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Abstract Polylactic acid (PLA) is one of the highly applicable bio-polymers in a wide
variety of applications including medical fields and packaging. In order to quantitatively
model the mechanical behavior of PLA and PLA based bio-composite materials, and also
tailor new bio-composites, it is required to characterize the mechanical behavior of PLA.
In this study, thin films of PLA are fabricated via hot-pressing, and tensile experiments
are performed under different strain rates. To model the mechanical behavior, an elasto-
viscoplastic constitutive model, developed in a finite strain setting, is adopted and calibrated.
Using the physically-based constitutive model, all regimes of deformation under uniaxial
stress state, including post-yield softening, were adequately captured in the simulations.
Also, the rate dependency of the stress–strain behavior was properly modelled.

Keywords Polylactic acid (PLA) · Thin films · Mechanical behavior · Elasto-viscoplastic

1 Introduction

PLA is a biodegradable thermoplastic derived from totally renewable resources such as sugar
beets and corn. It decomposes to water, carbon dioxide and humus (the black material in soil)
(Drumright et al. 2000). Besides, PLA has interesting mechanical properties such as high
stiffness and high strength compared to many synthetic polymers (Averett et al. 2011). Phys-
ical and mechanical properties of PLA are extensively discussed by Farah et al. (2016). The
reader interested in the rheological and thermal properties of PLA and also polimerization
process of PLA is referred to Garlotta (2001), Hamad et al. (2015). Also, the already ex-
isting manufacturing equipments for petrochemical polymers can be used for PLA as well.
Therefore, PLA is proving to be a potential alternative to replace petroleum-derived poly-
mers (Drumright et al. 2000) in different applications such as packaging (Auras et al. 2004;
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Giita Silverajah et al. 2012). Currently, PLA is used in a variety of bio-medical applications
as well such as dialysis media and drug delivery devices (Averett et al. 2011). For a review
of the potential applications of PLA in different medical fields such as tissue engineering,
see Hamad et al. (2015).

Following from rising consciousness about environmental issues and the important need
of sustainability, the recent decade has seen considerable developments of bio-composite
materials (AL-Oqla and Omari 2017; Mantia and Morreale 2011) to replace composites
from synthetic matrices and fibres. In order to use PLA (either neat or in a reinforced state)
properly and efficiently, it is necessary to characterize the mechanical properties among
other properties. Also, to tailor new bio-composite materials with specific desired properties
it is necessary to characterize and model the constituents quantitatively. Rezgui et al. (2005)
experimentally investigated the mechanical behavior of PLA injection moulded specimens.
The crystalline micro-structure was characterized by WAXS and thermo-mechanical prop-
erties by DSC and DMA. Tensile experiments were performed by a video-controlled ma-
terials testing system and true stresses and true strains were obtained. Averett et al. (2011)
fabricated thin films from neat PLA and PLA reinforced with nanoclay particles and tensile
experiments were conducted. Also, fatigue behavior of these materials were experimentally
investigated. Qiu et al. (2016) investigated the improvement of PLA ductility by blending
with PBS in different weight ratios. Tensile experiments were performed on neat PLA and
PLA/PBS blends, and a viscoplastic model (Chaboche 2008) was used to model the rate
dependent stress–strain behavior. No strong post-yield softening was observed in the stress–
strain curves of PLA/PBS blends.

Not only could PLA be used in a neat form, it could also be considered as an alternative
for synthetic polymers for the matrix of composite materials. A strong matrix/fiber interface
guaranties a good load transfer between the fibres and matrix and, thereby, ensures that the
strong stiffness and strength of fibers are reflected properly in the properties of the composite
(Piggott 1987). In order to characterize the interface properties, fibre pull-out test is one
of the possible approaches to be followed. To simulate the pull-out test with PLA matrix
properly, it is needed to be able to model the PLA matrix quantitatively. However, in spite of
relatively considerable amount of experimental studies on the interface characterization and
mechanical behavior of PLA based bio-composites, to the authors’ knowledge, modelling
the interface and mechanical behavior of these materials is not studied extensively.

The goal of this study is to characterize and model the mechanical behavior of PLA as
a highly applicable bio-polymer, both neat and as the matrix for bio-composite materials.
As it will be shown in the next section, post-yield softening is observed in the mechanical
behavior of the PLA under study. The capability to model the post-yield softening (either
in neat applications or in a fibre-reinforced state) is important since strain softening causes
plastic localization (Govaert et al. 2000). To characterize the mechanical behavior, mechan-
ical experiments are performed on thin films of PLA, fabricated via hot-pressing; and to
model the mechanical behavior, an appropriate constitutive model is used. Using the physi-
cally based constitutive model, all regimes of the deformation behavior of PLA films under
uniaxial tension, including post-yield softening, and also rate dependency of the mechanical
behavior were well-captured.

The next section describes how the thin films of PLA are fabricated and the mechan-
ical tests on dog-bone-shaped specimens are conducted. Section 3 describes an elasto-
viscoplastic constitutive model (Mirkhalaf et al. 2016a) which is used in this study to model
the mechanical behavior of PLA. Section 4 gives the experimentally obtained stress–strain
curves. Also, details of the material properties determination, simulation results and com-
parisons to experiments are given in Sect. 4. Finally, Sect. 5 summarizes the concluding
remarks of this article and the conclusions drawn from this study.
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Fig. 1 Schematic representation of two steps of the fabrication process of PLA films with hot-press: (a) first
step, (b) second step, and (c) image of the second step

2 Experiments

In this section, the process of fabricating PLA films, as well as the mechanical experiments
performed on the films, is explained.

2.1 Fabrication of PLA films

The bio-polymer used in this study is a commercial grade of PLA (Ingeo 3051D) purchased
from Nature Works. Thin films are fabricated by hot-pressing from the material, initially in
a form of pellets. The temperature of the hot-press plates are set to 190 ◦C. Teflon films
are used to cover the hot-press plates and thin steel films with a thickness of 100 micron
are used as a frame. The PLA pellets are kept on the hot plate for 5 minutes to melt. Then,
a pressure of 0.5 MPa was applied to the melt for 3 minutes. Once the pressing is over,
water cooling is used to return the film back to the ambient temperature. Following the
aforementioned process, enough films for the mechanical tests were fabricated. Figure 1
schematically shows two steps of the fabrication process of PLA films via hot-pressing and
an image of the pressurized PLA melt.

2.2 Mechanical testing

Dog-bone-shaped specimens were cut from the thin transparent PLA films, and uniaxial
tensile experiments were conducted under different loading speeds at room temperature.
At the first stage, although no anisotropy was expected (hot-press manufacturing does not
normally impose variation of properties in different directions) samples were cut form the
films in different loading angles to make sure about the isotropic properties. Figure 2 shows a
sample in the tensile machine, a schematic representation of the dog-bone-shaped specimen
and a schematic representation of samples cut from the films in different directions. The test
machine, shown in Fig. 2a, is a Zwick tensile tester Z2.5, which is equipped with a tensile
extensometer.

3 Constitutive model

PLA samples showed the typical behavior of polymeric materials, i.e. initially elastic
regime, yield and post-yield softening. Also, the rate dependency of the stress–strain curves
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Fig. 2 (a) A dog-bone-shaped sample from a thin PLA film fixed in the tensile machine; (b) schematic
representation of the dog-bone-shaped specimen, and (c) schematic representation of samples cut at different
angles

Fig. 3 Mechanical analogue of
the elasto-viscoplastic model

was clearly seen in the experimental results (see the experimental results in Sect. 4.1).
Hence, in this study, an elasto-viscoplastic model, developed by Mirkhalaf et al. (2016a)
to predict the mechanical behavior of polymeric materials, is used. The model was devel-
oped based on the Eindhoven Glassy Polymer (EGP) model (Govaert et al. 2000) and was
used for RVE size determination for heterogeneous polymers (Mirkhalaf et al. 2016b). It was
further extended by Mirkhalaf et al. (2017) to predict the behavior of polymeric materials
under different loading conditions. This section briefly describes the constitutive model.

Figure 3 shows a schematic representation of the model.
The total stress, τ total, is additively composed of driving stress, τ driving, and hardening

stress, τ hardening:

τ total = τ driving + τ hardening. (1)

The driving stress is obtained from the viscous branch of the model and is dependent on the
elastic deformation. The driving stress is composed of hydrostatic and deviatoric contribu-
tions. On the other hand, the hardening stress depends on the total deformation and is totally
deviatoric. In this model, the total deformation gradient, F, is multiplicatively composed of
the elastic deformation gradient, Fe , and the plastic deformation gradient, Fp (Bilby et al.
1957):

F = Fe Fp. (2)

The elastic and plastic deformation gradients act on the elastic spring and on the dashpot,
respectively. The parallel spring (hardening) is affected by the total deformation gradient.
Application of polar decomposition to the elastic and plastic deformation gradients results
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in:

Fe = ReUe = VeRe, (3)

Fp = RpUp = VpRp, (4)

where R, U and V (for both elastic and plastic deformation gradient tensors) represent the
rotation tensor, elastic right stretch tensor and elastic left stretch tensor, respectively. The
velocity gradient is defined by

L = ḞF−1. (5)

Using Eqs. (2) and (5), the velocity gradient can be written as

L = Le + FeLp
(
Fe

)−1
, (6)

where Le and Lp denote the elastic and plastic velocity gradients defined by:

Le ≡ Ḟe
(
Fe

)−1
, (7)

Lp ≡ Ḟp
(
Fp

)−1
. (8)

The plastic stretching tensor (rate of plastic deformation), Dp , and plastic spin tensor, Wp ,
are defined based on the plastic velocity gradient:

Dp ≡ sym
(
Lp

) = 1

2

[
Lp + (

Lp
)T ]

, (9)

Wp ≡ skew
(
Lp

) = 1

2

[
Lp − (

Lp
)T ]

, (10)

where the superscript T shows the transpose of the tensor. It is assumed that the plastic spin
tensor is null (Wp = 0). To measure the elastic deformations, the logarithmic Eulerian strain
is adopted, which is given by

εe ≡ ln Ve = 1

2
ln Be, (11)

where ln(·) denotes the tensorial logarithm of (·) and Be is the left elastic Cauchy–Green
deformation tensor defined by

Be ≡ Fe
[
Fe

]T = [
Ve

]2
. (12)

The driving Kirchhoff stress is given by

τ driving = De : εe, (13)

where De denotes the fourth order isotropic elastic tensor

De ≡ 2GIs +
(

K − 2

3
G

)
(I ⊗ I), (14)

with G and K referring to shear and bulk modulus, respectively. In Eq. (14), the symbol Is
represents the fourth order symmetric identity tensor and I is the second order identity ten-
sor. The hardening stress is given by

τ hardening = H εd , (15)
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where εd denotes the total deviatoric strain and H is the hardening modulus, which is one
of the material parameters. The plastic flow rule of the model is given by

dp = s
2η(τ eq)

, (16)

where dp is the spatial plastic stretching tensor and s is the deviatoric part of the driving
Kirchhoff stress (s = Id : τ driving), with Id being the fourth order deviatoric identity tensor.
The spatial plastic stretching tensor, dp , is obtained by rotating the plastic stretching tensor,
Dp , to the spatial configuration using the elastic rotation, Re , as

dp ≡ ReDpReT
. (17)

In Eq. (16), η(τ eq) is the viscosity defined by

η = A0 exp

[
�H

RT
+ μp

τ0
− D∞ + D∞exp

(−h
√

3 εp

√
2D∞

)]
×

[
τ eq/ sinh

(
τ eq

τ0

)]
, (18)

where τ eq is the von Mises equivalent stress defined by

τ eq =
√

1

2
s : s (19)

and εp is the accumulated plastic strain obtained by temporal integration of the accumulated
plastic strain rate defined by

ε̇
p =

√
2

3
ε̇p : ε̇p. (20)

In Eq. (18), p is the hydrostatic stress, R is the universal gas constant and T is the absolute
temperature. Furthermore, two sets of material properties play a role in the definition of the
viscosity function (Eq. (18)): Eyring properties (A0,�H,μ, τ0) and softening properties
(h,D∞). The Eyring (yielding) parameters mainly govern the yielding of the material, and
the softening parameters determine how the material softens after yielding.

For a more elaborate discussion on the constitutive model and also the integration algo-
rithm and finite element implementation, the reader is referred to Mirkhalaf et al. (2016a).

4 Results and discussion

In this section, the experimentally obtained stress–strain curves are given, the material prop-
erties for PLA under study are determined and simulations are conducted. The model pre-
dictions are compared against the experimental results and good agreements are obtained.

4.1 Experimental results

The stress–strain curves at different loading angles under a loading speed of u̇ = 10 mm
min

at room temperature are given in Fig. 4. This loading speed corresponds to an engineering
strain rate of ε̇ = 0.006 s−1. As expected, no considerable difference is observed between
the stress–strain curves at different loading angles and, as a result, it can be concluded that
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Fig. 4 Experimental stress–strain curves for the samples with different loading angles (φ = 0◦,45◦,90◦)

under a strain rate of ε̇ = 0.006 s−1 at room temperature (Color figure online)

the films are isotropic. It is remarked that if the samples are manufactured under different
processing conditions (such as injection moulding) it is possible to have different mechanical
properties in the samples cut at different angles. This is due to the effect of processing
condition on the micro-structural formation of polymers (see, e.g. Sedighiamiri 2012).

In order to characterize the rate dependency of the mechanical behavior, tensile experi-
ments are performed at different loading speeds as well (5 and 16.8 mm

min ), corresponding to
engineering strain rates of ε̇ = 0.003 s−1 and ε̇ = 0.01 s−1, respectively. The stress–strain
curves are shown in Fig. 5. Comparing Figs. 4 and 5 show the rate dependency of the me-
chanical behavior of the PLA films.

4.2 Material properties

To perform the numerical simulations, it is needed to first determine the material properties
for PLA required by the constitutive model described in the previous section. The parameters
are categorized into four different categories:

– Elastic properties (E,ν);
– Eyring (yielding) properties (A0,�H,τ0,μ);
– Softening properties (h,D∞);
– Hardening parameter (H ).
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Fig. 5 Experimental stress–strain curves under different strain rates (ε̇ = 0.003 s−1, ε̇ = 0.01 s−1) at room
temperature (Color figure online)

Although the difference between the experimental stress–strain curves at each strain rate is
negligible, to determine the material properties and compare the simulation results against
the experiments, the average of stress–strain curves at each strain rate is considered. The
experimental results at two higher strain rates (ε̇ = 0.006 and 0.01 s−1) are used to quantify
the material properties. Then, to confirm that the quantified material properties are applica-
ble to other strain rates too, the properties are used in the simulations for the lowest strain
rate (ε̇ = 0.003 s−1).

The Young’s modulus is determined according to the slope of the stress–strain curve
in the elastic regime (E = 4400 MPa). Different Poisson’s ratios are reported in the liter-
ature for PLA samples fabricated via different manufacturing processes (see, e.g. Rezgui
et al. 2005; Farah et al. 2016). The Poisson’s ratio in this study is assumed as ν = 0.3. It
should be mentioned that other values for Poisson’s ratio were examined and no consid-
erable change in the results was found. The Eyring (yielding) properties are determined
to best capture the yield point at different strain rates. The scalar A0 is a constant or pre-
exponential factor, �H is the activation energy, the parameter μ is a pressure coefficient and
τ0 is a characteristic stress. The yield stress prediction increases by increasing the activation
energy, the pre-exponential factor and the characteristic stress. On the other hand, increas-
ing the pressure coefficient causes a reduction in the yield stress (Mirkhalaf et al. 2014).
Taking into account these effects, a manual fitting procedure was conducted to obtain a set
of parameters which gives the best prediction of the experimentally obtained yield stresses.
It should be mentioned that the set of Eyring properties may not be unique since they were
determined in absence of further calibration. Besides, the determined properties should be
carefully used outside the range the strain rates and temperature of this study. The softening
properties are calibrated to best predict the post-yield softening regime. One of the softening
properties (h) determine the slope of the post-yield regime and the other one (D∞) governs
the saturation value of softening. Finally, the hardening parameter (H ) should be quantified
which determines how the material hardens once strain softening is over. The determined
material properties are tabulated in Table 1.

Remark 1 The mechanical behavior of a polymer sample is dependent on the underlying
micro-structure which in turn depends strongly on the thermomechanical history experi-
enced by the sample during processing (Araújo et al. 2014; Hsiung and Cakmak 1993).
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Table 1 Material properties for
PLA E (MPa) ν �H (J/mol) A0 (s) τ0 (MPa)

4400 0.3 2.062E+5 3.65E−32 5.7

D∞ h μ R H (MPa)

2.16 450 0.3 8.3143 10

Fig. 6 2D view of spatial
discretization of the
dog-bone-shaped specimen

Fig. 7 Comparison between simulations and experimental stress–strain curves under two different strain
rates (used to calibrate the material properties); symbols denote experiments and lines illustrate simulations

Thus, polymeric samples manufactured via different fabrication processes typically show
different mechanical properties. Hence, the obtained constitutive properties for PLA films
in this study (Table 1) should be carefully used for PLA samples fabricated with other man-
ufacturing processes.

4.3 Simulations and comparison to experiments

The 3D finite element model is shown in a 2D view in Fig. 6 (one element through the
thickness). The sample is spatially discretized with 140 three-dimensional eight-noded hex-
ahedron elements. The FE model is used together with the constitutive model, described in
Sect. 3, and the determined material properties to conduct the simulations. Figure 7 shows
a comparison between the model predictions and the experimental results for the two strain
rates (ε̇ = 0.006 s−1 and ε̇ = 0.01 s−1). As mentioned before, the experimental stress–strain
curves at two higher strain rates (ε̇ = 0.006 s−1 and ε̇ = 0.01 s−1) are used to determine
the material properties. The determined material properties were used for strain rate of
ε̇ = 0.003 s−1 for which the comparison between the model predictions and experiments
is shown in Fig. 8. It can be seen in Figs. 7 and 8 that good agreements are obtained between
the experimental results and simulations.
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Fig. 8 Experimental
stress–strain curve (symbols)
against the model prediction
(line) for strain rate of
ε̇ = 0.003 s−1

Fig. 9 A comparison between stress–strain curves using four different spatial discretization

Remark 2 It should be emphasized that if a wider range of strain rates was used, it was
probably needed to use two viscoplastic flow processes in the constitutive model (see, e.g.
Mirkhalaf et al. 2019). This is due to the fact that experimental results on tensile yield behav-
ior of isotropic polymers show that two relaxation processes contribute to the viscoplastic
flow (see, e.g. Sedighiamiri et al. 2012). In the range of strain rates used in this study, using
one viscoplastic flow process suffices.
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Fig. 10 Contour plots of the von
Mises effective stress for four
different spatial discretizations
(Color figure online)

4.4 Assessment of viscoplastic regularization

The constitutive model presented is associated with a viscoplastic regularization technique.
The model includes rate effects on the viscoplastic formulation, which implicitly introduces
a characteristic length scale through the viscosity function. Therefore, the dependence of
the solution on the spatial mesh discretization is attenuated. But, it has been shown in the
literature (see, e.g. Niazi et al. 2013 and Dias da Silva 2004) that, although viscous regu-
larisation often prevents pathological mesh dependence initially after localization, there is a
possibility that the regularization does not last until the end. For certain models, the effective
regularization length imposed due to the viscous regularization keeps on decreasing until it
approaches the element length. At this moment mesh dependency occurs. Thus, to confirm
the objectivity of the obtained results, a mesh dependency analysis is performed. The sample
is discretized with three finer FE mesh (215, 427, and 880 finite elements). Simulations are
performed at all three strain rates ε̇ = 0.006,0.003, and 0.01 s−1 on the FE meshes. Figure 9
shows the stress–strain curves on different FE spatial discretizations at three different strain
rates. No considerable dependency on the spatial discretization is observed in the stress–
strain curves. Figure 10 shows the contour plots of the von Mises effective stress on the four
different spatial discretizations at strain rate of ε̇ = 0.003 s−1. Based on the stress–strain
curves, shown in Fig. 9, and the contour plots shown in Fig. 10, it can be concluded that the
results obtained using the initial spatial discretization (Fig. 6) are objective.

5 Conclusions

In this study, an experimental investigation of the mechanical behavior of PLA was con-
ducted. PLA films were fabricated from pellets, and dog-bone-shaped specimen were cut for
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mechanical testing. Application of different loading speeds on the samples revealed the rate-
dependent nature of the material and the necessity of using a viscoplastic model to predict
its mechanical behavior. An elasto-viscoplastic model, developed for polymeric materials,
was adopted and the material properties were quantified. It was shown that the presented
physically-based constitutive model with a set of properly quantified material properties can
adequately capture all deformation regimes of PLA (including post-yield softening) under
uniaxial tension. Besides, the strain-rate dependent mechanical behavior of PLA was prop-
erly captured in the simulations. Furthermore, since the viscous regularization was found to
be enough, there was no need for a very fine FE mesh for objective results. This study was an
initial step towards developing PLA based bio-composites and predicting their mechanical
behavior.
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