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AbstractEThermally induced stress and the relevant warpage cause by inappropriate mold design and processing con-

ditions are problems that confounded the overall success of injection molding. A thermorheologically simple thermo-

viscoelastic two — dimension material model is used to simulate the residual stress and warpage within injection mold-

ed parts generated during the cooling stage of the injection molding cycle. The initial temperature field corresponds

to the end of the filling stage. The fully time — dependent algorithm is based on the calculation of the elastic re-

sponse at every time step. Numerical results are discussed with respect to temperature and pressure.
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Introduction

Injection molding is one of the most important polymer
processing methods for producing plastic pangmm.

HoweverE-there are still several problems that confound

the overall success of the injection molding processE~
especially residual stress and warpage of parts caused

by inappropriate mold design and/or processing condi-

tions. Residual stress in injection molded parts stems

from two main source8*¥Cfrozen in flow induced
stress and thermally induced stress. Frozen - in flow in-
duced stress is caused by viscoelastic flow of the poly-
mer during the filling and postfilling stages of the injec-
tion molding process. Thermally induced stress devel-
ops during cooling stageE-both inside the mold and out-
side mold. The residual thermally induced stress is
about at least one order of magnitude larger than the
frozen - in flow induced stressE°OE™ 10E81Pa opposed to
OF 1£81PE" The warpage of an injection molded part

can be seen as primarily due to uneven residual stress

within the product.

Severval numerical models have been proposed to simu-
late the formation for thermally induced residual stress.
The KeeE-Rogerf-and Woof LRWEOmodel is widely
used by various researchers to predict and simulate the
residual stress in different materials including poly-

mer&”*". Compared to the research efforts on the predic-

tion of residual stressEmot as much work has been done
in the area of warpage simulation and prediction. Re-
centlyES. J. Liu uses viscoelastic phase transformation
model to predict Walpagt%ﬂsw.

In the present paperf-we first explain the method that
we have used for calculating the injection molded parts
temperature field. NextE-we examine the set of equa-
tions for solving the transient stressesE=a special em-
phasis is put on the recurrence formulae for calculating
time — dependent stress. ThirdE-we obtain the deforma-

tion of the part based on thermoelastic model. At lastE-

a numerical example is given.
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1.1  Transient heat conduction analysis

As the polymer cools in mold cavityE-the calculation of
thermally induced residual stress first requires the tran-
sient temperature gradients to be evaluated. Since many
injection molded parts are relatively thin compared to
their surface areaf-the heat conduction equation is giv-

en as follow %

oc, 2L £71£0

» 9; = kv2T .
where o is the densityE-C), is the heat capacityE-and k

is the thermal conductivity of the polymer.

As initial conditions for the cooling stageE-we use the

final temperature field of filling. There are two ways to

assign the boundary conditions for the heat conduction

problem. One is to maintain a constant temperature if
the mold cooling channels are relatively far away from

the cavity surface compared to the thickness dimension

of the cavityE-while the other is to calculate by cooling

analysis of mold. The temperature field is represented

by means of 4 — node isoparametric shape functions.

After spatial and time discretization for heat eqsf™ 1£E-

we use the following schem&7%

( £0 1<£Y+£%£j£ar£y _ EREY 4£1 — CEEIREY ,,

+ f UAL;:‘Y_,EW - §£©1<£}£ﬂr£y_m£ﬂ £72£0
with

EUKEY= ﬂ £0B,EYEUB,EMA + ﬁU NEVEUNEYs £»
Ae
£0CEY= JJ EUNEY (B0 NERA £
£ {OCF“, »
£CJR£)'/=J E0NEYds +J EONEYGT. ds £n
) ;3

whereE-¢ is an adjustable parameter of timeU k£ Yeon-
tains the effects of the third temperature boundary con-
dition and the thermal conductivityE» R contains the
secondary and the third temperature boundary condi-
tions. The numerical approach assumes that the effect
of the heat transfer resistance in the gaps at the mold -
polymer interface can be neglected.
To deal with latent of phase changef-the material en-
%USE%Y
i = car - {@T TR LB T
ry Cﬁ T - Tf£©£ T < Tf£©
£73£0

where Tj is the melt temperatureE~L is the latent of

thalpy is defined a

phase change. The thermally dependent specific heat
capacityE~C), is related to the enthalpyE~H according to
refEU6EY

.. dH
g TEo=

ThereforeE-the specific heat capacity is highly tempera-

£7°4£0

ture dependent especially in the phase element. The
numerical scheme employs the enthalpy data to obtain
an apparent specific heat capacity of every element of
phase changefi C, iMaccording to refEU9EY

oo 4 I ! dx dy ' dy
VGRS G T e 0.8 TEIT 0, ER

In the developments belowE—we assume that tie nodal

£-5£0

temperatures are known throughout the cooling stage.
1.2 Thermally induced residual stress analysis
We assume that the cooling polymer behaves as an
isotropic thermorheologically simple sold. Let S;¢;E-e;z;
denote the deviatoric components of the stress and
strain tensorsE-respectivelyE~while S£-e denote their
spherical part. The constitutive equations are given as

followB 10EY

0

D L,
E Siﬂj = J(ﬁg - §’£@6i£j£—|
a t £7°6£0
% S = |68g - pealE e of i By,
0
In these equationsE~ & t£0is a modified time scale

while ey, is the thermal strain to be defined below. The

modified time scale & ¢t£Cis given by the following e-

quation
£71£0= j@"TE@z- £ £7£0
with & TEGis the shift fuonctiomsmuen as followd €Y
lg® = %@3& £78£0

in eqsf 8£E-¢ £, are material constantsEand 7, is the
reference temperature .

The thermal strain e, in eqs.E 6ECis given as
r
€ = J&T’ £ar7 £-

T
7

£79£0

whereE-a  denotes the thermal dilatation coefficientE-
calculated by P — V — T relation&""'&"
In € PETEO

& TEO= o7

£710£0

with
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0 £ PEFEC= £ OEFEQI - 0.0804161 + P/ B TEEEE
H B 0E9£0= o, + a)T £-
E B TEO= Byexf B, TEGE-
UfT, =T, + sP £~
wherefE-a £1,£B,EB,£7 £3 are material constants. If

£711£0

T < T,E-the constants of a,Ea,EBEB, are given solid
state valuesE-vtherwise given liquid state values.
EqsE 7EC0 eqs£ 11£Cfully define the set of constitu-
tive equations for solving thermoviscoelastic problems
with structural relaxation. For simplifying the system of
equationsE-it is assumed that

GE " 1EO= 2 1ECE»

GE " tEO= 3k 1ECEA
where 21 and 3k denote the values of G£6, at ¢ = O£~

£712£0

respectively. We decompose the function g ¢£Qas a

sum of m exponentialsE-i.e.
E1E0= D) grexp - t/7,ECE~  £713£0
k=1

where £-the ), are relaxation times and g are malterial
constants. For each relaxation timeE-one may define
partial stress ngj. and S* given by equations similar to
eqst "6ECGwith the appropriate relation functions. Using
eqsE 12£87 13£8-we get the recurrence formulae of

. . . £010EY
thermoviscoelastic equation§”'%

g Sié"tn+l£©: 2 YII Sifﬁ"tn£©+ 2/1 Z gkygaeifjf’»
|:| k=1 k=1

H o5 000 ) Vst 1,800 30 D) g 187 e — o8-
k=1

k=1

£714£0

where we have use the symbols

OY) = exp - AL/cEB»

= Y, =£01 — exp ™ — AC/EEYE r/ALECES

0 Oeigs = ey t,1EC- ey 1, ECE» £715£0

U e = £71,,, 60 &1, E8»

O Sey, = efy t,,E0- ef "1,E£CEA
Introducing the discretized constitutive eqs£ 14£0into

the weak form of the equilibrium equations at time ¢£-
we obtain FEM scheme as followingE®

DEOKESou1 = D R, + O RyE~ £716£0
du'i = EWEY —EQEYE- £717£0
EOKEY = HEOBEEUDd > Votg FUBEdxdy +
A k=1

ﬁDBE@UDE( > Yy'g, BB xdy ££718E0
0 k=1

R, :HEUBEV&g,Idxdy ' J £ .£0BEYj0
A

o)

e

0c,dxdydz £~ £719£0

1
R, :JJ A( AE; szgk\ﬁUBEEUDE{I

0

1
ﬁ'— £6>) szgk}.UBE@UDE{I

@ 0

oepdxdy +

Oeyil

e

dxdydz . £720£0
The first term on the right hand of egs. 18 to 20 denotes
the effect of mid — planeE-and the second term denotes
the effect of height direction.
To solute eqs£ 16£E-the 4 — node isoparametric shell
element composed of plane element and bending ele-
ment is used. By boundary conditions and FEM arith-
metic we can get the restriction displacementE-then get
residual stress from restriction displacement. More de-
tails see refE012EY
1.3 Warpage analysis
The analysis is based on thermal linear elastic model.
The equilibrium equation for every time stepE-with Ry
representing the thermal load and R, representing the

thermally induced residual stress load is as followg”13€¥

DEOKESu = D Ry — DO R £721£0

£0K6£Y=J £0BEBU DEY BEYxdy +
Qe

£0BEBUDEY BENxdydz £- £722£0

Qe

QE,U BERU D& (¥l dy +

£URT£Y=J
JQ — £0BERU DAY (£l v dy dz £523£0

£0REY= | £UBEBU DA Ll dy +

Qe
J — 80BEB0 DG (£l d y d 2 £524£0
Qe

In warpage analysisE-the thermal residual stressE£0s,£Y
is calculated by residual stress analysisE-treated as ini-
tial load of structural analysis. The thermal laod is ob-

tained from temperature filed data.
2 Numerical Example

We consider the simple case of a disk plate with large
lateral dimensions as compared to it is thickness. The

material constants data in eqsf 13ECfor polystyrene are
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same as refEU14£Y The material constants of shift func-
tion in eqsE 8E€and P — V — T data in eqsE 11£Ccan
be found in refEU11£Y The mold and polymer material
data for thermal analysis are given in refEU15EY The
initial temperatures conditions are £ 0E€ 230 °C and
the boundary conditions of mold are taken to be T, and
ToET,= Ty+AT. T,;=30 C and T,; =50 C£E~
The processing conditions for numerical experiments are
shown in table 1.

Table 1 Processing conditions for numerical experiments

AT/C
P/MPa

4.4 33.3
0/2/4 -

22.2  11.1 0
0/2/4 - 0/2/4

Thermal analysis results of prediction temperature and
residual stress can be seen refEU12£Y From the resultsE-
we know that when the cooling is asymmetricE-the side
in contact with the warmer mold plate exhibits lower
levels of compressive stress than the cooler sideE-re-
sulting in warpage toward the former. As the tempera-
ture imbalance increaseE-the core region does not ex-
hibit as significant a change in stress level as the outer
layetE-resulting in a higher imbalance moment. Also
we know that faster cooling rateE” T,; = 30 °C£Ohas
higher stress level. As the pressure increaseE-the mag-
nitude of the residual stress shows slightly decreasing
trends.

The calculated curvatures of the PS part are shown in
table 2 based on warpage analysisE-which are in agree-

ment with published experimental datf’1E",

Table 2 Calculated curvatures of the PS part

P/MPa 44.4 C 2.2%C
0 0.429 0.215
2 0.401 0.201
4 0.378 0.189

The results show that the temperature asymmetry is of
principal importance in determining the deformities of
the molded part. Secondary effects can be discerned

due to change in holding pressure below a high -

threshold level.

3 Conclusions

For the injection molding part studied in this articleE-
temperature imbalance is found to be the primary factor
determining warpage whereas the holding pressure be-
low a certain threshold was of secondary importance.

The theoretical schemes provide valid estimates of the

curvature of the warpage part and also capture the trend

in the variation with applied temperature asymmetry .
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