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NUMERICAL ANALYSIS OF RESIDUAL STRESSES AND DEFORMATION
OF INJECTION MOULDED PARTS MANUFACTURED FROM POLYMERIC
COMPOSITE WITH DIFFERENT PROCESSING CONDITIONS

Simulations of the injection moulding process of polypropylene with a glass fibre content were conducted using special
software - MOLDFLOW PLASTICS INSIGHT ver. 4.1. A seven - parametric rheological Cross - WLF model was chosen for
the research. For holding phase simulation as well as to determine the inner stresses and deformation of the parts, the pvT
dependence should be known. The Tait equation was used in the numerical calculations. In the first step of the simulation
a solid model of the part was created using the Master Modeller modulus of I-DEAS NX software. A sample for cracking
resistance tests, of the SENB type, with runners was modelled. Then the cooling conditions were introduced to the program.
The next step modelled the injection mould geometrical shape and mesh creation. The crucial moment in the simulation is the
introduction of the data describing the processed polymer properties. They were the thermal properties as well as the rheolo-
gical and mechanical properties of the injected composite: PP with a 25% glass fibre content. In the next step, the processing
conditions were entered into the simulation program (Moldflow Plastisc Insight ver. 4.1). The simulation research was con-
ducted on the basis of the design of an experiment that was prepared with the use of Statistica 6.0 software. The changes of
four processing parameters were taken into account: holding pressure, injection temperature, injection velocity and mould
temperature. The simulations were made for extreme values of these parameters. The results of the numerical simulations of
the residual stresses and strains on the injection moulded parts are presented graphically and conclusions were drawn from
them.

Keywords: injection molding process, polypropylene composite, simulation calculations, injection molding parameters, pvT
relation, residual stress, strain injection moulded parts

ANALIZA NUMERYCZNA NAPREZEN WLASNYCH | ODKSZTALCEN WYPRASEK UZYSKIWANYCH
Z KOMPOZYTU POLIMEROWEGO PRZY ZMIENNYCH WARUNKACH PROCESU WTRYSKIWANIA

Symulacje procesu wtryskiwania kompozytu polipropylenu z wiéknem szklanym przeprowadzono za pomoca specjalis-
tycznego programu MOLDFLOW PLASTICS INSIGHT ver. 4.1. Do badan przyjeto siedmioparametrowy model reologiczny
Crossa - WLF. Do symulacji fazy docisku oraz w celu okreslenia naprezen wlasnych i odksztalcenia wyprasek jest niezbedna
znajomo$¢ zaleznoSci pvT. W obliczeniach numerycznych wykorzystano réwnanie Taita. W pierwszym etapie symulacji zbu-
dowano model brylowy wypraski, ktory przeprowadzono za pomoca modulu Master Modeler Pakietu I- DEAS NX. Model
obejmuje prébke pomiarowa do badan odpornosci na pgkanie typu SENB i uklad wlewowy. Nastepnie wprowadzono do pro-
gramu warunki chlodzenia wypraski. W kolejnym kroku zamodelowano ksztalt geometryczny formy wtryskowej i naloZzono
siatke MES. Kluczowym momentem w badaniach symulacyjnych jest wprowadzenie do symulatora danych opisujacych
wlasciwos$ci przetwarzanego tworzywa. Dane te obejmuja wlasciwosci cieplne, reologiczne i mechaniczne wtryskiwanego
kompozytu PP z 25% zawarto$cia wlokna szklanego. W kolejnym kroku wprowadzono do programu symulacyjnego
(Moldflow Plastisc Insight ver. 4.1) warunki procesu wtryskiwania. Badania symulacyjne przeprowadzono, opierajac si¢ na
sporzadzonym programie badan. Program ten zostal opracowany z wykorzystaniem pakietu Statistica 6.0. Uwzgledniono
w nim zmienno$¢ czterech parametréw procesu wtryskiwania: ciSnienia docisku, temperatury wtryskiwania, predkosci
wtryskiwania oraz temperatury formy. Symulacje przeprowadzono dla skrajnych parametréw procesu wtryskiwania.
Wyniki symulacji numerycznych naprezen wlasnych i odksztalcen wyprasek przedstawiono graficznie i sformulowano
whioski.

Stowa kluczowe: proces wtryskiwania, kompozyt polipropylenu, obliczenia symulacyjne, parametry wtryskiwania, zaleznosé
pvT, naprezenia wlasne, odksztalcenia przetwércze wyprasek

INTRODUCTION

Nowadays the programs for injection moulding works. Increasingly more companies are convinced that
process simulation are a commonly used tool used in it is necessary to use simulation for injection moulding
the industry and are a subject of numerous research process analysis because of economic and quality
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aspects. During recent years, many programs for the
computer simulation of injection moulding processes
arose. The most used programs are AUTODESK
MOLDFLOW and CADMOULD. The users of these
simulation programs should have knowledge about
CAD systems, technology of the injection moulding
process and the basics of polymer flow in injection
moulds. Computer simulation programs enable the
realization of reliable numerical calculations but only if
enough information about the processed polymer
properties or its composite is available [1-3].

The computer programs used for injection moulding
process simulation, despite their complex mathematical
model, cannot take into account all the factors and
interference that occur in the real process. Thus some
simplifications are used and the mathematical model,
from which a calculation model is devised, is not too
complicated. Each simplification introduces an error to
the calculations. The error value depends on the degree
of simplifications used. Investigation of the injection
moulding process based on computer simulations can
be treated as preliminary and supportive [1-3].

BASICS AND ASSUMPTIONS

Simulations of the injection moulding process of
polypropylene with a glass fibre content were
conducted using special software - MOLDFLOW
PLASTICS INSIGHT ver. 4.1. The spatial model of the
injection moulded part was prepared in the Master
Modeller modulus of the I-DEAS NX software. The
continuum, mass and energy equations in the general
form are not possible to solve for such a complex
process like injection moulding, therefore it is
necessary to make some simplifications. The simplifi-
cation assumptions refer to the polymer as well as the
geometrical shape of the region where the above-
mentioned equations are applied [4-9]. An important
simplification is the introduction of no-flow tempe-
rature - a temperature value in which the polymer stops
flowing. At this temperature the polymer can be treated
as a solid. By the assumption of no-flow temperature,
the velocity of the components of the polymer solidified
at the cavity mould wall are assumed as equal to zero.
Moreover, it is assumed that the polymer flow is
symmetrical to the midplane of the cavity. Besides
basic equations, for injection moulding computer
simulation, the proper rheological state equation of the
polymer that determines the dependence between the
polymer viscosity and the shear rate is also needed.
There are many mathematical rheological models like
Bird-Carreau-Yashuda, Cross-WLF model and others.
The seven-parametric rheological Cross-WLF model
was chosen for the research. It is described by the equa-

tion [4-9]:
,7(7’ T-’p): 1,(T, p)

(1] g

T

and the dependence of viscosity 7, on the temperature
T and pressure p is described by the WLF equation

_ . _ AI(T_T*)
n,(T.p)=D, eXp{ a1 +(T_T*J )
where:
T'(p)=D,+Dy-p 3)
A2=22+D3-p “4)

where: T - temperature, p - pressure, n, 7 - constant
parameters in the model (7 is the shear stress value for
which molten polymer exhibits properties of a shear-
thinned liquid), 7, - viscosity at shear rate approaching
Zero.

D, D,, D5, Ay, ;1; are constant parameters of WLF
equation.

TABLE 1. Values of Cross-WLF equation for PP with 25%
glass fibre content
TABELA 1. Warto$¢ parametréow modelu Crossa-WLF dla PP
z 25% zawarto$cia wlokna szklanego

Para- | - po | Dy Pass | Da K |Ds K/Pa|l 40 | A
meters >

Value [0.3133|21131.1{1.0946-10"|263.15 0 34.189

For holding phase simulation as well as to determine
the residual stresses and deformation of the parts, the
pvT dependence should be known. The Tait equation
was used in the numerical calculations. It describes the
change of specific volume v(p,T) along the isotherm
dependent on two variable parameters: C and B that are

a function of temperature. The Tait equation is usually
presented in the form of [4-9]:

el . f— . p
v(p,T)=v,(T) {1 C IH{HB(T)}}Ht(p’T) 5)

when T> Tyuns

vo(T)=b, +b,, (T —b;) (6)
B(T)=b,,-exp|-b,, (T -by)] (7

when T'< T}y
vo(T)=b,,+b, (T -b,) (8)
B(T) = by, -expl-b,, -(T - by)] ©)

where: v (T') - specific volume at atmospheric pressure,

T - temperature, P - pressure, C - universal constant
equal 0.0894.
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For semicrystalline materials

v(p,T)=
=b, ~exp[b8 ~(T—b5)—b9 -p], p-v-T  curves
obtained from the tests made in the Department of
Polymer Processing at the Lublin University of

Technology.

were

TABLE 2. Values of Tait equation parameters for PP with 25%
glass fibre content
TABELA 2. Warto$¢ parametrow rownania Taita dla PP
z 25% zawarto$cia wlokna szklanego

Para-

meters by, m/kg | bam, m/kg’K | by, Pa bam, 1/K

Value | 0.0009169 | 6.103:107 [9.17363-10| 0.004313

Para-

meters b, m'kg | bz, mVkgK bs, Pa bas, 1/K

Value | 0.0008523 | 2315107 [1.86593-10°] 0.001339

Para-

m:tr:rs bs, K be, K/Pa by, m’/kg bg, 1/K by, 1/Pa
Value | 41315 | 2685107 | 645810 | 01693 | 4.891-10°

a) \

b)

Fig. 1. FEM model of injection moulded part (a) and mould with run-
ners (b)

Rys. 1. Model MES wypraski (a) i formy wtryskowej wraz z kanatami
chtodzacymi (b)

At the beginning of the injection moulding process
simulation, it is required to enter into the calculation
program such data like: geometrical shape of the
injection moulded part, properties of the processed
polymer, processing conditions and data of the
machine. In the first step of the simulation, a solid
model of the part was created using the Master
Modeller modulus of I-DEAS NX software. A sample
for cracking resistance tests, of a SENB type, with
runners was modelled. Then the cooling conditions
were introduced to the program. The next step was the
modelling of the injection mould geometrical shape and
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mesh creation (Fig 1). A double-cavity mould was
modelled. The crucial moment in the simulation was the
introduction of the data describing the processed
polymer properties. They were the thermal properties as
well as the rheological and mechanical properties of the
injected composite: PP with 25% glass fibre content.

In the next phase, the processing conditions were
introduced to the simulation program (Moldflow
Plastics Insight ver. 4.1). The simulation research was
conducted on the basis of the design of an experiment
that was prepared with the use of Statistica 6.0
software. The changes of four processing parameters
were taken into account: holding pressure, injection
temperature, injection velocity and mould temperature.
The simulations were made for extreme values of these
parameters.

SIMULATION RESULTS AND DISCUSSION

The residual stress distribution for the composite of
PP with a 25% glass fibre content is presented in Figure
2. The parts made from this composite were obtained
with different mould temperature values. A higher
mould temperature causes easier cavity filling and
a decrease in the temperature gradient between the
polymer and mould wall causes a decrease in residual
stresses in the part. For lower mould temperature
values, an increase in residual stresses of about 5% was
observed.

a)

b)

Fig. 2. Residual stress distribution for PP with 25% glass fibre content:
a) for mould temperature of 20°C, b) for mould temperature of
80°C

Rys. 2. Rozktad naprezen wilasnych dla PP z 25% zawarto$cia wtokna
szklanego: a) dla temperatury formy 20°C, b) dla temperatury
formy 80°C
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The residual stresses distribution results of the
numerical simulation for parts manufactured with
extreme holding pressure values are presented in Fi-
gure 3. When a higher holding pressure is used, the
melt pressure during the cooling phase of the process
increases and, at the same time, the packing of polymer
macromolecules is higher, which results in higher
values of residual stresses.

a)

b)

Fig. 3. Residual stress distribution for PA6 with 25% glass fibre content:
a) for holding pressure of 30 MPa, b) for holding pressure of
50 MPa

Rys. 3. Rozklad naprezen wiasnych dla PA6 z 25% zawarto$cia wiokna
szklanego: a) dla cisnienia docisku 30 MPa, b) dla ci$nienia
docisku 50 MPa

One of the most important factors influencing
injection moulded part deformation is the structure of
the polymer used for the matrix of a composite. The
other factor influencing the deformation size and kind is
the kind and percentage content of the filler. The part
shrinkage is an image of its deformation. The highest
deformation values for PP were observed along the X
axis and the lowest along the Z axis (Fig. 4a). Another
situation was observed for PP composites with a fibrous
filler in the form of a cut glass fibre (Fig. 4b). The
highest deformation values were observed along the Y
axis and the lowest along the Z and X axes. The main
reason for the deformation in these parts is the
difference in fibre orientation: parallel and transversal
to the polymer flow direction. Shrinkage measured
parallel to the flow direction is about 50% higher than
in the transversal direction.

An important factor causing the deformation of parts
made of PP with glass fibre is the symmetry of the part.
The reason for the deformation of these parts is the

asymmetrical location of the rectangular notch that is
located in the middle-length of the SENB sample. Such
a location of the notch disturbs the polymer flow and
the orientation of fibres, causing part deformation. The
changes in the Young modulus in the part made of the
composite of PP with a 25% weight content of E-type
glass fibre is presented in Figure 5.

b)

Fig. 4. Deformation of injection moulded parts: a) for PP, b) for PP
with 25% glass fibre content

Rys. 4. Deformacja wyprasek: a) dla PP, b) dla PP z 25% zawartoscia
wiokna szklanego

Fig. 5. Changes in Young modulus for part from composite of PA6
with 25% glass fibre content

Rys. 5. Przebieg zmian wartosci modulu Younga dla wypraski
z kompozytu PA6 z 25% zawartoscia wiokna szklanego

CONCLUSIONS

Inner stresses occur in the parts without any external
forces. When the part is in the forming cavity, the inner
stresses are not balanced. After ejection of the part
these stresses become balanced. Higher values of inner
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stresses obtained from numerical simulations of the
injection moulding process were observed for parts
manufactured with a lower mould temperature or higher
holding pressure values. In both cases a noticeable
increase in inner stresses was observed. A higher mould
temperature results in easier filling of the cavity and
a decrease in the temperature gradient between the part
and cavity wall causes a decrease in the inner stresses in
the part. When higher values of holding pressure are
used, the packing of polymer macromolecules is better,
which results in higher values of inner stresses.
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