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The objective of the research in this subprogram is to
develop software and constitutive models for the
prediction of the final properties of polymer articles, and
the dependence of these properties on the processing
history.

The quality of a manufactured polymer product
depends on the nature of the processing, the
processing history and the properties of the polymeric
material. Currently, commercially available injection
moulding software allows rational and optimal design of
the moulds but cannot reliably predict the mechanical
properties of the injection moulded parts. These
limitations can be overcome by refinements that
incorporate the results from systematic research on
polymer properties and rheology. The projects in this
subprogram will investigate improved constitutive
models for process simulation, the development of
microstructure during processing, and the dependence
of final properties on this microstructure.

THE PROPERTIES OF INJECTION
MOULDED PARTS: PREDICTION FROM
MOULDING CONDITIONS

OBJECTIVE
To develop software and constitutive models for the
prediction of the final properties of injection moulded
plastic components, and the dependence of these
properties on the processing history.

BACKGROUND
Injection moulding processors can use commercially
available software for process models and optimal
mould and part design; however, a limitation of this
software is that it cannot predict the properties of parts
or their dependence on the moulding and solidification
conditions. If the properties of a moulded part could be
predicted with confidence, the design of parts and the
very expensive mould used for the parts could be
improved significantly.

The overarching aim of this project is to link processing
history (including melt temperature, filling rate and
packing pressure) to the properties [e.g. modulus,
toughness, long-term properties (ageing) and surface
appearance] of the final part. This is to be achieved by
firstly relating the processing history to the molecular
morphology in the plastic moulding, and then relating
morphology to the properties of interest. The
morphology refers to such characteristics as degree of
crystallinity, molecular and crystalline orientation,
crystallite size, and degree of entanglement and tie
molecule density. It forms the logical bridge between
processing and properties.

PROGRESS AND ACHIEVEMENTS
An important initiative has been the introduction of a
particular grade of isotactic polypropylene (iPP) as the
benchmark material on which all forms of
characterisation will be undertaken. This ‘universal
material’ is also being made available to selected
researchers worldwide, to help in building up a broad
range of data characterising the one material.
Research on the flow-induced crystallisation model and
its application to injection moulding simulation has
made good progress, and has generated reviewed
publications. The research computer software has been
restructured to match major changes in Moldflow's
commercial software. A more detailed investigation of
the influence of flow-induced crystallisation on the
pressure decay during the packing and cooling stages in
the injection moulding process has been undertaken.
Investigation of property prediction based on a
micromechanics model continues.
Shear-induced crystallisation in commercial grades of
PP (including the ‘universal iPP’) has been further
studied on the ChemMatCars beamline at the
Advanced Photon Source, Chicago, USA. The small
angle X-ray scattering (SAXS) data show that the
various PPs (homopolymers and copolymers with
various melt flow properties) formed anisotropic
crystals after shearing, and indicate that high molecular



23weight chains play an important role in determining the
degree of orientation.
The light transmission experiments were continued
because this approach provides a possible 'simple test'
for comparing the crystallisation characteristics of
commercial materials, and to determine whether useful
kinetic parameters could be extracted and used as input
to the computer models.

“An important initiative has
been the introduction of a
particular grade of isotactic
polypropylene (iPP) as the

benchmark material on which
all forms of characterisation will
be undertaken. This ‘universal

material’ is also being made
available to selected researchers

worldwide…”
X-ray diffraction experiments have been continued, to
further characterise injection mouldings made under
varying conditions, using the high-intensity synchrotron
source at the Photon Factory in Tsukuba, Japan. The
effects of the addition of nucleation agents on
polypropylene have been examined, and some
preliminary work on the addition of a nucleant to the
‘universal iPP’ has been performed.

Thermal expansivity measurements on polypropylene
injection mouldings, in the ‘along’ and the ‘across’ 
flow directions, have been refined considerably. The
samples have been injection moulded under various
processing conditions and with different thicknesses.
The values of the thermal expansion coefficient of
injection-moulded PP are found to vary in the along flow
and across flow directions. In addition, strong evidence
has been found for a non-reversible phase change in 
PP at about 95ºC, whereby the thermal expansion
characteristics of PP are permanently changed by
heating through this temperature.

CONSTITUTIVE MODELLING FOR
POLYMER PROCESSING

OBJECTIVE
To improve the accuracy of modelling the complete
mechanical/thermal/geometrical behaviour of polymers
as they cool from melt to finished product during the
injection moulding process.

BACKGROUND
Polymer processing typically involves melting and
solidification of the material, and development of
process-induced molecular orientation and crystalline
structure. Currently no model can describe this range of
behaviour.

The project aims to develop a viscoelastic constitutive
model that can be used for realistic modelling of
polymer processing. The main features of the proposed
model are: quantitative accuracy in representing the
rheological response, compressibility, effect of
crystallisation, and liquid-solid phase change; predictive
capability for frozen-in stresses, birefringence and
molecular orientation; computational tractability and
simplicity; and the ability to experimentally determine
the parameters involved in the constitutive equation.

To be relevant to industry, data for the model must be
obtained, making the property measurement an integral
part of the project. The model, to be used as an industry
standard, will be incorporated into existing software
packages. It will be refined through trials by companies
that are processors, and will be commercialised by
Moldflow.

PROGRESS AND ACHIEVEMENTS
Research on the crystallisation of polymers under
simple flow conditions was discussed extensively in
the last annual report and this work continues. This year
we present several new investigations – on post-
moulding warping and on thermal conductivity in
sheared polymers.

Professor Xijun Fan and Dr Rong Zheng have attacked
the important problem of the warping of an injection-
moulded part after ejection from the mould (post-
moulding warping). An important factor in analysing this
phenomenon is the thermal expansion of the polymer.
Experiments at Monash University indicate that the
expansion coefficients are different in heating and
cooling, and this needs to be taken into account in the
numerical simulations of warping. The material thermal
behaviour is also anisotropic, but satisfactory empirical
models of expansion behaviour were developed.

These empirical models have been inserted into 
a commercial finite–element computer program
(ABAQUS) by user-developed subroutines. A ribbed plate
is modelled by using an isotropic viscoelastic model, plus
an anisotropic thermal expansion model. Flow direction
was obtained from the Moldflow software, and this
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PROGRESS AGAINST MILESTONES

Identify and obtain/introduce a grade of
iPP for characterisation by a wide network
of researchers (the ‘universal’ grade).

Characterise nucleated polymer mouldings
using X-ray diffraction.

Develop a crystallisation model.

Improve the model for predicting the
mechanical properties from morphological
structure.

Develop a simple optical method for
characterising the crystallisation kinetics
under the influence of shear.

Achieved

Achieved

Partially
achieved

Achieved

Partially
achieved
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24 information was transferred into ABAQUS. Fibre-
reinforced materials can also be modelled.

Post-warping of the ribbed plates was simulated
successfully. Results for the viscoelastic and fibre-
reinforced ribbed plates are shown in Figures 1 and 2.
In Figure 1 the viscoelastic plate is presented, and
Figure 2 shows the result for the fibre-reinforced plate.
These pictures show the effect of a heating and cooling
cycle on the ultimate shape of the ribbed plate.

a) before thermal cycling   b) after thermal cycling
Figure 1  Shape change due to thermal cycling for a
viscoelastic ribbed plate - normal displacements shown.

a) before thermal cycling   b) after thermal cycling 
Figure 2  Shape change due to thermal cycling for a
fibre-reinforced ribbed plate - normal displacements are
shown.

In summary, the models and the computations enable
us to do the difficult task of simulating post-warping
behaviour quite well, and further work is in progress.

The question as to whether or not the thermal
conductivity of molten polymer is affected by
deformation and flow has been addressed by Dr Shao
Cong Dai. Clearly, inaccuracies and anisotropy of the
thermal conduction will affect the temperature field in
the moulding calculations. Using polypropylene
samples, a set of tests was made using a differential
scanning calorimeter, following a standard procedure, at
two temperatures and at several shear rates. Some
anisotropy was detected in the thermal conductivity, but
its magnitude is often less than 10% of the mean value.

Several papers are in preparation; two have been
published. It is expected that both Duane Lee Wo and
Jim Prentzas, who are carrying out postgraduate
studies connected to this project, will complete their
Master’s theses in 2005.

‘…the models and 
the computations enable 

us to do the difficult task of
simulating post-warping
behaviour quite well…’

SUBPROGRAM RESEARCH PLANS FOR 2004-05
The properties of injection moulded parts: prediction

from moulding conditions. The dependence of thermal
properties, such as thermal conductivity and the
specific heat, on crystalline morphology, and the
effects of these parameters on heat transfer during
injection moulding, will be further studied, looking at
controlled amounts of nucleant in the well
characterised ‘universal’ homopolymer polypropylene.
The morphology and mechanical properties of
mouldings, and the crystallisation kinetics will be
investigated. The effects that PP structure and
additives have on the shear-induced crystallisation
characteristics will also be investigated using SAXS.

Constitutive modelling for polymer processing.

Theoretical work will explore some nonlinear flow
processes in a crystallising melt, and further research
on the applicability of the new amorphous model will be
undertaken. Work will continue on the post-warping
moulding problem. Several papers will be written based
on the work which is nearly complete.
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Investigate the anisotropy of thermal
conductivity due to flow.

Examine the behaviour of LDPE and PP
under elongation and shear conditions, and
determine the impact on the crystalline
properties.

Develop a theoretical framework for
crystallising materials and a new
amorphous material equation; apply to
injection moulding flows.

Continue the inclusion of the results of the
research in the Moldflow code.

Develop a method suitable for the
prediction of post-moulding warping.

Achieved

Partially
achieved

Partially
achieved

Achieved

Achieved




