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a  b  s  t  r  a  c  t

An  initially  qualitative  two-phase  elasto-viscoplastic  micromechanical  model  for  the mechanical  per-
formance  of semicrystalline  materials  has previously  been  developed.  In the  last decade,  a  series
of extensions  to this  model  have  been  aimed  towards  quantitative  predictions  of  the  response  of
semi-crystalline  polymers  based  on  their  microstructure.  These  developments  included  extensive  exper-
eywords:
emicrystalline polymers
icromechanics

omposite inclusion model
ield kinetics
reep

imental characterization  and modelling  of  the  yield  kinetics,  time-to-failure,  creep  and  thermal  shrinkage
and  expansion.  This  paper  gives  an overview  of the route  from  the  initially  qualitative  model  to a  model
that  quantitatively  captures  these  complex  aspects  of the  mechanical  response  of  a  semicrystalline
polymer.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The mechanical response of a polymer material, including the
ode of failure and the time-scale on which it occurs, is strongly

nfluenced by the processing conditions. This is particularly true
or semicrystalline polymers [e.g. 1,2] in which structural fea-
ures, such as the degree of crystallinity, crystal type, size and
rientation, that strongly influence their mechanical properties,
ay  vary drastically depending on subtle details of the manner

n which the polymer is shaped into the final product. For exam-
le, shear flow significantly accelerates crystallization kinetics by

ncreasing the amount of nuclei and generates an anisotropic mor-
hology by inducing orientation. Therefore, during processing of

 material often an oriented microstructure is formed, leading
o anisotropic properties. This anisotropy is intentionally created
n fibre spinning, and film casting or film blowing, however, for
njection-moulded products, anisotropy is usually an artefact of the

rocessing conditions required to obtain an optimally shaped prod-
ct. To improve product performance for any of these processes, a
undamental and quantitative understanding of how anisotropic

∗ Corresponding author. Tel.: +31 40 247 4521; fax: +31 40 244 7355.
E-mail address: J.A.W.v.Dommelen@tue.nl (J.A.W. van Dommelen).
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2 Current address: SABIC Innovative Plastics, The Netherlands.
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093-6413/© 2016 Elsevier Ltd. All rights reserved.
properties, including yield and failure kinetics, depend on the (ori-
ented) structure is required.

Several experimental and modelling studies have focused on
understanding the viscoplastic behaviour of semicrystalline poly-
mers [e.g. 3–8]. Macroscopic and phenomenological constitutive
models for solid polymers have been successfully developed for
rapid and efficient numerical evaluation of the performance of
polymer products [e.g. 9–11]. These constitutive models capture
the time, stress and temperature-dependent response of polymers,
including the effect of their thermo-mechanical history. A micro-
mechanical model that describes the macroscopic response as a
function of the morphological structure and constitutive proper-
ties of the constituents has the potential to form a predictive tool
for the macroscopically anisotropic properties of a semicrystalline
polymer with an arbitrary processing-induced microstructure.

Finite-element modelling may  be used to describe the mechan-
ical behaviour of a semicrystalline polymer with a known
microstructure, i.e. isotropic (spherulitic) or oriented [e.g. 12–14].
These approaches are generally computationally demanding and
required cumbersome meshing of the microstructure. Alter-
natively, various mean-field models have been developed for
semicrystalline polymers, such as [3,5,8,15–23]. These micro-
mechanical models often aim at predicting the effective elastic

properties based on the polymer’s microstructure and in some
cases focus on the more complicated yield behaviour as well.
An elasto-viscoplastic micromechanical model for semicrystalline
polymers was  developed by the authors [24–26]. The basic
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http://www.sciencedirect.com/science/journal/00936413
http://www.elsevier.com/locate/mechrescom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechrescom.2016.01.002&domain=pdf
mailto:J.A.W.v.Dommelen@tue.nl
dx.doi.org/10.1016/j.mechrescom.2016.01.002


J.A.W. van Dommelen et al. / Mechanics Research Communications 80 (2017) 4–9 5

F es of 

i

e
b
e
t
l
c
a
q
F
i
t
y
a
i
g
f
t
m

2

2

t
p
u
e
i
e
[
m
i
p
l
l
e
a

m
e
g
t
u
f
i
c
t
c

ig. 1. An aggregate of composite inclusions (left) and the six physically different typ
ndicating transverse slip.

lement in this model is a layered two-phase structure, comprising
oth a crystalline and an amorphous domain as developed by Lee
t al. [5,15] for rigid viscoplastic semicrystalline materials. Initially,
he application of these micromechanical models has been mostly
imited to systems with a spherulitic and thereby macroscopi-
ally isotropic structure (whereas most polymer products have
n intrinsically oriented structure) and was aimed at obtaining a
ualitative description of the mechanical response [e.g. 14,24,27]).
urther research has focused on improving the quantitative abil-
ties of the multiscale micromechanical model, in particular for
he stress-dependence of the rate of plastic deformation, i.e. the
ield kinetics [28–30]. Recent efforts were successful in providing

 quantitative description of macroscopic yield and failure kinet-
cs, also for oriented material [31,32]. In this paper, an overview is
iven of the development of the so-called composite inclusion model
or semicrystalline polymers from first being a qualitative model,
owards a model that quantitatively predicts the response of these

aterials.

. A qualitative model for semicrystalline polymers

.1. Composite inclusion model

A rigid-plastic mean-field micromechanical model for semicrys-
alline polymers, referred to as the composite inclusion model, was
roposed in 1993 in the pioneering work of Lee et al. [5,15] and was
sed to predict the texture evolution in these materials. The basic
lement in this model was a two-phase layered structure consist-
ng of a crystalline and an amorphous phase. This concept was later
xtended to elasto-viscoplastic behaviour by Van Dommelen et al.
24]. In this concept, the response of the semicrystalline material is

odelled as an average of an aggregate of these two-phase compos-
te inclusions (see Fig. 1). Within each composite inclusion, the two
hases are assumed to be kinematically compatible and in equi-

ibrium across the interface and a hybrid local–global interaction
aw is used to relate the volume-averaged mechanical behaviour of
ach composite inclusion to the imposed boundary conditions for
n aggregate of inclusions.

Since the crystalline domain consists of regularly ordered
olecular chains, in [24] the response of these domains was  mod-

lled as anisotropic elastic in combination with plastic deformation
overned by crystallographic slip on a limited number of slip sys-
ems and for which a rate-dependent crystal plasticity model was
sed. It should be noted that in contrast to metallic materials,
or polymer crystals, the various slip systems are usually phys-

cally distinct (for example, the slips systems of a polyethylene
rystal are shown in Fig. 1) and therefore have different proper-
ies. The amorphous phase of semicrystalline polymeric material
onsists of an assembly of disordered macromolecules, which are
slip systems in a polyethylene crystal (right), with “cs” denoting chain slip and “ts”

morphologically constrained by the neighbouring crystalline
lamellae. In [24], the elastic deformation of the amorphous domains
was modelled by a generalized neo-Hookean relationship in com-
bination with a viscoplastic relation and an eight-chain network
model to account for orientation-induced strain hardening. For
both the slip systems and the amorphous domains, the viscoelastic
behaviour was modelled with a power law relation.

2.2. Application to HDPE

This elasto-viscoplastic model was  used to describe the macro-
scopic response of spherulitic (and therefore initially isotropic)
high density polyethylene (HDPE), including the effect of crys-
tallinity and to study micromechanical deformation mechanisms.
In particular, the intra-spherulitic deformation mechanisms were
studied in a multi-scale effort in [27] and the effect of an oriented
microstructure in extruded HDPE was  qualitatively modelled in
[25].

3. Towards quantitative predictions

3.1. Yield kinetics of isotropic HDPE

The next phase in the development of the composite inclu-
sion model was directed towards the quantitative prediction of the
yield and post-yield behaviour in semicrystalline polymers dur-
ing large deformations at different strain rates. A critical factor
for this is the stress-dependence of the rate of plastic deforma-
tion, the yield kinetics. The kinetics of the macroscopic plastic flow
strongly depend on the slip kinetics of the individual crystallo-
graphic slip systems. Therefore, an accurate quantitative prediction
requires a proper description of the rate-dependence of slip along
crystallographic planes. As a first step in achieving this goal, the pre-
viously used viscoplastic power law relation was  replaced with an
Eyring flow rule, which more closely matches the macroscopically
observed response. The re-evaluation of the slip kinetics was per-
formed using a combined numerical/experimental approach and
the refined slip kinetics were then validated for uniaxial compres-
sion data of isotropic HDPE, for different strain rates [29]. A double
yield phenomenon was  found in the model predictions and was
related to morphological changes that induce a change of defor-
mation mechanism, see Fig. 2. In the case of polyethylene, such
a double yield point has also been observed experimentally dur-
ing both tensile and compressive deformation modes. In literature,
several possible mechanisms have been proposed to explain this

behaviour, among which different deformation processes for the
first and second yield point, often associated with fine slip and
coarse slip [33–36]. Even though the composite inclusion model
considers only fine slip, it mimics this complex behaviour, where
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Fig. 2. (a) Double yield behaviour predicted by the micromechanical model for HDPE under uniaxial tension (reproduced from [29]) and (b) microstructural origin of the
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ouble  yield prediction. The equal area pole figures show the orientation of the tw
he  aggregate with respect to the loading axis, which corresponds to the viewing d
rystalline phase in that particular inclusion. (For interpretation of the references to

t was observed that after the first yield point, a change in the
echanisms occurs and transverse slip systems become active,
hereas the primary chain slip mechanism was the dominant pro-

ess around the first yield point.
The description of the slip kinetics was further refined in order

o predict the temperature dependence of the kinetics of yield for
olyethylene. The experimental data in Fig. 3 show the presence of
wo different processes, where one is usually attributed to the crys-
alline phase and the other to the alpha-relaxation mechanism in
he amorphous phase. Also shown in this figure is a prediction of the
emperature dependence of the macroscopic yield kinetics as well
s time-to-failure in creep experiments with the micromechanical
odel [30].
In order to predict the response in both tension and compres-

ion, a non-Schmid effect (i.e. a dependence on the normal stress
˛
n acting on the slip system) was included in the slip kinetics [30],
hich for a single process is then described by:

˙ ˛ = �̇˛
0 exp

(−�U˛

R T

)
sinh

(
�˛

�c
0

)
exp

(
�˛�˛

n

�c
0

)
, (1)

here �˛ is the resolved shear stress on a slip system. The yield
inetics of the amorphous phase was described with a simi-
ar relation, where instead of the non-Schmid effect, a pressure
ependence was used. However, based on the response of isotropic
aterial, it was not possible to uniquely determine the kinetics of

he various slip processes.

.2. Yield kinetics of oriented HDPE
The mechanical response of extruded and drawn semicrystalline
aterials, in which a stacked lamellar morphology is commonly

bserved, depends on the direction of loading with respect to the
irection of flow. Plastic deformation and failure are, therefore,
icated directions of the crystalline lamellae of individual composite inclusions in
on, and in colour the corresponding shear rate of the indicated slip system for the
ur in this figure legend, the reader is referred to the web version of the article.)

both anisotropic. The predictive ability of the micromechanical
model, including the characterization of the kinetics of crystallo-
graphic slip and amorphous yield based on isotropic material, was
next evaluated for oriented high-density polyethylene [37], where
the initial morphology of the material was  generated based on pole
figures from wide-angle X-ray diffraction experiments. Uniaxial
loading of an aggregate of composite inclusions with this orienta-
tion distribution and with slip kinetics as characterized for oriented
material revealed slip activity on particularly the chain slip systems
when the loading direction was aligned with the original drawing
direction of the material. In contrast, loading perpendicular to the
original drawing direction led to slip activity at macroscopic yield
on transverse slip systems. This showed the potential of oriented
systems for unambiguously determining the yield kinetics of indi-
vidual slip systems. In doing so, however, it was observed that the
presence of an oriented amorphous phase should be dealt with as
well.

3.3. Creep response of isotropic and oriented PET

Thereafter, the composite inclusion model was used to under-
stand and predict the effects of the microstructure, as well as
loading conditions as time, stress and temperature on the dimen-
sional stability of thin polyethylene terephthalate (PET) foils used
as a substrate in flexible electronics. Focussing first on the creep
response of isotropic PET, the description of the amorphous
domains in the composite inclusion model was  further extended.
In [38], the amorphous domains are described with a constitutive
model for glassy polymers that is referred to as the Eindhoven

Glassy Polymer (EGP) model [11,39] and which consists of a com-
bination of viscoelastic Maxwell elements with neo-Hookean-like
elasticity and a non-linear viscosity, which is temperature and
stress dependent. The stress dependency is described using the
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Fig. 4. Experimentally obtained and predicted creep response of oriented PET foil for
an  applied tensile load of 5 MPa  in machine direction (MD) and transverse direction
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ig. 3. Temperature dependence of (a) yield kinetics and (b) time-to-failure of H
icromechanical model (solid lines).

eproduced from [30].

yring flow model and temperature dependency using the Arrhe-
ius law.

A pre-stretching of the amorphous phase was  incorporated in
he model to describe the anisotropic tensile and creep response
f oriented PET foils based on their microstructure [31]. The exper-
mentally measured and predicted anisotropic creep response is
hown in Fig. 4, with a higher creep compliance in transverse
irection (TD) than in machine direction (MD). The presence of a
re-orientation in the amorphous domains was found to be crucial
or a correct description of the creep response for different loading
irections.

.4. Thermo-mechanical response of PET

The pre-deformation of the amorphous domains also drives

rreversible deformation upon heating under stress-free condi-
ions, sometimes referred to as a shape memory effect. To simulate
he behaviour of the film at high temperatures and to model
eversible and irreversible thermal deformation including the

ig. 5. Expansion and shrinkage in two principal directions of a PET foil upon heating (
redicted by the micromechanical model (solid lines). The temperature history is schema

eproduced from [32].
(TD). Reproduced from [31]. The dashed lines show the model result in the absence
of a pre-orientation in the amorphous phase.

left) and subsequent annealing (right) as obtained experimentally (markers) and
tically shown in the top figure.
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Fig. 6. Complex loading conditions representative for a roll-to-roll lithographic pro-
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[2] C. G’Sell, A. Dahoun, Evolution of microstructure in semi-crystalline polymers
ess (top) and the predicted strain evolution in two principal directions (bottom).

fter [41].

ombination of thermal expansion and shrinkage and the effect
f the heating rate, thermal expansion was incorporated in the
icromechanical model for both phases, as well as a relaxation

rocess for the internal pre-stress in the non-crystalline phase
32,40]. This model was then applied to oriented PET samples that
ere thermally loaded under nearly stress-free conditions by either

ncreasing the temperature at a low constant heating rate, followed
y an annealing stage or by fast heating followed by annealing and
ast cooling. The resulting in-plane deformation of the foil in the
wo principal directions upon controlled heating and annealing
s shown in Fig. 5. The model qualitatively describes the exper-
mentally observed response with initially a thermal expansion,
ollowed by shrinkage. Experimentally, two different shrinkage
rocesses were observed in the PET foils, which were described
y two pre-deformation modes in the model, where for each mode
nly one relaxation time was used.

.5. Validation for complex loading conditions

To validate the model under more complex loading condi-
ions, it was used to simulate the film behaviour during various
ithographic processing steps, including heat stabilization and roll-
o-roll processing [41], the result of which is shown in Fig. 6.
ombined thermal shrinkage effects and creep in different direc-
ions were predicted rather well, for various processing conditions.
owever, some deviations still existed and were attributed to
n inaccurate description of thermal expansion of the individual
hases, which was still assumed to be isotropic for the (oriented)
morphous phase.

. Conclusions and outlook

In many applications, semicrystalline polymers possess a
trongly, processing-induced, oriented amorphous/crystalline
icrostructure and in turn, the performance of these materials

s highly affected by this structure. Micromechanical models that
ake this morphology into account have the potential to predict

he response of a semicrystalline polymer for an arbitrary struc-
ure based on a generic characterization of its constituents. The
evelopment of such a model is a challenging and complex task
ecause of the presence of many different deformation processes
arch Communications 80 (2017) 4–9

(e.g. crystalline slip or amorphous processes) with each their own
properties and with an intricate interaction between them.

In the original work of Lee et al. [5,15], the amorphous/
crystalline interaction was  captured by a two-phase basic element
in which the two phases interact mechanically across an interface.
This element was  referred to as a composite inclusion and has proven
to be a powerful concept. It was the basis for many micromechan-
ical models for semicrystalline polymers afterwards. Initially, this
approach was used to predict texture evolution and later also yield
behaviour and other aspects of the mechanical response, but often
in a qualitative manner.

Over the last decade, based on extensive experimental char-
acterization, the contribution of the individual processes was
determined and several extensions or refinements to the so-
called composite inclusion model were made. Initially, the emphasis
was on the kinetics of the various crystalline slip systems, but
also the importance of the contribution of the amorphous phase
became apparent, in particular for oriented material, for which
the amorphous network can be in a pre-stretched state. The sig-
nificance of this oriented amorphous phase is also manifested for
low stress/high temperature conditions, where irreversible defor-
mations, sometimes referred to as a shape-memory effect, occur.
Recently, for the first time, the performance of this elaborate
micromechanically-based model for the mechanical response of a
semicrystalline polymer was scrutinized for complex loading con-
ditions involving various thermo-mechanical loading sequences
[41]. On many occasions, the model was  also used to simul-
taneously understand and unravel the microscopic deformation
mechanisms and the role of the semicrystalline microstructure.

Over the years, the composite inclusion-type models have
evolved into a powerful approach for prediction of the mechanical
response of semicrystalline polymers, but at the same time, the high
complexity of them makes their characterization for an arbitrary
material challenging. In the model, the kinetics of the individual
deformation processes such as crystalline slip are described in a (at
that level) phenomenological manner. The physical origin of these
slip kinetics requires further interpretation, for which molecular
modelling efforts could be of benefit. Although pre-orientation of
the amorphous phase has been incorporated, this was done in an
oversimplified way, with isotropic elastic behaviour and thermal
expansion and anisotropy only through the pre-stretch. For appli-
cation to non-isothermal conditions, it was found that the current
description of thermal expansion, in particular for the amorphous
domains, needs further improvement. Also for isothermal loading, a
critical evaluation of the model performance has shown the impor-
tance of the anisotropy of the amorphous phases. The downside of
this is that the state of pre-orientation must be characterized for
each set of processing conditions separately. A relation between
these conditions and the pre-stretch of the amorphous network
would greatly enhance the applicability of the model.
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