 0–2 (≈2)
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ig. 3. Schematic presentation of heat transfer phenomenon during heating process.

The true specific heat Cp in Eq. (4) then can be easily calculated
rom the differential equation as follows:

p = d(TCm)
dT

(6)

In Eq. (4), the thermal conductivity k is a variable of
emperature in a complex manner due to the effects of high-
emperature radiation. For simplicity, many investigators treated
he high-temperature irradiation in glass as an equivalent thermal
onductivity problem, and a temperature-dependent thermal con-
uctivity (k(T)) was proposed for glass materials by Mann et al.
19]. In this work, based on the glass property data provided by the

anufacturer, a modified formula is given in Eq. (7) to represent
he thermal conductivity of glass L-BAL42.

(T) = 1.028 + 0.000624T (7)

Next, we consider the heat transfer from the mold and the
itrogen environment to the glass preform. As shown in Fig. 3, con-
uction, convection and radiation are three basic modes of heat
ransfer. In glass molding, thermal conduction at the glass-mold
nterface and thermal convection between the glass preform and
he flowing nitrogen gas are primary contributions to the temper-
ture rise of glass preform. The effect of infrared irradiation on
lass is insignificant so that usually it can be ignored, although
cGraw [20] proved that the effect of radiation on the temperature

istribution within glass can be described by equivalent thermal
onductivity.

The thermal boundary conditions of the glass preform during
eating can be given by Eq. (8):

−k
∂T

∂n
= hM(T − TM)

−k
∂T

∂n
= hN(T − TN)

(8)

here hM is the interface heat transfer coefficient between the
old and glass; hN is the heat transfer coefficient between the sur-

ounding nitrogen gas and glass; TM and TN are the temperatures of
he mold and the nitrogen gas, respectively. In Eq. (8), hM is a func-
ion of interface pressure, thickness of air gap, amount of sliding,
nterface temperature, etc., and hN is affected by chamber geometry,
as blowing velocity, flowing direction and so on. Therefore, strictly
peaking, hM and hN are both variables. However, precise measure-
ent of the changes of these coefficients is technically impossible

nder the present conditions. In this work, like in most of the pre-
ious studies [10], constant values of hM (2800 W/(m2 K)) and hN
20 W/(m2 K)) are assigned in the FEM simulation.
.3. High-temperature viscosity of glass

When temperature is below Tg, glass is deemed as solid, which
an be treated as a rigid or rigid-plastic material. However, when

e
f
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emperature is above the softening point SP, glass becomes a vis-
ous liquid which is soft and flowable. Between Tg and SP, the
roperties of glass change greatly with temperature and it behaves
s a viscoelastic/plastic body. In the two-step pressing process, to
chieve glass deformation at a low load, the first press is performed
ear the softening point SP where glass can be approximately
reated as a viscous Newtonian fluid.

High-temperature viscosity (�′) is conventionally measured by
arallel-plate viscometers according to Eq. (9), as reported by Gent
21].

′ = 2�Fh5

3Vḣ(2�h3 + V)
(9)

here F is the pressing load; h is the instantaneous height of the
ylindrical glass sample; ḣ is the axial deformation rate; and V is the
olume of the sample. In the present work, instead of a parallel-
late viscometer, we used an ultraprecision molding machine to
easure the viscosity of glass. Two flat molds were used as the rigid

arallel-plate pair. Pressing load, displacement and speed were
ecorded by a load cell and a sensing-control system equipped in
he machine.

During pressing, glass is assumed to be incompressible. How-
ver, due to thermal expansion as mentioned in Section 2.1, the
olume of glass will change. To improve the accuracy of viscosity
easurement, Meister [22] attempted to make modifications to Eq.

9) by considering the thermal expansion. Unfortunately, he made
mistake during formula deduction, which made the modified for-
ula unreliable. In this work, we corrected the formula deduction

rocess as shown in Eq. (10).

= 2�F(h + �h)5

3(V + �V)ḣ[2�(h + �h)3 + V + �V ]

= 2�Fh5(1 + ˛T)5

3V(1 + 3˛T)ḣ[2�h3(1 + ˛T)3 + V(1 + 3˛T)]

≈ (1 + ˛T)5

(1 + 3˛T)2
�′ ≈ 1 + 5˛T

1 + 6˛T
�′ (10)

here � is the modified value of viscosity, and �h is the swelling
ncrement in height.

After the glass viscosity at certain temperature intervals
ave been experimentally measured, the viscosity between
hese temperature intervals can be estimated by curve fit-
ing. The function usually used for fitting glass viscosity is the
ogel–Fulcher–Tamman (VFT) equation as shown below [23,24].

og � = A +
[

B

(T − T0)

]
(11)

here A, B, and T0 are constants.

.4. Stress–strain relationship in viscous deformation

Usually, bulk glass deformation behavior at a low strain rate
bove yielding point At has been modeled by the Newtonian incom-
ressible law [25], described in terms of equivalent stress � and
train rate ε̇ as given by Eq. (12).

= 3�ε̇ (12)

here � is the viscosity of glass, which can be obtained by the VFT

quation as mentioned in Section 2.3. However, Chang et al. [26]
ound that flow stress function did not follow the exact Newton’s
aw for fluids and revised it by modifying the exponent of strain
ate based on their experimental results. Similar phenomenon was
bserved in the present work. According to the properties of L-
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ig. 4. Schematic diagram of the structure of the ultraprecision glass molding
achine.

AL42 glass, a modified flow equation was adopted as Eq. (13) in
he FEM simulation.

= 3�ε̇1.2 + 0.3 (13)

It should be mentioned that during pressing, the heat transfer
till continues. In this case, heat transfers to the glass preform from
oth the upper and lower molds. However, if the glass preform has
een soaked enough so that a uniform temperature distribution is
chieved within the glass preform during the heating stage, heat
ransfer during pressing will be insignificant and will not affect the
onstants in Eq. (13).

The frictional force between glass and molds during pressing
as modeled as a constant shear friction [27], which can be defined
y Eq. (14).

s = m
 (14)

here fs is the frictional stress, 
 the shear yield stress, and m is
he friction factor. In this study, a value of 1.0 was assigned to m,
ssuming complete sticking between glass and molds without slip.
nder this condition, the friction stress is a function of the yield
tress of the deforming glass.

. Viscosity measurement experiments

Experiments were carried out on an ultraprecision glass mold-
ng machine GMP211 (Toshiba Corp., Shizuoka, Japan), the structure
f which is schematically shown in Fig. 4. In order to measure the
igh-temperature viscosity of glass by the parallel-plate method,
pair of flat molds made of tungsten carbide (WC) with surface

oatings was used to press cylindrical glass preforms (basal diam-
ter 12 mm, height 4.7 mm). The thermo-mechanical properties of
he glass material are listed in Table 3. Nitrogen gas was used to
urge the air to prevent the molds from oxidation at high temper-
tures. The molding chamber was covered by a transparent silica

lass tube which can let the infrared rays in and separate the nitro-
en gas from the air outside. Temperatures of the upper and lower
olds are monitored by two thermocouples beneath the mold sur-

aces with a measurement accuracy of ±1 ◦C. The upper mold is
emained stationary, while the lower mold is driven upward and

able 3
hermo-mechanical properties of glass L-BAL42 at room temperature

roperty Value

hermal expansion ˛ (×10−6/◦C) 7.2
hermal conductivity k (W/(m K)) 1.028
pecific gravity d 3.05
odule of elasticity E (×108 N/m2) 891
odule of rigidity G (×108 N/m2) 357

oisson’s ratio � 0.247

(

(

ig. 5. Time sequences of temperature, pressing load and lower mold position dur-
ng a molding cycle.

ownward by an AC servomotor with a resolution of 0.1 �m. A load
ell is placed beneath the main axis to measure and feedback the
ressing load with a resolution of 0.98 N.

The four-stage molding process as shown in Fig. 1 was realized
y a G-code computer program. During experiments, the tempera-
ures of the upper and lower molds, the position of the lower mold,
he pressing load applied to the molds were recorded, respectively,
s functions of time. A series of typical time sequences of tempera-
ure, pressing load and lower mold position are plotted in Fig. 5. The
peration procedures and corresponding conditions are outlined as
ollows:

1) Putting a glass preform on the lower mold and raising the lower
mold to position Z1. Heating the molds and glass preform by the
infrared lamps to the specified temperature (590 ◦C) above Tg

at a heating rate of 3.6 ◦C/s, then keeping the specified temper-
ature for soakage in the glass preform.

2) Pressing the glass preform by moving the lower mold upwards
in a constant pressing rate (3 mm/min) in the speed control
mode until the pressing load reaches the first specified value
(P1 = 2500 N), and then keeping the press load constant until
the position of the lower mold reaches the specified position
Z2. This is the first pressing step. After this step, moving the
lower mold downward to remove the pressing load, and flow-
ing the nitrogen gas to slightly cool the glass to below At, then

performing the second press to close the molds at the second
specified load (P2 = 3000 N).

3) Annealing the formed lens under a lower pressing load
(P3 = 1000 N) at a cooling rate of 1.4 ◦C/s until the temperature
is reduced to 500 ◦C.
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Fig. 6. Plot of glass viscosity against temperature near the softening point.

4) Cooling the molded lens to 220 ◦C at a cooling rate of 2.0 ◦C/s.
5) Releasing the molded glass and cooling it to room temperature

(23 ◦C) naturally.

During the first pressing in step (2), the changes of the position
f the lower mold and the pressing load were recorded and the
ata were processed using Eqs. (9) and (10), and the viscosity of
he glass preform was obtained. The measured viscosity of glass is

lotted against temperature in Fig. 6. A very good agreement can be
een between the results from the present study and those mea-
ured by the glass manufacture using a traditional parallel-plate
iscometer. In the figure, the solid line is the fitted curve by the VFT
quation using parameters A = 5.87, B = 234.6, T0 = 490. Fig. 7(a) is

ig. 7. Photographs of (a) a cylindrical glass preform before experiments and (b)
ress molded flat piece.
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photograph of a cylindrical glass preform before experiment and
ig. 7(b) shows the deformed glass piece after experiments. The
asal diameter and the thickness have been changed to 17.6 and
.2 mm, respectively.

. FEM simulations

Computer simulations of the glass molding process were carried
ut using a commercially available FEM program DEFORMTM-3D.
he program is capable of simulating large deformation of mate-
ial flow under isothermal and non-isothermal conditions [28,29].
he FEM model is shown in Fig. 8. In the model, the two molds
re assumed as completely rigid bodies; the glass preform is
eformable and becomes a Newtonian fluid at the pressing tem-
erature. Two-dimensional rigid wall boundaries are used for the
pper mold, and one-dimensional rigid wall boundaries are set to
he lower mold. The glass preform is totally free of constraints
xcept its surface contact with the two molds. In order to save
omputation time and improve simulation accuracy, calculation
as done for one-fourth of the cylindrical glass preform by taking

dvantage of the geometrical symmetry. The element remesh-
ng was updated automatically based on an optimized Lagrangian
cheme. The numerical models and boundary conditions presented
n Section 2 and the experimentally measured results of glass vis-
osity in Section 3 were incorporated into the FEM simulation,
hich enabled a coupled thermal–mechanical analysis.

To start the simulation, the mold was heated from the room
emperature to the pressing temperature (590 ◦C); after pressing,
nnealing and cooling, the first molding cycle was finished at a
emperature of 220 ◦C. From the second molding cycle, the start-
ng temperature was 220 ◦C. This temperature cycle is the same as
hat of an actual molding process. In simulation, the temperature
istribution within the molds was assumed to be uniform. The tem-
erature of the lower mold measured by the thermal couple was
sed as the temperature boundary condition of the mold. Fig. 9
hows temperature distributions in the glass preform during heat-

ng. After heating for 120 s, the temperature of the bottom surface
as 66 ◦C higher than that of the top surface (Fig. 9(a)). The tem-
erature difference was decreased to 10 ◦C after heating for 180 s
Fig. 9(b)). Then, after heating for 220 s, the temperature became
niform within the whole glass preform and reached the pressing

Fig. 8. FEM simulation model for glass molding tests using flat molds.



156 J. Yan et al. / Precision Engineering 33 (2009) 150–159

F
1

t
a
d
t
a

g
h
t
m
d

F
h

t
i
o
i
p
s
l
t
T
2
s
i
t
s
p

t
p
d
f
g
h
i
that the temperature of the upper surface was lower than that
of the lower surface in the beginning of press, which caused a
higher viscosity at the upper part. Although during pressing the
heat transfer from the upper mold can finally eliminate the tem-
ig. 9. Temperature distributions in the glass preform at different heating time: (a)
20 s, (b) 180 s, and (c) 220 s.

emperature 590 ◦C (Fig. 9(c)). The simulation results of the temper-
ture rises on the bottom and the top surfaces of the glass preform
uring the heating process are plotted in Fig. 10. For comparison,
he experiments results of temperature changes of the lower mold
re also plotted in the figure.

Heating time determines the uniformity of temperature in

lass, and affects the pressing load too. We define a “minimum
eating time” which is the time span from the start of heating
o the moment that the whole glass preform has reached the

olding temperature (590 ◦C) uniformly. From the temperature-
ependence of viscosity, we can assume that the minimum heating F
ig. 10. Temperature rises of the mold and the upper/lower surfaces of glass during
eating.

ime is the shortest time for getting the lowest pressing force. Even
f heating continues after the minimum heating time, the rising rate
f pressing load will not decrease further. To verify this effect, exper-
mentally measured pressing loads after different heating time are
lotted against the displacement of lower mold in Fig. 11. It can be
een that after 180 s heating, there is a sharp increase in pressing
oad at the early stage; while after heating for longer than 220 s,
he pressing loads increase gradually and follow the same trend.
herefore, we can say that the minimum heating time in this case is
20 s. This result is completely consistent with the simulated results
hown in Fig. 9. It should be pointed out that the sharp increase
n pressing load at the early pressing stage may cause damages
o the mold surfaces. In Fig. 11, the pressing loads approached the
ame level in the final stage, because heat transfer continued during
ressing and the temperature in glass finally got uniform.

Another phenomenon caused by non-uniformity of tempera-
ure in glass is that the initially cylindrical glass preform, after
ressing, will be deformed to be an isosceles trapezoid where the
iameter of the bottom surface is bigger than that of the top sur-

ace. Fig. 12(a) shows an example of FEM simulated cross-sectional
eometry with strain distribution of a glass piece pressed after a
eating time of 180 s. The curvature radius of the upper corner

s apparently larger than that of the lower corner. This is due to
ig. 11. Changes of pressing loads with time after heating for different soaking time.
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kind of stress distribution may cause deflection of the lens and
non-uniformity in its optical properties. Fig. 12(c) shows an instan-
taneous velocity distribution of element nodes in glass at the end
of the first press. It can be seen that near the symmetrical center,
ig. 12. FEM simulated results of (a) cross-sectional geometry with strain distribu-
ion, (b) equivalent stress distribution and (c) velocity distribution in the glass piece
ressed after a heating time of 180 s.

erature difference, the deformation of the upper part has been
elayed compared to the lower part. This effect finally led to the

rapezoidal geometry of the glass piece. Similarly, in lens molding,
on-uniformity of temperature will cause lens form error. Fig. 12(b)
hows the equivalent stress (von Mises stress) distribution under
he same condition as Fig. 12(a). The high-stress region is not sym-

F
t
p

ring 33 (2009) 150–159 157

etrical to the horizontal centerline but tends to be lower. This
ig. 13. FEM simulated results of (a) cross-sectional geometry with strain distribu-
ion, (b) equivalent stress distribution and (c) velocity distribution in the glass piece
ressed after a heating time of 220 s.
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ig. 14. Comparison between simulation results and experimental results of press-
ng load–displacement relationship.

elocity vectors are vertically directed; while in the outer region,
aterial flow direction tends to be horizontal. It is also notewor-

hy that the material in the lower corner is completely stationary
t this moment, and material flow can be found only in the upper
egion.

Fig. 13(a) is a simulated cross-sectional geometry with strain
istribution of the glass piece pressed after a heating time of 220 s.

n this case, the temperature within glass has become uniform. The
urvature radius of the upper corner of the glass piece is completely
he same as the lower corner. Fig. 13(b) shows the corresponding
quivalent stress distribution. It is seen that the stress concentra-
ion region is basically symmetrical to the horizontal centerline.
ig. 13(c) shows the velocity distribution in glass at the end of the
ress. Obviously, velocity vector distribution in the outer region of
he glass piece is very uniform, from the upper corner to the lower
orner. From this point, we can say that choosing a suitable heating
ime is not only an important issue for prolonging the service life of

olds, but also an essential step for improving form accuracy and
ptical property of the molded lenses.

Finally, pressing load was simulated based on the viscous defor-
ation model discussed in Section 2. Fig. 14 shows the load change

uring pressing until the glass preform is pressed for a distance of
.5 mm in the vertical direction (pressing rate = 3 mm/min, temper-
ture = 590 ◦C). For comparison, experimentally measured pressing
orces were also given in the figure. It can be seen that despite
small deviation between the experimental results and the sim-
lated results at the beginning of pressing, which is presumably
he effect of elastic deformation, the total trends of the results are
asically the same.

. Conclusions

High-temperature heat transfer and viscous deformation of
lass in a lens molding process have been studied through theo-
etical analysis, experimental measurements and FEM simulations.
he main results can be summarized as follows:

1) A two-step pressing process is proposed for molding glass
lenses. The first press is performed at a high temperature near
the softening point to achieve most of the material deforma-
tion, and the second press is done at a low temperature between

the yielding point and the transition point to finalize the lens
geometry.

2) Thermal expansion and heat transfer phenomena in glass mold-
ing process have been modeled by considering the temperature
dependence of thermal properties of glass and interfacial condi-

[

[

ring 33 (2009) 150–159

tions among glass, molds and environmental gas. The minimum
heating time predicted by FEM simulation agrees well with the
experimental results.

3) High-temperature viscosity of glass near the softening point
was measured by uniaxially pressing cylindrical glass preforms
between a pair of flat molds on an ultraprecision glass mold-
ing machine, and the temperature-dependence of viscosity was
clarified.

4) Incomplete heating of glass not only causes sharp increase in
pressing load at the beginning of pressing, but also leads to non-
uniformity in viscous deformation and geometrical error of the
glass component.

5) High-temperature material flow of glass was simulated by a
modified Newtonian fluid model, and the predicted pressing
loads agree well with the experimental results.

Future work includes modeling of stress relaxation of glass
uring annealing and cooling to consolidate the foundations for
imulating/visualizing a precision glass molding process for aspher-
cal lenses, Fresnel lenses, DOEs and other surface microstructures.
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