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Abstract

Injection-molded optical parts have been widely
employed for various commercial electronic produats
the market today. The large variations in thicknass
stringent requirements in residual stresses hawe tize
parts tough to manufacture. In this study, a 8DeCAE
analysis incorporated with visco-elasticity modélave
been adopted for studies of typical cases. Some
interesting phenomena during filling and packingtioé
parts have been predicted by the CAE simulations.
Furthermore, experimental verifications on the mimeena
have been conducted with reasonable accuracy mpiron
form accuracy but in residual stresses. Findtlg,results
have shown that residual stresses are mainly dusetb
and injection speed whereas dimensional errors on
part-surfaces are dependent of holding pressurenait
temperature during the molding process.

Introduction

As progress in optical technology was made in the

past few decades, optical lens systems are commonlymolded lenses in details.

applied to numerous consumer products in our ddédy

images, or called Seidel aberrations, includingesighl
aberration, coma, astigmatism, field curvature,
distortion. On the other hand, the residual hingince
in lenses defocuses and blurs object images suppose
clear and sharp. Based upon the photo-elasthogtyry, it
is noted that two mechanisms are credited to thelual
birefringence in materials, namely the flow-inducaadd
thermal-induced birefringence, during the injection
molding process [1,2]. The former is attributed to
molecular-chain orientation generated by shearssde
during the filling and holding stages, and candlaxed or
frozen during post-filling processes and after tiec
The latter is contributed by internal stresses tugpatial
non-uniform shrinkage, which is caused by each ifipec
location inside the part has its unique thermo-raaatal
history in temperature and pressure.

and

According to the previous researches done by Wang
et al. [3,4], residual birefringence in COC moldexses is
contributed mostly by flow-induced effects becauke
flow-induced birefringence accounts for 92 % as parad
to the thermal-induced parts being 8 %. Hencéurther
comprehend flow-induced birefringence in this pagper
true 3D CAE analysis incorporated with visco-elzEsi
models was adopted to investigate birefringenc€OLC
Experimental investimeti
were also conducted for correlating causal effeetsreen

Since consumer products must be mass-produced inprocessing conditions and birefringence levels.

millions of unit in the life expectancy, it is nesary to
adopt a manufacture process that can produce tiueigis
both in good quality and at affordable prices. Agadhe
most popular manufacture processes, injection mgldi
process has been widely accepted in the indusigeause

its ability to meet the above production requiretaen It

is therefore essential for the plastics industry to
comprehend the sophisticate process for injectiotded
plastics lenses.

It has been noted that, in injection molding of
plastics lenses, the qualities of optical image &affected
by crucial factors generally classified into twaegories,
namely geometric features and optical birefringencehe
geometric features, namely profile accuracy andmeltric
deviations, are influenced by pertinent processing
parameters during injection molding. These dineamesli
errors eventually contribute to optical aberrationsbject

CAE Simulation

In this study, a commercial CAE analysis program,
Moldex3D copyrighted by CoreTech System at Hsinchu,
Taiwan, has been adopted as the analysis tool on
simulating the flow phenomena of polymeric meltides
the mold cavity during the process. The polymett rise
assumed to be modeled as a visco-elastic fluid.erdfare,
the non-isothermal 3D flow motion can be mathenaditic
described in the following equations:
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whereu is the velocity vectofT is the temperature,is the
time, p is the pressureris the total stress tensgrjs the

density, zis the extra-stress tensok is the thermal
In present work,

conductivity, andC, is the specific heat.
zis obtained by the constitutive equation of Whitetkher
model as follows:

T+/IZ:77(VU+VUT) : ®)

where/ is the relaxation time, anglis the viscosity and
n are both functions of shear rate and temperature.

In optical plastics, the value of refractive index

varies as a function of the applied-stresses. i§tfisther

described by the Stress-Optic, or “Brewster’s” Law

denoted in the following equation:

n—n,=Cq(o,-0,), (6)

where n, and n, are the indices of refraction;;1 and

o, are the principal stresses, a@g is the Stress-optical

constant. This law describes that birefringencdiisctly
proportional to the difference of principal stresse

The phase difference between the two light rays

traveling through the material at different vel@st is

known as retardatio, The retardation value divided by
the thickness of materiald, is proportional to the

difference between the two indices of refractioa., i

S=And. (7)

The fringe orderN, can be determined by ratio of the
retardation value to the wavelength of ligtt, as the

following equation:

o
) 8
In the CAE simulations, a spherical lens

plano-convex geometry with curvature in 70 mm, diten
in 32 mm, thickness in 2 mm, and gate thicknes8.80
mm was molded for experimental verifications asvghn
Fig. 1 with corresponding process conditions béisigd
in Table 1.

Curvature: 75mm
Diameter: 32mm
Thickness: 2mm

Gate Thickness: 0.8mm

Fig.1 Schematic drawings of the plano-convex spakr

lens with gate located at the Y axis.

Table 1 Processing conditions for the case of
plano-convex spherical lens mold.
Clamping force 550 kN
Injection weight 27 Gm
Max. Pre. 259 Mpa
Machine Max. Flow 190 cclsec
Conditions  Screw diameter 22 Mm
Stroke 70 Mm
Injection speed 22 mm/sec
Holding pres. 98.10 Mpa
Cooling time 60 Sec
Mold Open time 8.76 Sec
Conditions Coolant Silicone oil
Rom temp. 25 C
Resins Zeonex 480R
Melt Melt temp. 275 C
Conditions ~ Mold temp. 124 C
Ejecting temp. 127 C

The simulated fringe patterns are shown in Fig 2.
The distributions of flow-induced fringe pattern steown
in Fig. 2(a) are similar to the maximum shear seesat
the end of filling stage as shown in Fig. 3. Thtonale
for this result is the high flow-induced residualesses
would concentrate at the lens gate and near the walls.
The distributions of thermal-induced fringe pattess
shown in Fig. 2(b) are in concentric circles witldistinct
increments.  This might be attributed to the spatia
non-uniform shrinkage caused by the polymer at caie
shrinking more than the others. Furthermore, camga
Fig. 2(a) with Fig. 2(b), it is noted that flow-inced fringe
order is significantly larger than thermal-induc&thge
order. In terms of birefringence based upon sitedla
predictions, the plastics lenses molded by ZEONBER
are mainly exhibiting flow-induced birefringencenda
they do not show noticeable thermal-induced
birefringence.
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Fig.2 Plots of fringe pattern caused by differstiess ~ Fig. 4 Color-shaded plots of predicted optical neid&ion
effects for the case of plano-convex lens; (a) distributions after cooling stage for the case of
birefringence due to flow-induced stresses; (b) plano-convex lens.
birefringence due to thermal-induced stresses.
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Fig. 5 Color-shaded plots of birefringence in gapew

08t direction with maximum peak values of
IE;:ﬁ | birefringence occurring near the mold wall; and the
TR second peak-values of birefringence near the dentra
Fig. 3 Color-shaded plots of maximum shear-stress part of gap for the case of plano-convex lens.

distribution for the case of plano-convex lenshat t

end of filling stage. . . .
DOE Analysis with Taguchi M ethods

Figure 4 shows the corresponding distributions of Adopted for studying causal effects between molding
optical retardation derived from fringe pattern twithe conditions and lens qualities, such as residuaftiigence
highest optical retardation occurring near the gatend caused by shear stresses, the Taguchi Methods are
Fig. 4 also shows an increase in retardation afahend employed for DOE procedures with the results gibgn
from gate in which the cross-section changes alyrupt CAE simulations and the profile measurements ofdexl
As for birefringence distributions in gap-wise ditien as lenses. The objective is to identify not only #ftects of
shown in Fig. 5, it is noted that birefringence lgeaot dominant processing parameters but also interaction
only at mold wall but also near the central partlefs among the parameters in a systematic approach. [6,7]
thickness. The rationale is that the peak nearntbél Based upon the results reported by Wang and L4],[3,
wall is due to the alignment of molecular chainzéo shear stresses are independent of the four iniemacof
instantly near the surface during the filling stagét the holding pressure with injection speed, mold temipeea

holding stage, more melt is packed into the lente ga melt temperature, and cooling time, respectiveRather,

through narrowing channel caused by the developmint shear stresses are mainly influenced by melt tesmhyoer

frozen layer; hence, the second peak appears hear t and injection speed alone. As for the results verage

central part of lens thickness. volumetric deviations, it mainly depends on holding
pressure and melt temperature, respectively.



Due to the simple geometry of plano-convex
spherical lens, the profile accuracy of the moltletses
was readily measured. When the lenses were molded,
five main factors, namely melt temperature, mold
temperature, injection speed, holding pressure canting
time were set at three levels based upon the Taguch
Methods. Moreover, four interactions of parametans
melt temperature with mold temperature, injectipees,
holding pressure, and cooling time, respectivelyenadso
accounted in the experiments. All the samples were
injected on a machine, Model B0made by Fanuc Co.,
Japan. Then, the profile accuracy of the moldextds
was measured by a profiler Form Talysurf, developgd
Rank Taylor Hobson Limited, UK. For data companiso
a statistical method is employed for analysis @éam the
causal effects between the profile accuracy andgssing
parameters.

In the process of Taguchi analysis, specific typkes
S/N ratio are applied for corresponding specificpmses.
In this study, P-V value should be selected as ureasf
profile accuracy and effectively minimized by prope
process parameter settings. Hence, the S/N ratio f
meeting the above requirement is smaller-the-béBEB)
rule. Based upon the analysis results, it is ndtext
profile accuracy is mainly affected by mold tempere
and melt temperature plus holding pressure intierat
Profile accuracy can be improved by increase ofrtiedt
temperature. The rationale is higher melt-tempeeat
would make the polymer melt less likely to freezicily.
Hence, the molded lenses get better packing effants
good profile accuracy. As for the effects of iateions,
melt temperature plus holding pressure have greater
influences than other interactions. Thus, theirggttof
both melt temperature and holding pressure should
simultaneously be adjusted so that better profileueacy
can be obtained.

Experimental Verifications

For experimental verifications, Fig. 6 shows the
photographic picture of the corresponding birefeimge
measurements at the monitored locations. Based thgo

Stress-Optic Law, the gap wise average residual
birefringence is described as follows
An= % =N, 9)

WhereAn is the birefringence expressed into retardation;
Ais the wavelength of light source (standard yellatv
589.3nm); N is the fringe orderh is the thickness of
sampled location and a function of distance to Igate.
The calculated results given by Eq. (9) along tlomitored
path are plotted in Fig. 7.

Fig. 6 Photographic picture showing the molded
sample-lenses being measured for photo-elasticity
values by linear-interpolation method.
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Fig. 7

Plots of distributions of residual birefremre
measured along the filling path with the
measurement error being smaller than 10%.

In Fig. 8, the photographically animated fringe
patterns of plano-convex lens obtained from sinealat
predictions under a circular polariscope are coegpavith
the photographic pictures taken from the correspmnd
experimental results. The figures clearly indicétat
both simulated and experimental residual birefniroge
decreases along the flow path and reaches its stighe
values at the gate area and the sharp cornerghegate
area. In addition, both simulated and experimenesilts
from Fig. 4 and Fig. 8 show an increase in birgfeince at
the cross-sectional area with abrupt change irkiiess
circled in the figure. In terms of fringe orderucts, the
maximum fringe-count in sample lenses observed munde
the circular polariscope is 5 as compared to 4 ftom
simulated results. That is to say simulated result
predicted less birefringence compared with the
experimental observations.



Fig. 8 Comparisons of fringe patterns on photolgiap
pictures for the plano-convex sample lenses; (a)
3D CAE predictions based on the White-Metzner
Model; (b) experimental photo-elasticity
measurements.

In addition to good agreement between simulated
and experimental fringe patterns, the predicted
birefringence distributions at the gate area inghp-wise
direction also needs to be confirmed by experinienta
verifications. A conventional layer-removal teajun
was adopted for removing layers of molded samplés.
the experiments, four samples of molded lenses thigh
same process conditions were carefully machined via
diamond turning process in layer-thickness of Orf, 9.2
mm, 0.3 mm and 0.4 mm, respectively. Figure 9
compares the photographic pictures of residual
birefringence under various removed layers of théds.

In Fig. 9(b), fringe-pattern of residual birefrimge
changes significantly after the first 0.1 mm layeas
removed.

()

()

Photographic pictures of fringe patterns doe
residual birefringence on lens samples prepared
by the layer-removal technique; (a) before
machining, (b) 0.1 mm removed, (c) 0.2 mm
removed, (d) 0.3 mm removed, (¢) 0.4 mm
removed.

Fig. 9

For further illustrations on the changes of residua
birefringence in gap-wise direction, the averagegf
order of the samples was counted as shown in Tahted
plotted in percentile of total removal as showrfFig. 10.

It is noted that nearly 30% of residual birefringenin
gap-wise direction was removed on the first 0.1 layer

of materials; and, the second peak of residuafrigence
may occur between 0.2 mm and 0.3 mm of the removed
layers. Whereas, the second peak of residual
birefringence is accurately predicted by CAE sirtiates
with the White-Metzner Model as shown in Fig. 5.
Evidently, the second peak of birefringence isodtrced

by the packing flow of materials during the holdistgge.

As supported by the simulations, 50 % of the total
birefringence was removed after 0.4 mm, namely balf
gate thickness, layer of thickness was machined off
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Fig. 10 Bar chart for percentile representatiomenfioved
birefringence versus layer thickness removed
from the surface near the gate area.

Table 2 Average removal proportion of fringe order
different machining depths

Removal Depth (mm) 0 01 02 03 04

Average removal of

fringe order (%) 0

279 308 439 46.2

Summary

In this paper, a truly three-dimensional CAE anialys
based upon White-Metnzer Model is investigated for
representing the visco-elastic effects of polymédws in
injection molding of optical parts. Residual bineflence
in the molded lenses is predicted by convertingstresses
into optical retardation given by Stress-Optic Law.
Furthermore, birefringence distributions in bothe th
gap-wise and flow direction are predicted by CAE
simulations. For experimental verifications, photo
elasticity measurements are conducted for somes eeitle
good agreement in the distribution values. In sanym



residual birefringence in injection-molded opticaarts Birefringence of Injection Molded PartsProceedings
could be calculated with the proposed scheme; #rid, of the Polymer Processing Society, 24th Annual
found to be mostly affected by melt temperature and Meeting, Salerno, Italy (2008).

injection speed during the complete cycle. Moreoire

injection molding of COC resins, the flow stresslesing

the filling and packing stage seem to be the domiina o ) )

factor contributing to final residual birefringenathough Key Words: Injection Molding, Plastics Lens,
the thermal stresses may not be neglected durieg th Birefringence, Taguchi Methods.

cooling stage.
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