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ABSTRACT

In this paper, a theoretical study has been made to reduce the residual stress and birelringence in the injection-

molded parts. An optimization program has been used to minimize the residual stresses and birelringence calculated

from a simulation program. The thermally induced stress has been calculated using a linear viscoelasticity model. The

flow siress and birefringence has been calculated using the Leonov’s viscoelasticity model. This hag been applied to the

injection molding of a circular disc and a plate. The optimization has been deone either by changing process variables

while maintaining the mold temperature constani or by varying the mold-wall temperature with time. This study shows

that significant reduction iu residual stress and birefringence is possible through the optimization of processing

conditions.
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1. Introduction

Computer programs for the analysis of injection-
molding processes are becoming more popular. Typically,
these programs analyze the injection-molding process for
the conditions that user specifies. However, more
practical problems are concerned with finding molding
conditions that satisfy some objcctlives, namely “inverse
design problems”. Such problems in injecton molding
include rumner-balancing, mold design and delermination
of processing conditions for maximum productivity or
quality.

Optimization tcchnique is one of the most popular
methods for soiving inverse-design problems. In this
approach, the goal of design is represented in terms of a
mathemalical objective function. The oplimization
lechnique is used 1o minimize (or maximize) this
objective function. In injection molding, the objective
function is typically either maximizing productivity
(which often means mimmizing lhe cycle time) or
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maximizing the qualily of the produect (for example,
bircfringence).  This
technique has been used by Jong and Wang'®, Lee!®! and

mimmizing residual stress,
Kang et al. " to solve various inverse-design prablems in
injection molding. In particular, Jong and Wang'® used
an optimization technique (o delermine the munner
dimensions which would balance the flow in each cavity
connected to the runners. Lee™ optimized process
conditions and part design to minimize warpage in the
Kang et all”

optimization technique to find the mold-wall-temperature

injection-molded  parts. used an
history that would minimize the residual stresses in the
injeciion molded part.

In this study, efforts have been made to minimize the
residual siress or birefringence in the injection-molded
part. First, this has been done by optimizing process
conditions (such as {ill time, melt temperature. mold
temperature, packing time and packing pressure) under
constant mold temperature. Nexit, this has been tried by
oplimizing the mold (emperature history during each
cyele of injection molding, assurmng the temperature
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history to be a linear function of time This siudy,
however, is not aimed al minimizing cycle time thal is
longer than the normal case. In parts that require high
precision molding in terms of low residual stresses or
birefringence, the small increase in cycle time can be
easily justified by the improved quality of the molded
parts. This would mclude such parts as optical lenses,
optical memory discs and high precision electronic parts.
This study is aimed at such apphications.

In the following seclions, oplimization methods used
in this study and its application to residual stress and
birefringence minimization will be presented.

2. Optimization Problem

The optimization problems studied in this paper can
be stated mathematically as follows:

Minimize :

F(X)
Subjectto: X/ <X, < X', k=Ln

(1
2
Where F(X) in this study corresponds to cither
residual stress or birefringence and X refers to either
pracessing conditions or mold-temperature  histoty.
Further, X! and X/ are the lower and upper bounds on
X, whereas 1 denotes the number ol design vanables.
This problem is solved in the present study by using
the "complex method”. The Particular algorithm used is
that due to Box!'l. The procedurcs involved in this
algorithm are as follows™.
Step 1 : Generate the initial set of P feasible points.
Step 2 : Carry out the reflection step:
X" :E—FQ(E—XR) where X is
centroid of the set of points of X, X" is the

the

new paini, X® is the point which has the
maximum objective value before reflection

and ¢ is a constant called reflection
- parameter.

Step 3 Adjust for {easibility relative to the
constraints. If the new point violales any
constraint. move the poinl half-way toward
the centroi.

Step 4 : Check for convergence. If not converged,

go to step 2 and continue.

In this study, P was chosen to be 2 n and o was taken to
be 1.3 as recommended in Reklaitis et al'®. This
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particular algorithm has been chosen because it is rather
simple 1o use, is rather robust and gives good engineering
solutions.

3.Residual-Stress Minimization

Large residual siresses in injection molded parts can
cause several problems such as early failure of the part or
severe warpage and also undesirable birefringence in
casc of optical products. Therefore, il is ofien desirable
to produce injection-molded parts with minimsm
residual stresses. Kang et al.l’! minimized the residual
stress in injection-molded parts by optimizing the mold-
wall-lemperalure  history during the cooling stage.
Although significant reduction in the residual stresses
can be obtained by following the mold-cooling curve
obtammed in this siudy, the cooling curve is rather
complicaled and can not be easily implemented
experimenially. Unlike in Kang ct al., in this study, the
residual-stress minimization has been tried which can be
more rcadily achieved experumentally. This has becn
done [irst {or the constant-mold-wall-lemperature case by
optimizing the process conditions while maintaining the
mold temperature constanl. Secondly, the residual-siress
minimization has been tried by varying the mold-wall

temperature linearly with time during each cycle.

3.1 Residual-Stress Calculation

Residual-stress  minimization requires accurale

calculation of the residual stresses. Eiforls lo predict
residual stresses in imjection molded parls have been
made by many people. such as Isayevl!! Struik'* and

Santhanam!'!

, making use of some earlier notable work
for inorganic glass by Lee. et al.®.
In this study, the residual-stress calculation has followed

ihat of Santhanam!"

I, The flow and temperature fields
are calculated from the {ollowing set of equation(sec

Fig.l [or coordinale system):

a£+a(pz¢])4_a(pzr3) -0 {1
or dx dx,
ERR N @
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These set of equations are solved by the generalized

3,
\
\

Residual Stress Calculation Voow

G

Hele-Shaw model as in Hieber and Shen

J

Fig. 1 Coordinate in rectangular cavity for residual
siress calculation

In the residual siress calculation, thermally induced
stress and flow-induced stress have been calculated
separately. Thermally induced stress (or thermal stress )
is the dominant form of residual stress in typical
injection molding process. Thermal stress calculation is
based on the assumption of a thermo-rheologically
stmple, linear viscoelastic model. The time-dependent
material modulus al different temperatures is derived
from a single master-curve of material behavior at a
reference lemperature. When the pressure is independeni
of the thickness (3) direction, the stresses can he

calculated from the following equations”!!,

0=0,=0,,=
—[2R (&) + R, ()],

IR E 8- RE-ENT,

e’

IR [IR(E-E e —ap@raE’ O
6y =mp )
O, =0, =0;=0 (8)

where o is the stress, p is the pressure, py 15 the pressurc
when the temperature passes no-flow temperature, € is
ihe strain whereas £ (material time). and @{thermal
strain} arc defined as follows:

£ = L F(T)dr’ )

o= [l eryar (10)
X,

where f{T) is the shifl function and a is the cocfficient
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of thermal expansion. Moreover, Ry, Ra are relaxation
functions which depend on materials and material time
and K is the bulk modulus.

The boundary conditions used m the stress calculation
are either free quenching or constrained quenching. Free
quenching is the case when the part is free of constraints
wilh respect to lateral deformation and the melt pressure
15 assumed to be zero throughout the cooling cycle.
Constrained quenching is the case when Lhe palymer n
contact with the mold wall 1s restrained agamst lateral
deformation during the cooling cycle.

If we employ an inslant-frecze model and constrained-
quenching boundary condition, the residual stress after
ejection cap be calculated from the following equation™"!
1,
H'E
where Rzl’ Rll are material relaxation parameters, p,

o= (R —RI[p, (3}~ p(x)edx;] (L1y

is the pressure at which the temperature at that point
crosses Lhe glass-transition temperature and H is the half-
gap thickness,

The flow-stress has been calculated using the Leonov
viscoelastic model. For shear flow, the model calculales

the flow stress from the following equation'''! .

. [(Cue 0 Gy
o(x,.1)=2% 4| 0 1 O

Ul Ch, 0 Cay

001

+2us9,(T 0 0 0

1 00

(12)

where V' is the number of modes for Leonav model,
C, is the elastic strain tensor, s is the dimensionless
rheological parameter. }/ is the strain rate and w, p are
defined as follows:

(13)
(14)

Hy, =1, (26, )
p=1,106,)

where 1, 1is the viscosity in k-th relaxation mode, b
the relaxation time in k-th relaxation mode.
The material properties needed for the flowsimulationare
represenied as follows. First, the compressibility of the
maierial has been represenied in terms of double-demain

Tait equation which is given as fallowst™ |
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v:vu(lfclln(lJr%iF))) (15)
vy=hy, +b, T T>T, (16)
v =h,+b, T if TZT, (17)
B(T)=b,, exp{~b,,T) if T>T, (18}
B(T)=b, exp(-b, T) if T<T, (19)
T=T —b. 20

The transition temperature (T) is obtained by the
inlersection of isobaric lines in the liquid and solid states.
The viscosity has been fitted by the following viscosily
equation based on Leonov model:

N
2, @an
ht2——F—————

g’l+,di+4}‘f’9{

3.2 Example
The problem studied is the injection molding of a

7]:

rectangular plate. The size of the plate 15 10 cm long (L),
2 cm wide (W) and 0.2 cm thick (2H) (see Fig. 1).

The material used in the molding is polystyrene (Dow
Styron 615). The properties of this polymer used in the
simulation are as shown in Table 11,

The heal capacity has been assumed 1o be constant. The
thermal conductivity has been assumed to vary linearly
with temperature. In discretizing the mesh for the
simulation, 15 nodes in the streamwise direction and 20
nodes in the thickness direciion have been used.

The residual stress at the middie streamwise location
of the cavity has been used to calculate the objective
function as follows.

N

F{Xx)=Y o}

i=1

(22)

where g, is the residual siress al the i-th laycr of the
given streamwise location and ™ is the number of layers.
The boundary condilion used for the residual-siress
caleulation is constrained quenching.
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Table 1 Properites of polystyrene used in this study

Heat cepeate | | |
ka3 1 i
Tempera— l
e o 160
Thermal ture('C] 300 '
Conduciwry Valus _
titm—c) | 912 9175 €178
By B, By ER by B
ik |eirEg T maly | wl) | wike | etiEe B
10071e-5 |6 7De-7 2020+8 | 30Te-3 |9 892e-4| 2 42e-7
Pt Ba By 5y I
(B ) e )
226218 1 36e-3 423
1 3 ) H 3 Z
Dihers G sed m}| () sxelm?y| Goen) (ser)
5 30e+g 169u+2 | 128e-|| 142-3 |68le-4 | 4,82-10

(1) Constant Mold Wall Temperature. The first
part of the residual-stress-minimization study has been

donc by optimizing processing conditions while
maintaining Lhe mold-wall iemperatuie constant
during each cycle of the molding. The design variables
used in the optimization are fill time, initial melt
lemperature. constanl mold-wall lemperalure, packing
pressure, packing time and cooling time (or total
postiilling lime).
In the oplirmzauon, we have 1o specily the limits ol

each design variable. The upper and lower bounds of
each variable are shown 1n Table 2. These bounds are

chosen hased on praciical considerations.

Table 2 Processing conditions for the minimization of
residual stresses

Fillime | Pacang Packing Postillra | kelt lems |hold lemo
fsec) Fressil4Pal [ Timelsect | Tmealzec)| o) [£=7]
Lower Bourd 01 15 g e} 200 ric]
Uppes Boure | oo A5 20 40 250 a
[rubiat 0z 1= 10 20 230 40
aptiral 0183 15 ar 048 a2 897
610"
410t 1
g
w 2ot
g
@
©
- a
4
&
2 10*
410" -
oz o4 o8 ox 1
MNormalizad Thickness
Fig. 2 Rcsidual siress distribution in the thickness

direction with initial and oplimized process
conditions
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The optimal results have been oblained by using a
residual-stress calculation based on the model outlined
above. To get the opiimal results, aboul 100 ilerations of
the complex method were needed{which reguired about
200 direct calculations of the residual stress). This lakes
about [0 hours of CPU time on a Silicon Graphics Indigo
workstation. The optimized processing conditions are
given in Table 2. In the same table, the initial process
conditions in the optimization are also given. Fig. 2
shows the residual-siresses can be effected by changing
processing conditions while maintaining the mold-wall
temperature constant, the improvement is rather small.

{2) Variable Mold-Wall Temperature  Although
reduced residual stress values have been achieved in the

preceding section, the improvement is not significant. In
this seclion, an attempl to significantly reduce residual
stress is made. This is donc by varying the mold-wall
lemperature during each cycle of molding. A general
cooling curve is shown in Fig. 3. This meld temperalure
chosen for ease of
As

maintained at a high temperature for a while before

history 18 experimental

implemeniation. indicated, the mold wall is
cooling down to a lower temperature in a linear (time-
wise) manncr. The design variables for optimization are
the initial mold temperature (T,,), the initial delay time at
high mold temperature(ty) and the final time o cool
down to the final mold temperature(t)). The final mold
temperature has been fixed at 40 °C. The pard will be
ejected at t;. Other process conditions are the same as the
initial conditions in Table 2.

7

Temperaturs [C}

Time {soc)

Fig. 3 General cooling curve for residual stress
mininmization

The oplimal result is obtained in a manner similar Lo that

in the preceding section, resulting in T,,, of 117°C. yof
21.3 seconds and 1 of 53.7 seconds. Fig. 4{a} shows this
optimal cooling curve. The resulting optimization results
are shown in Fig. 4 (b). This figure comparcs the residual
stress resulting from the optimal cooling and that from
the constant-mold-wall-temperature case (40 °C).

Temparature (T)
-
g

20
0 1m a0 o 40 50 8
Time (sec)
(a)

8 10*

410 1
g
3’ 210%
i o e s R

ERI

a1 : L s L

a 6.2 04 Ok on 1
Normalized Thickness

Fig. 4(a) Optimized cooling curve for residual stress
minimization and
{(b) Residoal stress disfribution in the thickness
direction with constant and oplimized linear
cooling meld wall temperature

This result shows that the residual siress can be
reduced by a factor of (00 by employing an optimal
mold-wall-temperature history. The reasen the optimal
cooling curve reduces ihe residual stress can be
understood from 1he {emperature-distribution histories
which are plotled in Fig. 5 and by using the instant-
frecze model. The residual-stress caleulation model from
Eq. 11 shows that the residual stress is related fo the
pressure at the poinl when ihe temperature of a parficular
layer passes (hrough the glass transition temperature. Fig,

3(a) shows the temperature-distribution histories when
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the rmold temperature is constant al 40 °C. This Ngure
shows that the temperature difference between layers at
different gapwise locations is significant duging most of
the time. This means that the tcmperature at the various
layers will pass the glass-transition lemperature at much
different times (the glass transifion iemperature of
polystyrene is about 100 °C). In turn, thus means that
“pg” in Bg. 11 will be less uniform in x,. leading to larger
values for the siress. On the other hand, as can be seen
from Fig. 5(h), the temperature difference becomes
smaller when we use the oplimal mold-coohng hislory.
Therefore, each layer will pass through the glass-
transition temperature al almost the same time which 1n

as 1is

turn will lead to a smaller stress in Bqg. 11,
evidenced in Fig. 4(b).
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;%

8%a2

Terrpratue [C)
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Temperature (C)
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a L L 1 y
a4 0B K. 1

Normalited Thickness

(b)

Fig. 5 (a) Temperature distribution 1n the thickness

direction with constant and
{b) Optimized cooling mold temperature {the
number inside the plot represents
time in seconds)
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Fig. 6 Pressure history al the poinl where residual stress

is caleulated under constant mold temperature
and optimal mold {emperature history.

Pressure histories at the residual siress calculation point
for both constanl and oplimal mold temperature case are
plotted in Fig. 6. In conslant mold lemperalure case,
the pressure at that point reduces lo zero 1 about 5
seconds because lemperature at mosl layers al that point
is lower than or close to the glass-transition temperature
ai that time. On the other hand, in Lthe oplimal mold
cooling case, the pressurc remains high until abour 3¢
seconds because the mold temperature is above plass-
transition temperature until thal {ime.

4.Birefringence Minimization

The hirelringence 8 often one of the most important
properties for optical products such as optical lenses and
optical memory discs. As the precision required for the
optical parls gels tougher. the level of birefringence
allowed becomes smaller™™. As in Section 3, efforts have
been made to minimize the birelringence m injection
molded parls by oplimizing either processing conditions
or mold wall temperature history.

4.1 Birefringence calenlation

The prediction of birefringence has been fried by
Isayev and Hieber'™ and Shyu and Isayev BA Ty this
study, methods used in Isaycv & Hicber™ have been
used to calculate the frozen-in birefringence. The {low
stress will be calculated as in the residual stress
calculation. The birefringence can be calculated from the

flow stress by the following equation®
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An=C(M){o,, —'[)'22)2+4(1i‘122]UZ 23)
My =8y = C(T)(ng - 633} (24)
n‘22 _}133 = C(T)(ij *Gll) (25)

where C is the stress-optical coefficient. In this study,
two modes have been used to represent the relaxation.
Some of the matenial values used in the current
calculation are shown in Table 1.

4.2Example

The optimizaiion has been applied Lo (he injection
molding of a center-gated circular disc Fig. 7. The disc
has 10.2 cm of diameter and 0.2 cm of thickness. The
material used is polysiyrene (same as in the residual
stress minimization case).

The birefringence calcalaled al the point indicated m
Fig. 7 has been used to obtain the objective function as

follows.
N

F(X) :Enf (26)
=

n=[( A}?)z HHoy —H, i)l + i —a, 1):]”2 27

where n, is the total birefringence at the i-th layer of
the reference point and N is the number of layers.

Fig. 7 Coordinate system 1n a disc for the calculation of

bireliingence

(1)Constant mold wall temperatore As in the residnal
stress minimization case, the birefringence minimization

has been iried by changing processing conditions while

maintaining the mold temperature constant during the
cycle, The resuliing optimal process conditions as well as
the upper and lower bounds and initial process condiiions
are shown in Table 3.

The calculated birelringence before and after
optimization arc compared in Fig. 8, As can be seen
from this figare, the improvement in birefringence that
can be achicved by process optimization under consiant
mold wall iemperature is rather small.

Table 3 Processing conditions Ffor birefringence
minimization
Fill e | Packing Paching Paostiling | Meit 1zmp | Mold temp
(sac) | Press(M=a)| Timatsac| Timelzec)| 1C) )
Lower Bound 03 2 3 20 200 pial
U2 Boured 4 dl 20 40 00 20
Izl Ta a n 30 230 40
Cobimal 14 28 w3 kol 2497 494
0004
—a— |nitial
‘ -1\
‘,‘ --#--Optimul Procass
00oa L]
3 h
5 "
/ L}
o + 4
2 ooz ; x
. -—
; 1 Wi
i >l
0.e0d [ ).‘
a L . N L
o oz 04 a8 1.1 1
MNormalized Thickness

Fig. 8 Calculated birefringence with initial and optimized

conditions.

(2)Variable mold wall temperature. The variable mold
wall temperature case has been tried using the type of

cooling curve as in the residual stress minimizalion case.
The aptimal cooling curve is when the initial mold
temperature is 129.8 °C, initial delay time is 35 seconds
and the imal cooling lime is 37.1 seconds. The optimal
cooling curve obtained is shown in Fig. 9(a). This
cooling curve is not universal and will depend on
material propertics and mold geometries. Compared o
bircfringence

residual  stress  minimization  case,

minimization requires fast cooling of the mold afier
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mitial delay time. The calculated

birefringence for constant mold wall and opttmal mold

corresponding

wall temperature history arc compared in Fig. 9(b). As
can be seen from Fig. 9. the birefringence has been
reduced by about 3 limes by employing the optimal

cooling curve.

Tempearaiurs {C)
]

i )

0 8 10 15 20 25

gr

a5 40
Tims {sac)
(a)
0004
—e— Constant
--»-- Linear Cocling
03
é vouz [
= LN
.‘-_‘_.ut . s
Qo001 - e SEERSIRE
o
.-‘.”
o " z L L
0 02 0.4 D& <K ] 1
Normalized Thickness
(b

Fig. 9 (a) Optimal cooling curve and
{b) Birefringence distribution in the thickness
direclion with constant mold wall temperature
and linear cooling of the mold wall

The temperature distribution and pressure history for
constant mold temperature and optimized cases at the
birefringence calculation point are plotted in Fig. 10 and
Fig. 1l. respectively, The reason that the optimized case
reduces the birefringence can be undersiood this way. Il

we compare the temperature and pressure history at the
birelnngence calculation point(Fig. 10, Fig. 11) ncar the
time when the pressure drops to zero, we can see that the
lemperature in the oplimized case is generally higher
than (hat of constanl mold temperature case if we
compare them at the same pressure level. This means that
the birefringence in the oplimnized case has more chance
to relax resulting in lower frozen-in birelringence.

250
=1 v 236
-m--5 —--38
-—_-L.H__._.—"*'\—v-m ~-a -l
200 [ ~=n-- 3§ — 45

g

Ternperature (C)
g

a4
Normatized Thickness

05

(a)

Temperature (T)

DB 0.8 1

Mormakizod Thickness
(b)

Fig. 10 (a} Temperature distribution at the birefringence
calculation point in the thickness dircction
with constant and

(b) Optimized cooling mold temperature (the
mimber inside the plot represents time in
seconds)
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Frg. 11 Pressure history at the poinl where residual siress
is calculaled under conslant mold temperatiure
and optimal mold temperature history

Conclusion
Following conclustons can be drawn from this study.

(1) The complex method vielded opumization results at
reasonable compulational cost for the problems in
this study.

(2) The residual stress and birefringence in the injeciion
molded parts can be reduced moderately by selling
the process conditions such as fill time, mold
temperalure, packing pressure and packing lime al
opticamal condution

(3)Sigmficant reduction in  residual siress and

birefringence during each cycle of jection molding.

Varying mold wall temperature is techmeally

challenging at this moment, but has a good potential

lo reduce the residual stress andfor hirelringence

signilicantly when implemenied properly.
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