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Abstract  
The fatigue design of short fiber reinforced thermoplastics components for structural 
applications in the automotive industry requires an accurate knowledge of the numerous 
factors affecting the fatigue lifetime (process, loading type, environment, etc). First, this 
paper aims at describing a method based on thermal measurements (using an infrared 
camera) that reduces substantially the characterization duration of the fatigue properties 
compare to classical methods. Recent publications illustrated the relevancy of using an 
energy based criterion to predict the fatigue properties. In this study, a simple way to get the 
cyclic dissipated energy from thermal measurements is suggested, usable for homogeneous 
and heterogeneous dissipation fields. A so-called “heat build-up protocol” is used to relate 
the cyclic stress amplitude to the cyclic dissipated energy; this protocol is applied on one 
sample geometry, for one mean fiber orientation, one humidity conditioning and at room 
temperature. The second purpose of this paper is to compare the protocol for two loading 
ratios (R=0 and R=-1) to challenge the pertinence of the fatigue criteria regarding various 
stress states. 

 

 

1. Introduction  

 

The short fiber reinforced thermoplastics (SFRP) provide today a major opportunity to obtain 

lightweight automotive parts at a reasonable cost. Since a few years this kind of materials is 

used for structural components in automotive applications, under service conditions these 

parts are submitted to cyclic loadings and environmental conditions (temperature and 

humidity ratio). The fatigue design of these structures has become a serious issue, therefore a 

well investigated subject in the literature. Solving this issue is a task that requires the 

investigation of several first order parameters because the material features are complex. The 

first one is the glass temperature of the matrix (PA66) that is low (around 70°C for a dry state) 

regarding the service temperature. This feature induces a complex behavior, calling for a rich 

constitutive law accounting for viscosity, plasticity, damage [1, 2]. The second one is the 

hydrophilic nature of the matrix because the water uptake induces changes in the glass 

temperature [3] and therefore a drop in the mechanical properties. The last one is the coupling 

between the microstructure (fiber orientation) and the fatigue properties with a microstructure 

mailto:*leonell.serrano@ensta-bretagne.fr


ECCM16 - 16
TH

 EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014 

 

2 

 

strongly related to the manufacture process variables. The characterization of the influence of 

each parameter on the fatigue properties is a long and expensive design technique, and the 

goal of this article is to suggest faster methods.  

The method for the fast evaluation of the fatigue properties is based on thermal measurements 

for materials submitted to cyclic loadings [4-5], the objectives of this article are to investigate 

the evolution of thermo-mechanical variables (dissipated energy, secant modulus, hysteretic 

loop, residual strain) during cyclic loadings for two loading ratios (R=0 and R=-1), to perform 

a comparison between the cyclic dissipated energy given by thermal and mechanical method 

and at last to investigate the relevancy of predicting the fatigue curve for both cases of loading 

ratio from heat build-up measurements for SFRP materials. 

 

2. Experimental set-up 

 

The tests are performed with an INSTRON materials servo-hydraulic machine (capacity of 

100KN), a FLIR Systems SC7600BB infrared camera and a contact extensometer are used to 

record thermo-mechanical data. The infrared camera is equipped with a FPA (focal plane 

array) of 640×512 pixels, sensitive in the 3-5µm spectral band, a thermal resolution of 10mK 

and a spatial resolution of 15µm. Two types of lenses are available (50mm and G1) and it is 

possible to observe zones of 40 × 60mm and 7 × 5mm respectively. The tests are achieved on 

samples with a fibers mean orientation of 0° (50% fiber content) and conditioned under a 

humidity ratio of 50%. All the fatigue tests are achieved at room temperature (23°C).  

3. Experimental protocol 

 

The samples are submitted to several blocks of cyclic tensile loadings and the mechanical and 

thermal data are recorded. The cyclic tensile tests are achieved with a frequency of 1Hz and a 

loading ratio of R=0 or R=-1, each loading step (composed of 20 loading cycles and 5 

minutes of cooling) is performed for several stress amplitudes (see fig. 1). The extensometer 

gives access to the average strain over a length of 12.5mm and the mean nominal stress is 

evaluated from the force measured divided by the initial cross-section of the gage length area. 

The nominal stress-strain curves are accounting for the heterogeneous microstructure of the 

material (a skin-core structure is induced by the injection process). The evolution of the 

temperature field allows for evaluating the dissipated energy using the derivative of the 

temperature increase (called in the following “theta dot”) over the first cycles (the duration is 

short enough to neglect thermal conduction and diffusion) (see fig. 3). The same mechanical 

configurations are considered in order to cancel the thermo-elastic coupling contribution 

(points 1 and 2 on the figure 2). Two close instants are also chosen in order to neglect the 

coupling to temperature variation of internal variables, as the temperature rise is very small 

(about 0.3°C). With these considerations the heat equation simplifies (see fig. 2). It is 

important to notice that in this protocol the last loading step runs until the failure of the 

sample [6]. 



ECCM16 - 16
TH

 EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014 

 

3 

 

                                
                  Figure 1. Heat build-up test.                                                 Figure 2. Determination of “theta dot”.               

 

                                                 

 

                                
                  Figure 3. Heat equation.                                                              Table 1. Nomenclature. 

 

 

Taking into account the set of hypothesis, the relation between the dissipated energy per cycle 
*  and “theta dot” is given by the equation: 

 

f

C



*                                                                                                                                 (2)          

 

where f  is the loading frequency. 

4. Mechanical and thermal data obtained from the tests. 

 

Several kinds of curves can be plotted using the mechanical data. For example, the stress-

strain curve (see fig. 4) and the evolution of the hysteresis area (calculated using numerical 

methods) along the test (see fig. 5). In those curves a shift of the hysteretic loop (residual 

strain) is noticed and two regimes in the hysteresis area evolution, the first regime (until the 

forth cycle) shows an evolving hysteresis area, the second regime (from the forth cycle to the 

twentieth cycle) shows a constant hysteresis area. The secant modulus ( sE ) along the tests 

can be also plotted. The way to evaluate the secant modulus is shown on the figure 6. To 

compare the dissipated energy calculated with the mechanical (hysteresis area) and the 

thermal data, the cycles having a stable hysteresis area must be considered. Therefore the 

cycles 4 to 10 are used for these calculations. The value of the “theta dot” can be calculated 

from the slope of the temperature evolution (see fig. 7), and, thereafter, the dissipated energy 

per cycle. 
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Figure 4. Illustration of the stress-strain curves                        Figure 5.Illustration of the hysteresis area                                            

along a loading step.                                                                  evolution for several loading steps.       

 
 

                        
 

Figure 6. Secant modulus evaluation                                         Figure 7. Illustration of the theta dot evaluation                                             

 

5. Global and local analysis definition. 
 

The transition from the thermal measurements to the dissipated energy can be performed in 

several ways. The first one is to consider a given area and to base the analysis on the 

evolution along time of the mean temperature. This is called in the following “global 

analysis”: the dissipated energy (obtained from thermal measurements) is computed from the 

temperature evolution averaged on the gage length area. This evaluation is especially relevant 

for a comparison to the mechanical data, evaluated also in a mean manner. 

The second one keeps the same idea of considering the average temperature but on a much 

smaller area. Actually, during the last loading step (test led until failure), a hot spot (small 

zone in the sample with a higher temperature, see fig. 8), is observed just before the sample 

failure. The calculation of the dissipated energy using the temperature evolution averaged on 

the area of the local hot spot has also been performed. This is called in the following “local 

analysis”. This second analysis is of interest to relate accurately the dissipated energy leading 

to failure to the precise location of initiation. 

The last way is to consider the full field of temperature in order to obtain directly the map of 

dissipated energy. For each result presented in the following, the type of analysis will be 

specified.  
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Figure 8. Illustration of the hot spot location. 

                                          
                                                    

6. Results. 
 

6.1 Global analyses. 

                                   
Figure 9. Thermal dissipated energy comparison 

between R=0 and R=-1.                                                                              

Figure 10. Comparison of the calculation of the                                                            

dissipated energy between thermal and mechanical 

                                                                                       evaluation and secant modulus evolution, R=0. 

 

                 
Figure 11. Comparison of the calculation of the             Figure 12. Residual strain for each loading step during a                         

dissipated energy between thermal and mechanical        heat  build-up test, R=0.                                                                                          

evaluation and secant modulus evolution, R=-1. 
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Figure 13. Residual strain (cycle 1 and 10) and thermal dissipated energy, R=0. 

 

On figure 9 the level of the thermal dissipation regarding the loading ratio is shown. A good 

correlation between the dissipated energy obtained from thermal or mechanical method for 

the case of R=0 is verified, the highest difference is 20% (fig. 10). The correlation between 

the thermal and mechanical dissipated energy in the case of R=-1 is better than the case of 

R=0 (See fig. 11), the highest difference is 9%. Possibly these differences come from a higher 

damage contribution in the hysteretic loop that is not converted into heat. The secant modulus 

(evaluated from the same cycle as the hysteresis area, i.e. cycle number 10) in the case of R=-

1 is approximately 25% higher for the same level of stress amplitude. 

On figure 12, the dependency of the residual strain on the stress amplitude is verified for all 

the values of stress amplitudes (case of R=0) and the residual strain is constant after 4 cycles. 

On figure 13 the relation between the evolution of the residual strain and the dissipated energy 

is shown and three regimes seem to appear. The correlation between the dissipated energy and 

the residual strain gives some clues about the mechanical phenomena (visco-elasticity, 

damage, visco-plasticity).  

 

6.2 Identification of a fatigue criterion from the thermal measurements (local analysis). 

 

On the graph plotting the dissipated energy (local analysis, thermal method) versus the stress 

amplitude, 3 regimes seem to appear (see fig. 14). The correlation between these regimes and 

the mechanical data has been illustrated on the figure 13 in the case of R=0. 

 

                         
                                     R=0                                                                                                  R=-1 

 

Figure 14.  Regimes of the dissipated energy-stress amplitude curve. 
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An energetic fatigue criterion is suggested, relating the number of cycles leading to failure N  

to the cyclic dissipated energy * , throughout a power law relation: 

 
bCN *
                                                                                                                                (3)          

    

C and b are the parameters to identify. 

Two sets ( * , N ) are needed to identify the parameters. In the case of R=0 the first set 

 AA N,*  is obtained from the last block that ran until the sample failure (see fig. 15). In the 

case of R=-1 the last block cannot be used to identify the fatigue criterion because the 

softening of the material for high levels of stress amplitude induces a mode of buckling of the 

sample after some cycles. It is necessary to achieve a fatigue test using another sample 

without buckling until the sample failure (see fig. 15). 

The second point is obtained from the dissipated energy-stress amplitude curve following 

these steps: 

 

-A fitting using the points of the second regime (R=0 or R=-1) is performed (black line on the 

fig. 15) and the intersection of this line with the stress amplitude axis is evaluated. 

 

-It is assumed that this intersection gives the stress amplitude leading to 610  cycles 

(noted 610a
 ). The second set  6* 10,B  is therefore given by the B

*  corresponding to 610a
  

(see fig. 15). 

 

 

                                                                                                                            
R=0                                                                                    R=-1   

Figure 15.  Identification and fitting of the second regime 

 

 

 

 

The identification of the fatigue criterion is performed and several classical fatigue tests are 

achieved to verify the accuracy of the criterion (see fig. 16). A good correlation between the 

predictions of the fatigue criterion and the fatigue lifetime measured by classical fatigue tests 

is verify for each case of loading ratio. 
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Figure 16. Comparison between the fatigue criterion and classical fatigue tests, R=0 and R=-1. 

 

 

6. Conclusions. 
 

The protocol suggested to identify quickly the fatigue properties of SFRP has been applied 

and the parameters of a fatigue criterion, based on the cyclic dissipated energy, have been 

challenged and successfully correlated to classical fatigue tests, however the parameters of the   

fatigue criterion are different for each case of loading ratio. 

 Using this approach it is possible to predict the full deterministic fatigue curve using only one 

sample and the duration of the whole test is less than one day (for each case of loading ratio). 

It is also important to underline that the approach is based on the evaluation of the dissipated 

energy, and not directly on temperature, that is not an intrinsic parameter. The approach 

developed here is therefore avoiding the dependencies on frequency, sample geometry, 

thermal conditions. 
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