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A B S T R A C T

We propose a constitutive model to aid in the engineering design of semicrystalline polymer compo-
nents that may be subjected to biaxial impact loading. To this end, we investigate the thermomechanical
and failure behaviour of high density polyethylene (HDPE) under dynamic loading, both experimentally
and analytically. We have carried out dynamic tensile tests at 101, 102 and 103 mm/s displacement rates.
Digital image correlation (DIC) and infrared thermography were used to measure full 2D true strain fields
and determine specimen temperature rise during tensile testing. The results were used to calibrate the
constitutive parameters. To analyse the biaxial impact response, we have carried out falling weight impact
(FWI) tests at a 4 m/s impact velocity. We assessed the model prediction capabilities by comparing nu-
merical predictions with experimental results and good agreement was observed. The proposed model,
which aims to achieve a compromise between prediction accuracy and formulation simplicity, shows
that initial linear elastic response coupled with a temperature-dependent power-law viscoplastic flow
element and a non-linear strain-hardening element are sufficient to model biaxial stress scenarios.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

HDPE is widely used in a variety of high impact strength de-
manding applications such as load-bearing biomedical implants [1],
automotive fuel tanks [2], pipe protection for oil and gas transpor-
tation [3], industrial vessels and liquid food containers [4]. During
service, these components may undergo accidental drop or crash
loading. Thus, there is an industrial concern in predicting how these
parts will perform under such impact conditions. The traditional
approach when designing impact-energy absorbing components in-
volves costly and time-consuming trial-and-error tests on actual
prototypes [5]. A more recent strategy is the prediction of materi-
al response using computer-assisted finite element (FE) simulations
[6]. This approach is more cost-efficient and several commercial FE
codes are currently available. However, the complex non-linear
elasto-viscoplastic behaviour of plastics introduces several diffi-
culties in the experimental assessment and constitutive modelling
of polymer response. Hence, these fields remain under continu-
ous development.

A number tests are frequently used to determine the perfor-
mance of polymers under impact conditions including Charpy, Izod

and Falling Weight Impact (FWI). The instrumented FWI test is
specifically used to measure the biaxial in-plane tensile impact re-
sistance under out-of-plane loading conditions [7]. This test is of
technological interest since it develops a stress state in the speci-
menwhich closely represents the conditions that arisewhen loading
shell-like components such as those obtained by injection mould-
ing, extrusion or blowmouldingprocesses. However, to this day there
are no well-established direct procedures to use FWI test results
for determining material intrinsic behaviour quantitative structur-
al design and prediction. Consequently, FWI testing is mostly used
as a pass/fail test or to present comparative rankings of material
impact resistance [8]. An interesting non-conventional application
of the FWI is to use it formaterialmodel validation. That is, to assess
howwell amodel can predict deformation of amaterial outside the
conditions under which it was calibrated. An example of this ap-
proach are the investigations carried out by Duan et al. [9,10], Du
Bois et al. [11], Polanco-Loria et al. [12] and Daiyan et al. [13].

Several investigations have dealt with the experimental deter-
mination of polymer phenomenological response. During tensile
testing, instabilities and inhomogeneities may be developed as a
result of the underlying yield properties of the material [14]. This
poses difficulties in the measurement of point-wise strain: to obtain
a correct determination of the intrinsic true stress–strain relation,
strain must be measured on regions sufficiently small to approxi-
mate the local deformation as homogeneous. The work of G’Sell et
al. [15–17] represented amajor advance in the determination of ther-
moplastics intrinsic behaviour by the use of non-contact optical strain

* Corresponding author. Institute of Materials Science and Technology (INTEMA),
Universidad Nacional de Mar del Plata, J. B. Justo 4302, 7600Mar del Plata, Argentina.
Fax: +542234810046.

E-mail address: jptorres@fi.mdp.edu.ar (J.P. Torres).

http://dx.doi.org/10.1016/j.ijimpeng.2016.08.004
0734-743X/© 2016 Elsevier Ltd. All rights reserved.

International Journal of Impact Engineering 98 (2016) 52–61

Contents lists available at ScienceDirect

International Journal of Impact Engineering

journal homepage: www.elsevier.com/ locate / i j impeng

mailto:jptorres@fi.mdp.edu.ar
http://www.sciencedirect.com/science/journal/0734743X
http://www.elsevier.com/locate/ijimpeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijimpeng.2016.08.004&domain=pdf


measuring techniques. At the present, inhomogeneous 3D strain
fields can be measured with great accuracy by means of modern
digital image correlation (DIC) techniques [18–20]. Another diffi-
culty that may arise when testing at relatively high strain rates is
material temperature increase due to heat induced by plastic de-
formation. Depending on specimen geometry and testing velocity
the conditions can vary from isothermal to adiabatic. As a rule of
thumb, in typical uniaxial testing, strain rates above 10−2 s−1 are con-
sidered to produce adiabatic heating conditions [14]. Therefore, when
determining the intrinsic material response at high strain rates it
is also necessary to carry out point-wise temperature measure-
ments on the specimen [21].

Constitutivemodels developed for semicrystalline polymers range
from phenomenological models, which typically fit true stress–
strain curves using unidimensional equations [16,22], to tensor-
based 3D micromechanistic and physically-inspired models. An
example of the latter is the family of tridimensional models devel-
oped by several research groups [23–29] which have been refined
over the years to capture several features of polymer deformation
response including strain rate, temperature and pressure depen-
dence, post-yield softening, orientation hardening and unloading
and cyclic response. Nevertheless, The mathematical complexity of
these models is significant and their implementation in FE codes
is not straightforward [30]. Moreover, in some cases they require
the non-trivial experimental determination of a large number of con-
stitutive parameters. Relevant to the specific case of thermoplastic
polymers under impact behavior is the work of Polanco et al. [12]
whomodelled the dynamic response of polypropylene in the three-
point bending and plate impact tests using an advanced constitutive
model of the aforementioned kind. Their predictions showed good
agreement with experimental results. However, their study was not
focused at the prediction of failure behavior.

The use of advanced constitutivemodels can also be coupledwith
failure models formulated on a continuum level [31]. This means
that the microstructural features of the fracture process are omitted
and are only accounted in an averaged sense, over a “smoothed”
continuum element [32]. This approach has been recently consid-
ered as an alternative to more complex fracture mechanics
formulations, especially in practical engineering analysis. Failure
models of this kind often involve strain or stress based failure cri-
teria and is more conveniently used together with FE analysis. A
damage equation that is function of stress or strain tensor compo-
nents is evaluated at each material element in the FE mesh. When
the equation satisfies the failure condition, the element is consid-
ered as damaged and is either removed from the mesh or degraded.

Reasonably accurate results in the application of this technique to
engineering polymers have been reported in Refs. [33–35].

Despite the numerous advances in polymer mechanics, its appli-
cation to failure prediction of parts subjected to multiaxial impact
loading conditions is still rare in the literature. Thus, the objective
of the present investigation is the validation of a constitutive model
for HDPE that aims to achieve a compromise between prediction ac-
curacy and formulation simplicity. We analyse experimentally HDPE
intrinsic stress–strain behaviour at moderately high strain rates (in
the 10−1 to 102 s−1 range) and we use these data for model calibra-
tion. Then, we assess themodel prediction capabilities by contrasting
simulations with experiments with the aim of validating this mod-
elling approach as feasible predictive tool applicable in design.

2. Constitutive model

The constitutive model is based on the kinematic finite strain
framework of previous models for thermoplastic polymers pro-
posed by Bergström et al. [28,30]. The model consists of an
arrangement of 3 separate elements: a linear elastic spring acts in
series with a viscoplastic dashpot (network A), and a non-linear
Langevin spring acts in parallel to both (network B). The linear spring
represents the initial elastic response. The dashpot represents pres-
sure and temperature dependent viscoplastic flow. The Langevin
spring models the orientation hardening response at large
deformations.

Fig. 1 shows a schematic rheological representation of the con-
stitutive model. Since networks A and B act in parallel, the total
Cauchy stress tensor T is given by:

T T T= +A B (1)

The deformation gradient F ≡ ∂x/∂X, which relates the position of
a material point in the reference configuration, X, to the current con-
figuration, x, is given by:

F F F= =A B (2)

In addition, the deformation gradient in network A, FA, may be mul-
tiplicatively decomposed into elastic and plastic components [36]:

F F FA A
e

A
p= (3)

where the relaxed configuration, FA
p , represents an intermediate state

that is obtained by elastically unloading the material to a stress-
free state.

Fig. 1. 1D rheological representation of the constitutive model.
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