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1 Abstract 

For automotive suppliers, it is essential to model the behavior of thermoplastics under crash loading 
and for a large range of temperature typically from -30° until 85°c. Thermoplastics are very sensitive  to 
both strain rate and temperature with an inverse relation: hardening with strain rate and softening with 
temperature. Generally, a large experimental campaign has to be carried out to identify different 
behavior laws of the material, each of them for a specific range of strain rate and temperature. Then, 
according to the characteristics of the loading case, e.g. impact, corresponding behavior laws are 
chosen in the database to run the numerical simulations. This results in an important experimental 
cost and a large database to manage. It is then interesting to explore the time-temperature 
equivalence of thermoplastics to act on both aspects. Relations between strain rate and temperature 
sensitivities are identified through dynamic mechanical analysis (DMA) in the viscoelastic domain and 
described through the Williams, Landel and Ferry model or the Arrhenius model for example. For that, 
a shift factor is experimentally determined and introduced to modify the time step in the behavior 
model for the finite element simulation, thus simulating an adapted strain rate. As a novelty, the time-
temperature equivalence is here extended to the viscoplastic domain by keeping the same shift factor. 
It therefore becomes possible to cover all the scope of temperature and strain rate of automotive 
applications from only DMA and tensile tests at room temperature and different strain rates. 
This approach is implemented in association with viscoelastic, viscoplastic with non-associative 
plasticity constitutive laws and non-local damage model [1][2][3] and applied to the case of a 
polypropylene. The time temperature equivalence is validated for the viscoelastic as well as for the 
viscoplastic parts of the behavior with good experimental/numerical correlation. As a result, the 
number of material cards required in Ls Dyna is reduced to only one to cover all the simulations. This 
approach is also under investigation to be applied to the failure model. 
 

2 Introduction 

The studied material is a copolymer propylene ethylene, which is 15 wt% mineral (talc) filled and 
impact modified (P/E-MD15 impact modified). This type of material is used in the design of injection-
molded parts such as door panels, center consoles and dashboards. During a car crash, all the plastic 
parts are submitted to severe loads.  It is the case for the top cover of the dashboard. For example, 
the deployment of the frontal airbag will generate significant level of deformation on the associated 
parts up to failure. That is why it is very important to be able to well characterize the behavior of the 
material in a wide strain-rate range (from 10-5 to 300s-1) and at different temperatures (from -30°C to 
+85°C). The main objective is to predict the risk o f failure of the material in case of ductile as well as 
brittle behavior by combining static and dynamic loadings at different temperature. Therefore, a wide 
test campaign of characterization is necessary. In this paper, we will assess whether the time 
temperature superposition principle is applicable for our material in the viscoelastic and viscoplastic 
domain, so as to drastically reduce the number of tests. 
 
As shown in the literature, the material is very sensitive to different parameters such as strain rate, 
hydrostatic pressure and temperature. A model that covers the wide range of behavior encountered in 
automotive applications has been developed by Balieu et al [1][2][3]. This model takes viscoelasticity 
and viscoplasticity into account with a non-associative approach and a non-local damage model at 
room temperature. All the parameters of the model are identified thanks to a direct identification 
method proposed by Epee et al [4][5]. 
 
This paper will focus on studying the coupling between the strain rate and the temperature sensitivities 
by using the theoretical approach called “time temperature superposition principle”. For that, an 
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experimental test campaign has been performed in the framework of small and large deformations. A 
relationship between the strain rate and the temperature sensitivities is bring out and is mathematically 
expressed. That equation which allows linking strain rate and temperature effect is identified and then 
implemented in Balieu’s model. An experimental and numerical validation is proposed to validate that 
time temperature equivalence for viscoelasticity and viscoplasticity. The results of this study and the 
new implementation in the model will allow reducing significantly the number of physical tests with a 
new experimental procedure only based on a dynamic mechanical analysis and few tensile tests. 
 

3 Time Temperature Superposition Principle 

The time temperature superposition principle is based on the dependence between sensitivity to strain 
rate and temperature of polymer behavior. Usually the principle is applicable in linear viscoelasticity 
domain. It is the case for PP [6], PA [7] [8] or PMMA [9] eg. To validate the dependence, it is 
necessary to characterize the viscoelastic properties of the material by dynamic mechanical analysis. 
A measurement of storage and loss moduli is done in a frequency range of loading/unloading cycles, 
at different temperatures. A shifted factor is applied to join all the segments, each of them being 
representative of behavior under a given temperature, in order to build a master curve (Figure 1). 
From this master curve, a mathematical model can be identified to link the strain rate and the 
temperature dependencies. Currently some mathematical models are proposed by Williams-Landel-
Ferry, Vogel or Arrhenius [10][11][12][13]. 
 

 
Fig. 1. Building of a master curve  

 

4 Experiments 

Viscoelastic properties of the P/E-MD15 impact modified are obtained by performing DMA with an 
Instron Electropulse E3000 with pneumatic grips. A sinusoidal signal with amplitude of 0.1mm is 
applied in tension on a sample of rectangular shape (80*10mm). The characterization is achieved in a 
frequency range between 0.05 and 30Hz at different temperatures from -30°C to +80°C. For testing 
performed at cold and high temperatures, a thermo-regulated oven (-100 to 350°C) is used.  
 
The results exposed below describes the evolution of the storage modulus in function of the frequency 
(or strain rate) for temperature step of 10°C. 
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Fig. 2. Storage modulus versus frequency at different temperatures. 

Several observations can be drawn from the results. We can observe a linear increase of the storage 
modulus when increasing frequency (300MPa), with the same slope whatever the temperature. It 
shows that the influence of the strain rate on material viscoelastic properties is not depending on the 
temperature. Then, it can be checked whether time temperature superposition principle is applicable 
for our material. 

To build the master curve, a reference temperature has first to be defined. For the study, the reference 
temperature chosen is 23°C. Then, a shift factor, ��	���, is applied on each E’ vs f curves obtained at 
other temperature, T, in order to build the master curve (Figure 3). The relationship between the shift 
factors and the temperature is given by: 
 ��	��� = �	
�−� �� − �����										�1� 
 
Where T and Tref are the current temperature and the reference temperature, respectively, and C is a 
constant. 
 

 
 

Fig. 3. Storage modulus of the master curve versus frequency range*shift factors 

 
As expected, the obtained master curve has a linear shape and the value of parameter C can be 
identified at 0.25. 
To complete the study, some uniaxial tensile tests (described in details hereafter) have been 
performed at different temperature and strain rate. The aim was to measure the elastic modulus to be 
compared to DMA measurements. As the loss modulus is low, the elastic modulus is directly 
compared to the storage modulus. The figure 4 shows that the two test methods give similar results.  
Time temperature equivalence principle is therefore validated within the viscoelastic domain. 
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Fig. 4. Determination of the elastic modulus from two test methods: DMA and tensile tests 

Next step is to assess the validity of that principle in the viscoplastic domain by using the same shift 
factor as determined in viscoelasticity. For that it is essential to characterize the viscoplastic behavior 
of the material. Some uniaxial tensile tests are performed at different strain rate (from 5 10-3s-1 to    
30s-1) in a temperature range between -30°C and +85°C. T he quasi-static tensile tests are carried out 
on the same test device used for the DMA tests, namely electromagnetic device Instron E3000. For 
the dynamic loadings, a hydraulic high speed device Instron VHS with a 5kN cell force is used. 
 
2D digital image correlation technique combined with a high speed camera allow measuring the fields 
of displacements on specimen’s surface of interest, thanks to the painting of a random pattern. Some 
specific technics for pattern creation are employed (black and white colour painting for quasi-
static/dynamic loadings at room and high temperature and grease with alumina balls for low 
temperature).  
 
The different results of the tensile tests between -30°C and +85°C at various strain rate s are shown 
below. 
 

 
 

Fig. 5. Uniaxial tensile tests at +85°C 
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Fig. 6. Uniaxial tensile tests at +23°C 
 
 
 
 

 
 

Fig. 7. Uniaxial tensile tests at -30°C 
 
 
At high temperature (+85°C), the material has a duc tile behavior with a plastic strain level which 
exceeds 100%. This high deformation level is due to the presence of elastomer domains in the 
compound of the material. At the contrary, at low temperature (-30°C), the material shows a brittle 
behavior with a plastic strain level lower than 7%. 
 
The SEE method developed by Epee et al. [4] [5] is used to characterize the viscoplastic behavior of 
the P/E-MD15 impact modified. From the uniaxial tensile tests, a 3D behavior surface is build. This 
surface describes the evolution of true stress in function of true plastic strain for a large strain strain-
rate range. It is then possible to obtain the response of the material law by “cutting” the surface at the 
desired strain rate. By using the shift factor defined in viscoelasticity, the time temperature 
superposition principle is applied on the results of tensile tests which provide a unified SEE surface, as 
can be seen in Figure 7.  
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Fig. 7. 3D behavior surface of the P/E-MD15 impact modified 

 
The constitutive laws which best describe behavior of P/E-MD15 impact modified is the model 
developed by G’Sell-Jonas [14], integrated in developments of Balieu et al [15], with main constitutive 
equations described in section 5. The identification of the parameters is carried out by optimization 
process thanks to Matlab tool.  

Once all the parameters of the mathematical model have been identified, additional tensile tests were 
performed under some selected temperature/strain rate couples in order to assess the validity of the 
principle of time temperature superposition in viscoplasticity domain. In the graphs below, behavior 
curves obtained at � ≠ ��� are shifted using the same shift factor as identified by DMA and 
superposition of curves is examined. 

 
 

Fig. 8. Couples tested at 0°C and +23°C 
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Fig. 9. Couples tested at +23°C and +60°C 

The results show that it is possible to link both sensitivity to strain rate and temperature also into the 
viscoplasticity domain. Indeed, reference curves (T=23°C) and shifted curves ( � ≠ ���) are well 
overlapped. For example, a tensile test carried out at high strain rate at room temperature gives 
results equivalent to a tensile test at low strain rate at low temperature. We can do the same 
observation between room and high temperature. Therefore, the time temperature equivalence 
principle is demonstrated and validated for viscoplasticity domain concerning our P/E-MD15 impact 
modified. 

Thanks to this study a new test procedure for material characterization can be defined. The 
identification of the shift factor by DMA combined to tensile tests at room temperature allows 
determining the whole viscoelastic and viscoplastic behavior law for such polymer and reducing 
significantly the experimental campaign of behavior characterization. 

5 Numerical approach: Constitutive model 

5.1 Presentation of the constitutive model 

As explained previously, for modeling the complex behavior of the polymers, a lot of parameters have 
to be taken into account. For that, Balieu [1][2][16] developed a viscoelastic viscoplastic model 
enhanced by a non-associative approach (non-isochoric deformation) and a non local damage 
formulation to simulate the behavior of a mineral filled semi-crystalline polymer. 
 
To represent the viscoelastic effect, a linear Wiechert model is implemented into the model. It is 
composed of n Maxwell elements in parallel with a Hooke element which allows describing the long 
term effect. The damage is coupled with the viscoelastic law. In the constitutive model, the 
corresponding time-dependent stress is given by: 
 

���� = �1 − �� � ����� − �� ������
�
�  �										�2�  

 
Where D is the isotropic damage variable, ��� a relaxation tensor and "�� the viscoelastic part of the 
strain tensor. 
 
To capture the tension-compression dissymmetry, a non symmetric yield surface developed by 
Raghava et al [17] is introduced into the model: 
 

ƒ$�, �, �& = �' − 1�()$�& + +�' − 1�,(),$�& + 12'-,$.&
2'�1 − �� − �� − ��/�									�3� 
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Where -,$.& and ()$�&	are respectively the second invariant of the deviatoric stress tensor and the first 
invariant of the stress tensor. The dependence to the hydrostatic pressure is defined by the 
parameter	η which is the ratio between the compression and tension initial yield stresses �2 and	��, 
such that: 
 

' = �2�� 										�4� 
 

4�5� is the nonlinear isotropic hardening function defined by: 

 
��/� = 6)/ �	
�−7)/� +	6,$1 − �	
�−7,/�& + 78/8 + 79/, + 7:/, 										�5� 

 
 
with Qi and bi material parameters,∀=. κ is the equivalent viscoplastic strain. 
 
During the deformation of a polymer material, we can observe a variation of the volume. To represent 
this phenomenon, a viscoplastic potential F is used as follows: 
 
 

?$�, D& = +3-,$.& + AB < 
 >,+ AE < −
 >,
1 − D = g���

1 − D										�6� 
 
 
The parameters αB and αE define the volume variation for positive and negative hydrostatic pressure. 
Thanks to the formulation using the Macauley bracket “< . >”, the viscoplastic flow can evolve 
independently for dilatation and compression. 
 
To take viscoplasticity into account, a Perzyna-type [18] viscoplastic model is chosen, which considers 
a viscous overstress.  
 

�� = $�� + ��/�& I /J/�J K
L 										�7� 

          
 
Where /J is the equivalent viscoplastic strain rate and n and /�J  are material parameters. 
 
Considering the viscous stress, the dynamic yield surface, ƒN, can be expressed from the static one, ƒ, 
so that:  
 

ƒ� = �η − 1�()$�& + +�' − 1�,(),$�& + 12'-,$.&
2η�1 − D� − ��� + ��/�� O1 + I /J/�J K

LP = 0										�8� 
 
 
For modeling the damage, a phenomenological model based on stress differences between the 
isochoric and non-isochoric deformation process is proposed. The evolution of the damage variable is 
represented by the scalar variable D and defined by the ratio between the true stresses calculated 
with the incompressibility and compressibility assumptions. In the constitutive model, the damage 
variable is expressed as: 
 

� = 1 − 	�	
 I− /
/2K										�9� 

 
Where κT is a material parameter. 
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In the context of the present study, the principle of time temperature equivalence has been added into 
the constitutive model, with shift factors reminded as follows: 
 ��	��� = �	
�−� �� − �����										�10�					
More precisely, the principle of time temperature superposition is introduced in numerical simulations 
by re-computing a specific time step, ∆�′, thanks to the coefficient ��	��� in order to take the link 
between strain rate and  temperature sensitivity into account. 
 

∆�W = ∆�
��	���										 �11� 

5.2 Results 

 
In this subsection, we propose at first to validate definitively all the parameters of the constitutive law 
identified for the studied material. Thus a correlation study is achieved on the different geometry of 
samples tested in tension at various strain rates and temperatures. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Correlation study at different strain rates and temperatures 
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By comparing the reaction forces of the numerical model with the experimental tests, we can observe 
a good level of correlation. The non associated viscoplastic formulation of the constitutive model is 
able to predict very well the complete behavior of the material between -30°C and +85°C for various 
strain rates. 
 
As shown in Fig.8. and Fig.9., the principle of time temperature superposition is validated 
experimentally. It is now essential to check it by numerical simulation. For that, we propose to test the 
principle for two temperature/strain-rate couples, as shown in Fig. 11 and 12. 
 

 
 

Fig. 11. Correlation study: Couple tested at 0°C an d +23°C 

 

 
 

Fig. 12. Correlation study: Couple tested at 23°C a nd +60°C 

The results show a good level of correlation between the physical tests and the numerical simulations. 
Concerning the two tested strain rate/temperature couples, the results are the same. The numerical 
model describes completely the behavior of the studied material. The principle of time temperature 
superposition is well taken into account thanks to its introduction in the constitutive laws. In simulation, 
we reproduce very well the physical phenomena observed in physical test since curves are perfectly 
similar.  
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6 Summary 

In this paper, a complete characterization of a P/E-MD15 impact modified at various strain rates and 
temperature has been proposed. First the principle of time temperature superposition has been 
validated in the viscoelastic domain thanks to DMA tests. From these results, a mathematical equation 
which allows linking the shift factors to the temperature has been defined. Furthermore, the coefficient 
C also identified by DMA tests has been used for viscoplasticity characterization. It has been shown 
that the principle of time temperature superposition is also applicable in the viscoplasticity domain. 
Then the model has been introduced in the constitutive laws developed by Balieu et al. and tested for 
two strain rate/temperature couples using numerical simulation. The numerical model is able to 
reproduce very well the principle of time temperature equivalence and the level of correlation between 
physical tests and simulations is remarkable. Thanks to this study, a new method of polymer 
characterization in wide temperature and strain-rate range that allows a significant reduction of 
required tests can be proposed. In addition, use of superposition principle can now be a tool to predict 
behavior under strain rate and temperature values which cannot be achieved by the test devices. In a 
future work, it will be investigated whether the time temperature superposition can be applied for 
failure prediction. 
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