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ABSTRACT 

      Injected thermoplastics reinforced with discontinuous fibers have been widely used for several years 

in the automotive industry to reduce weight and then CO2 emissions. The structural parts must maintain 

their geometrical shape under specific thermo-mechanical conditions and one of the challenges related 

to the use of such material is to have a reliable virtual design of industrial parts. These materials exhibit 

a non-linear mechanical behavior, partially reversible, anisotropic and time- and temperature-dependent. 

This study is focused on finding a good representation of the mechanical behavior over a temperature 

range from ambient temperature up to 85°C, using two models already presented in the literature, and 

based on an elasto-visco-plastic framework. Parameter identification is performed with an inverse 

approach over an experimental database consisting of tensile tests, both monotonous ones up to rupture 

at different strain rates, complex ones involving loadings-unloadings and relaxation steps and creep 

tests. The ability of the two models to represent all these tests is compared and the thermal evolution of 

the material parameters is analysed. 

 

1 INTRODUCTION 

Thermoplastics reinforced by discontinuous fibers are commonly used in the automotive industry for 

semi-structural applications like font-end module or tailgate [1,2] to reduce the vehicles weight and 

therefore CO2 emissions. Such parts, made from polyamide [3] or polypropylene matrices [4] reinforced 

with discontinuous glass fibers, are usually obtained by injection to reach high production rates at low 

costs. This process leads to strong fiber orientations, resulting in a highly anisotropic behavior of the 

reinforced material. Moreover, technical specifications consider the long-term use of the automotive 

under cyclic loadings [3], the crash resistance [2] and environmental conditions with temperature ranges 

in-between ambient temperature up to 100°C-150°C [5]. 

 

However, the virtual mechanical design of such parts is still a challenge, in the sense that the 

mechanical behavior of thermoplastics reinforced with discontinuous glass fibers is a rather complex 

one, involving anisotropy, viscosity effects at different time scales and non-reversible phenomenon 

under static loadings. Moreover, the strong temperature sensitivity of thermoplastics affects also the 

behavior of the composite, as shown for polyamide 6,6 [5] and polypropylene [6]. 
 

The injection process leads to a strongly heterogeneous distribution of the discontinuous fibers, both 

in the plane and through the thickness, that can be represented by the second-order orientation tensor 

introduced by Advani and Tucker [7]. One recent trend to represent the anisotropy of the mechanical 

properties is to use Mori-Tanaka micromechanical model [8] to calculate elastic moduli from the fiber 

orientation tensor. An average tensor can be calculated from the microstructure by X-ray tomography 

[9] or from numerical prediction of the injection process [4,10] and then introduced in the model. Apart 
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from elasticity, there is a general agreement to introduce non-reversible phenomena via a viscoplastic 

framework, using invariants of the strain tensor [9] or internal variables [10]. Dean et al. [11] propose 

a model based on strain invariants and non-associated plasticity. Overall, a very close representation of 

stress-strain curves under several loading conditions is obtained in these three studies.  

 

     Few studies are dedicated to the prediction of the thermo-mechanical behavior of reinforced 

thermoplastics. Zhai et al. [6] investigate the decrease of Young’s modulus with an increasing 

temperature, for unidirectional fiber glass-polypropylene composites and show that a power-law 

dependence, based on the melting temperature of the matrix, can well reproduce the decrease. 

Concerning the non-linear or viscous behavior, Launay et al. [5] identify the material parameters of their 

model (referred here as Launay’s model) at several temperatures and analyse their evolution as a 

function of the difference between the test temperature and the glass transition temperature. Dean et al. 

[11] propose a linear dependence of some material parameters with the test temperature and predict 

accurately the stress levels at ambient temperature and 130°C for several orientations. 

 

In this study, two phenomenological models are considered and emphasis is given to the thermal 

dependence. The material is made of a polypropylene matrix reinforced by discontinuous glass fibers, 

with a fixed fiber volume fraction. As a first step, anisotropy is not taken in account, by focusing on a 

given fiber orientation and a fixed tensile direction. Material parameters are identified with an inverse 

methodology at three temperatures and predicted stress-strain curves are compared with experimental 

data, for various loading conditions (monotonic loading, relaxation and creep tests). 

 

2 MECHANICAL MODELS 

Two mechanical models are considered, first a classical one implemented in standard in the finite 

element code Abaqus. The main advantage of this model is to have a reduced number of material 

parameters, though introducing three main characteristics of the mechanical behavior, e.g. elasticity, 

viscoplasticity (with no threshold) and time-independent plasticity. The second one is Launay’s model 

selected for its high capacity to predict the mechanical behavior in a similar strain range as the one of 

the present study, over a very large experimental database. The general framework of large strain 

deformation is not recalled here and a 1D formulation is presented out of simplicity’s sake.  

 

2.1 Elasto-viscoplastic model (EVP model) 

Two internal variables are considered, i.e. the viscoplastic strain 𝜀𝑣𝑝 and the plastic strain 𝜀𝑝 and the 

total strain 𝜀 is calculated from: 

 𝜀 =  𝜀𝑒 + 𝜀𝑝 + 𝜀𝑣𝑝 (1) 

 

where 𝜀𝑒 is the elastic strain. 

The Cauchy stress is derived from Hooke’s law, using Young’s modulus 𝐸: 

 𝜎 = 𝐸 𝜀 (2) 

 

and the yield stress 𝜎𝑌 is a threshold above which the plastic strain starts increasing: 

 𝜎 ≥ 𝜎𝑌 , 𝜀̇𝑝 = �̇� (3) 

 

where 𝜆 is the plastic multiplier. Isotropic hardening is considered: 

 𝜎𝑌 = 𝜎𝑂 + 𝑄 (1 − exp (− 𝑏 𝜀𝑝)) (4) 

 

Finally, the viscoplastic contribution is written as a time hardening term: 

 𝜀̇𝑣𝑝 = 𝐴𝜎𝑛𝑡𝑚 (5) 

 

This model can be schematically represented by a threshold (evolving with the plastic strain) and a 

Maxwell element in series. It depends on 7 material parameters, i.e. 𝐸, 𝜎𝑂, 𝑄, 𝑏, 𝐴, 𝑛, 𝑚. 
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2.2 Launay’s model 

Launay’s model, detailed in 3D and 1D formulations in [10], is recalled here without taking elastic 

softening into account. It depends on four internal variables 𝜀𝑣𝑝, 𝜀𝑣𝑒1, 𝜀𝑣𝑒2 and 𝛼 with the total strain 

calculated from: 

 𝜀 =  𝜀𝑒 +  𝜀𝑣𝑒1+ 𝜀𝑣𝑒2 + 𝜀𝑣𝑝 (6) 

 

Two viscoelastic branches, depending on four material parameters (𝜂𝑖, 𝜏𝑖  ), 𝑖 = 1,2 are in series with 

a viscoplastic branch and a spring. Moreover, non-linear kinematic hardening is considered for the 

viscoplastic contribution, as well as hyperbolic sine for the strain rate dependence. The following 

equations summarize the model: 

 

 𝜎 = 𝐸 (𝜀 − 𝜀𝑣𝑒1 −  𝜀𝑣𝑒2 − 𝜀𝑣𝑝) (7) 
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There is a total of 10 parameters to identify, i.e. 𝐸, 𝐶, 𝛾, 𝜂1, 𝜏1, 𝜂2, 𝜏2, 𝐴, 𝐻, 𝑚. 

 

3 MATERIAL PARAMETER IDENTIFICATION 

Tensile tests are carried out on an electro-mechanical testing machine with a load cell of maximum 

capacity 10 kN. Standard bone-shaped samples are cut from an injected rectangular plate, with a 

thickness of 2.75 mm [4]. The distance between the fixed grip and the moving one is initially set at 

108 mm. The local displacement is measured with an extensometer of 25 mm gauge length set in the 

middle of the sample. Monotonic tests up to rupture are performed at an almost constant strain rate, 

ranging from 10-5 s-1 up to 10-3 s-1. In addition, complex cycles made of loading and unloading steps at 

several strain levels followed by relaxation steps as well as creep tests under different stress levels are 

performed. For each configuration, at least 2 samples are tested to ensure the reproducibility. All the 

tests are performed on samples cut at several locations on the plate, thus corresponding to different fiber 

orientations, with respect to the tensile direction [12]. However, as the focus of this study is the thermal 

dependence of the mechanical behavior, only the most oriented configuration is considered here. The 

glass transition temperature Tg of the composite is determined equal to 0°C, with dedicated Dynamic 

Mechanical Analysis. Isothermal tests are conducted at three temperatures above Tg, e.g. ambient 

temperature, 60°C and 85°C. At 60°C, only tensile test up to rupture and loading-unloading-relaxation 

tests are available in the database. It should be emphasized that the maximum strain at rupture is around 

3% whatever the temperature. However, stress-strain curves are intentionally cut at 1.8% in the database, 

with respect to the industrial application. Moreover, relaxation steps are applied with an imposed and 

constant displacement of the grips, leading to small variations of the extensometer displacement, as 

highlighted in Fig. 1.  
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Figure 1: Displacement (u) and logarithmic strain (𝜀) evolutions as a function of time during a 

loading-unloading-relaxation test performed at a strain rate of 10-4 s-1  

 

A dedicated software SiDoLo, developed at IRDL [13], is used to implement and integrate the 

constitutive equations of each model and to also perform inverse identification of the material 

parameters. The identification scheme is based on an inverse approach corresponding to an optimization 

process, which main goal is to seek for a set of material parameters leading to a small gap between the 

experimental observations and the numerical results. This gap is evaluated with a cost function defined 

in the least square sense, normalized by the experimental values and with a possibility to weight the 

different tests. Output data used to calculate the cost function can be stress levels, in case of monotonic 

or relaxation tests or strain levels for creep tests. In order to minimize the cost function, the Levenberg-

Marquardt gradient-based algorithm is used (e.g. [13]). 

 

For both models, the following procedure is used: material parameters are identified at each 

temperature. Young’s modulus and the yield threshold for EVP model are limited within ranges derived 

from the experimental results. A first identification is performed using creep tests. Then, loading-

unloading-relaxation tests are added to the database and finally tests up to rupture, at several strain rates. 

This procedure is followed at ambient temperature and 85°C. Then, limits are fixed at 60°C to obtain a 

monotonous variation, as found previously [5] above Tg. Several initial parameter sets are tried, to avoid 

local minima of the cost function. For both models, the identification allows only positive values for the 

parameters except m of EVP model which is strictly negative and limited to -1. In addition, the factor -

-m/n must be inferior to 1. Due to the rather large number of material parameters, uniqueness of the 

optimized parameter set for Launay’s model is not guaranteed and further analysis is needed.  

 

4 RESULTS AND DISCUSSION 

The capacity of the two models to simulate physical contributions such as viscosity, hardening, 

hysteresis and time-dependence are compared at different temperatures.  

 

3.1 Strain rate effect 

The strain rate effect is evidenced with tensile tests performed up to rupture. Figs. 2 and 3 show the 

experimental evolution of Cauchy stress with the logarithmic strain, limited to 2%, obtained at ambient 

temperature and 85°C for different strain rates. Numerical predictions of EVP and Launay’s models are 

also displayed. The impact of the strain rate is rather weak but non-negligible with a variation around 

5% in term of stress between three different strain rates. The temperature effect is clearly observed with 

a diminution by 2 of the maximum stress level reached during the test. This specificity is well reproduced 

by the two models. Launay’s model gives a good prediction of the stress levels whatever the temperature 

whereas EVP model underestimates the stress level at 85°C. Overall, Launay’s model offers very 

satisfying predictions for each configuration. On the contrary, EVP model has more difficulties to 

capture the strain rate effect, especially at higher strains. Moreover, the threshold of the elastic-plastic 

transition is clearly visible because of a sudden change of slope occurring when the elastic limit is 

reached. Therefore, the non-linear material behavior is less properly simulated. The same trend is also 



21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

observed at 60°C for each model though the result is not displayed here.  

 

 
 

Figure 2: Experimental and simulated stress-strain curves of tensile tests performed up to rupture at 

ambient temperature and 85°C at a strain rate of 10-4 s-1 

 

  
(a) (b) 

 

Figure 3: Experimental and simulated stress-strain curves of tensile tests performed up to rupture at 

ambient temperature and 85°C, at strain rates of 10-5 s-1 (a) and 10-3 s-1 (b) 

3.2 Short-term behavior  

      Figs. 4 and 5 show stress-time and stress-strain curves of loading-unloading tests interrupted by 

relaxations of 15 minutes at 3% and 5% of strain at the three temperatures.  

 

  
(a) (b) 

 

Figure 4: Experimental and simulated stress-time (a) and stress-strain (b) curves of loading-unloading-

relaxation tests at ambient temperature and 85°C obtained with a strain rate of 10-4 s-1 

 



 D. Lopez, S. Thuillier and Y. Grohens  

  

  
(a) (b) 

 

Figure 5: Experimental and simulated stress-time (a) and stress-strain (b) curves of loading-unloading-

relaxation tests at 60°C obtained with a strain rate of 10-4 s-1 

 

     It can be seen that EVP model gives a close enough prediction during loading path, except 

for the maximum stress level reached during the test. The main limitation of EVP model results 

in the difficulty to obtain a significant stress relaxation and reach the maximum stress level of 

the test with the same material parameters. In addition, it is noticed that for the last relaxation 

during the unloading path, the experimental stress is increasing. EVP model is not able to 

simulate this characteristics also observed in [9] whereas Launay’s model captures it quite 

perfectly. Moreover, EVP model underestimates significantly the stress relaxation during 

unloading, especially at 60°C, leading to an important overestimation of the residual strain. 

Relative gap of residual strain prediction for EVP model at 60°C is close to 75% at 60°C, and 

above 60% at 85°C, contrary to Launay’s model which is near 0% whatever the temperature. 

At ambient temperature, the maximum stress level is well predicted and therefore a relative gap 

of 20% is obtained for Launay’s model and more than 100% for EVP model. 
 

3.5 Long-term behavior 

The long-term behavior of the material is investigated by means of creep tests in tension. Fig. 6 

shows results obtained at ambient temperature and 85°C under 20 MPa and 30 MPa for 4 hours.  

 

  
(a) (b) 

 

Figure 6: Experimental and simulated strain-time curves of creep test under 20 MPa (a) and 30 MPa 

(b) at ambient temperature and 85°C  

 

     Under 20 MPa at 85°C, the material behavior is well described in terms of kinetics by the two models 

but the strain evolution is not satisfying despite its very weak level. Under the highest stress, Launay’s 

model overestimates the strain level whereas EVP model result is too low. Under the highest loading, 
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the predictions of both models are much better at each temperature. Launay’s model captures well the 

beginning of the experimental curves whereas EVP model is closer at the end. On the contrary to 

previous tests, the two models are perfectly able to simulate correctly creep tests at different 

temperatures, strain rates and under several loadings.  

 

3.5 Thermo-dependence of material parameters  

     The evolution with temperature of material parameters for EVP model is analyzed in this section.  

Fig. 7 shows the temperature dependence of Young’s modulus, initial yield stress and hardening 

parameters. A sharp decrease of Young’s modulus is obtained, consistent with the experimental results. 

Overall, all the parameters decrease when the temperature increases. Voce’s law, commonly used for 

metallic materials, is used in order to contribute easily to the non-linear description of the material 

behavior. Nevertheless, the considered strain range is very low and therefore an isotropic linear 

hardening law could be sufficient, especially at elevated temperatures. Variation of each parameter is 

monotonous but no-linearity of the thermo-dependence is evidenced, more particularly for the 

viscoplastic parameters Fig. 8. The parameter A has a very low value at ambient temperature and 

increases significantly at higher temperature. As shown from previous results, EVP model can predict 

creep rather well but it has strong difficulties to find a balance between short- and long-term behavior. 

The temperature is an additional constraint which highlights once more the model limitations. With 

optimized parameters at ambient temperature, viscous term brings a higher contribution than the plastic 

one, particularly at high strains, which is no longer observed at 85°C. Concerning Launay’s model, a 

monotonous thermo-dependence of the parameters is also obtained.  

   

Figure 7: Variation of 𝐸, 𝜎𝑂, 𝑄, 𝑏 with temperature. 

 

Figure 8: Variation of 𝐴, 𝑛, 𝑚 with temperature 

5 CONCLUSIONS 

This study deals with the thermo-mechanical behavior of a composite made of discontinuous glass 

fibers in a thermoplastic matrix. Such a behavior shows several contributions: anisotropy, viscosity, 

non-reversible phenomenon and thermal dependence. An experimental investigation at several 

temperatures and strain rates, involving relation and creep tests, is performed. As a first step, only one 

orientation is considered, with the fibers mainly oriented in the tensile direction, to focus on the thermal 

dependence. Two phenomenological models are considered and the material parameters are identified 

using an inverse methodology over the whole database and at each temperature. Results consist of a 

comparison of experimental and predicted stress-strain data and their evolution with time as well as the 

evolution of the material parameters with the temperature. A good representation of the thermo-

mechanical behavior with Launay’s model is obtained. 
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