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Thermo-mechanical behaviour of organic matrix composite materials

The objective of this study is to propose a thermo-mechanical model of the organic matrix composite materials behaviour representative on large range of strain rates and temperatures. First, a full characterization of the strain rate and temperature dependencies of the viscoelastic behaviour of the T700GC/M21 is required to propose a physically based model. Second, the viscoelastic model is improved with the introduction of the time-temperature superposition principle. Finally, the identified model is proved to be representative of the laminate behaviour on a large range of strain rates and temperatures.

Introduction

Organic matrix composite materials are widely used in transportation industry to reduce the weight and the environmental impact of the vehicles. Structural parts made with such materials are submitted to various kinds of loading, mechanical as well as thermal, during the life cycle of an aircraft. A wide spectrum of mechanical loading is encountered varying from very low strain rates during parking to high strain rates with bird or ice impacts. Moreover, the behaviour of organic matrix composite materials is temperature dependent [START_REF] Deletombe | Recent developments in modelling and experimentation fields with respect to crashworthiness and impact on structures[END_REF] consequently the response of the structural parts regarding to the mechanical loads can vary a lot between ground and flight altitude. The purpose of this work is to characterize and model the strain rate and temperature dependencies of the T700GC/M21 organic matrix composite.

First, a full characterization of the strain rate and temperature dependencies of the viscoelastic behaviour of the T700GC/M21 is required to propose a physically based model. This model is based on the bi-spectral viscoelastic model proposed by Berthe et al. [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF], which has been proved to be representative of the laminated behaviour on a large range of strain rates. To include the temperature dependency in this model, a study of the time-temperature superposition principle in the neat resin with DMA tests is performed for low temperatures. Finally, an Arrhenius like law is proposed to improved the model. The identified model is proved to be representative of the laminate behaviour on a large range of strain rates and temperatures.

Experimental investigation

The studied unidirectional prepreg is the Hexply M21/35%/268/T700GC (Hexcel France), which is made of T700GC carbon fibres and M21 epoxy resin. This thermosetting resin contains thermoplastic nodules to improve the laminate resistance to impact loading. The laminated plates have been manufactured by hand lay-up and cured under a specific cure cycle in an hydraulic press. In this work, the material is tested at various strain rates with a Schenck hydraulic jack. As shown in Figure 1, a dedicated environmental chamber is used to make varying the environmental temperature from ambient to low temperature thanks to liquid nitrogen. In this experimental setup, the upper and lower holders are not inside the environmental chamber. This choice has been done in order to avoid any drift in the load measurement during the test due to the variation of the prestress applied on the load cell by the freezing lower holder. This choice leads to the use of long specimens with respect to those classically used for dynamic tests at ambient temperature. The dogbone specimen dimensions are detailed in Figure 2. This specimen geometry has been validated through a comparison with classical short specimen [START_REF] Berthe | Temperature effects on the time dependent viscoelastic behaviour of carbon/epoxy composite materials: application to T700GC/M21[END_REF]. In terms of instrumentation of this experimental setup, a ±200-kN piezoelectric cell (Kistler 9071A) is used to measure the load. To measure the test speed, the displacement of the upper holder is measured with a laser transducer (Keyence LC2450). To evaluate the shear strain, two 350 Ohms strain gauges (CFLA-3-350-11) are glued on the specimens, one to measure the longitudinal strain on a first side and the other for the transverse strain on the opposite side. Strain gauges are conditioned with VISHAY 2310 conditioner with 75 kHz cutting frequency. All signals are recorded using a 1-MHz data acquisition system.

The previously described testing setup is used to perform tests on the dogbone specimens for two imposed temperatures lower than the ambient one: -40 o C and -100 o C. To get a uniform temperature in the tested specimen free length, thin laminates have been used (only 1.03 mm) and a long stabilisation time is applied before to perform the test. For each temperature, three imposed upper holder speed have been used leading to the following average strain rates: 10 -3 s -1 , 10 -1 s -1 and 10 s -1 . For each speed, several samples have been tested to check repeatability. Results of this experimental investigation are plotted in Figure 3. The shear stress-strain curves are plotted in red color for the tests performed at -40 o C and in blue color for the -100 o C tests. In this figure, experimental results are plotted until the first gauge failure which classically happens before the final failure of the sample. Moreover the evolution of the laminate shear behaviour with respect to the strain rate and the temperature is summarised in Table 1.

First, as it is classically observed [START_REF] Koerber | High strain rate characterisation of unidirectional carbon-epoxy IM7-8552 in transverse compression and in-plane shear using digital image correlation[END_REF][START_REF] Raimondo | Modelling of strain rate effects on matrix dominated elastic and failure properties of unidirectional fibre-reinforced polymer-matrix composites[END_REF][START_REF] Daniel | Strain-rate-dependent failure criteria for composites[END_REF], the Figure 3 and the Table 3 exhibit that the shear modulus increases with respect to the strain rate. Second, an increase of the shear modulus is also observed with the decrease of the environmental temperature. This observation is similar to the one made by Nettles et al. [START_REF] Nettles | Low temperature mechanical testing of carbon-fiber/epoxy-resin composite materials[END_REF] or Allix et al. [START_REF] Allix | Modelling and identification of temperature-dependent mechanical behaviour of the elementary ply in carbon/epoxy laminates[END_REF] for another CFRP at low strain rates.

The objective of the next sections is to propose a viscoelastic model able to describe the strain rate and temperature dependencies previously observed. Table 1: Evolution of the shear modulus with respect to the strain rate and to temperature for dynamic tensile tests on T700GC/M21 [±45 o ] s laminates Ambient [START_REF] Berthe | Consistent identification of CFRP viscoelastic models from creep to dynamic loadings[END_REF] -

40 o C -100 o C 10 -3 s -1 4565 MPa ± 2.1% 5018 MPa ± 1.3% 5860 MPa ± 3% 10 -1 s -1 5089 MPa ± 3.9% 5369 MPa ± 0.6% 6473 MPa ± 2.4% 10 s -1
5634 MPa ± 3.6% 5881 MPa ± 5.8% 6895 MPa ± 1.1%

The bi-spectral viscoelastic model

The non-linear bi-spectral viscoelastic model is a mesoscopic model proposed by Berthe et al. [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF] on the basis of the viscoelastic model firstly proposed by Maire [START_REF] Maire | Etude th éorique et exp érimentale du comportement de mat ériaux composites en contraintes planes[END_REF]. The model is written at the ply level, consequently a change of scale method is required to make a bridge between the ply and the macroscopic loads. As in Berthe et al. [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF], a non-linear extension of the classical laminate theory is used to performed the change of scale.

In the local basis, the behaviour of the ply is written as:

σ = C : ε -ε ve -ε th with ε th = (T -T 0 )   α 1 α 2 0   (1) 
with σ the Cauchy stress tensor, C the elastic tensor, ε the total strain, ε ve the viscous strain, T 0 the stress free temperature, α 1 and α 2 the thermal expansion coefficients respectively in the fibre and transverse directions. Concerning thermal residual stresses, the stress free temperature is chosen as the curing temperature divided by two [START_REF] Fr Éd Éric Laurin | Approche multi échelle des m écanisme de ruine progressive des mat ériaux stratifi és et analyse de la tenue de structures composites[END_REF], which means in this case T 0 = 90 o C. For the thermal expansion coefficients of the T700GC/M21 laminates results from Laurin [START_REF] Fr Éd Éric Laurin | Approche multi échelle des m écanisme de ruine progressive des mat ériaux stratifi és et analyse de la tenue de structures composites[END_REF] can be used:

α 1 =-1.10 -6 1/ o C et α 2 =26.10 -6 1/ o C.
The assumption of the model is to consider that the viscous strain can be taken as the sum of elementary viscous mechanisms ξ i , associated with a relaxation time τ i and a weight µ i :

εve = g(σ) i ξi and ξi = 1 τ i µ i g(σ)S R : σ -ξ i (2) 
with g(σ) a non-linear function and S R the viscous compliance tensor, which are defined in the sequel. The temporal spectrum of the model is defined by the relaxation time (τ i ) and the weight (µ i ) of each elementary viscous mechanism. This model can be seen as a generalisation of classical rheological models, which are known to require an important number of springs and dashpots to be representative of the viscoelastic behaviour of the laminate. To simplify the identification of the model, a Gaussian spectrum form has been chosen by Maire [START_REF] Maire | Etude th éorique et exp érimentale du comportement de mat ériaux composites en contraintes planes[END_REF] to describe the temporal spectrum. Later, Berthe et al. [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF] have shown that a bi-spectral model is required to be able to describe the strain rate dependency from low to high strain rates. As it is shown in Figure 4, a first Gaussian spectrum is introduced to describe long relaxation times encountered during slow strain rates tests (creep tests) and a second Gaussian spectrum is introduced to describe short relaxation times encountered during high strain rates tests. The equations for the description of the temporal spectrum are written in the following manner:

τ i = e i and µ i = µ i dyn i µ i dyn + µ i sta i µ i sta (3) 
with µ i k = 1 n k 0 √ π exp - i -n k c n k 0 2
Each gaussian spectrum is based on only two parameters: n k c the mean of the spectrum and n k 0 = √ 2s d with s d the standard deviation. The exponent k = dyn refers to the short relaxation times spectrum and inversely the exponent k = sta refers to the long relaxation times spectrum. Still to simplify identification, the viscous compliance tensor is expressed as a function of the elastic compliance S. In the sequel, the study is focussed on the behaviour of laminates made with UD ply. Consequently, viscosity is considered only in transverse and shear directions (β 11 = 0):

S R =   0 0 0 0 β 22 S 22 0 0 0 β 66 S 66   (4) 
Finally, to accurately described the non-linear behaviour observed during creep tests [START_REF] Petipas | Analyse et pr évision du comportement à long terme des composites fibres de carbone / matrice organique[END_REF], a non-linear function g(σ) is introduced:

g(σ) = 1 + γ √ t σ : S R : σ n (5) 
To fully identify this model, 12 parameters have to be found: This model is known to be representative of the laminate behaviour on a large range of strain rates. To also be representative of the temperature dependency, the introduction of the time temperature principle in this model with a shift factor is studied in the sequel. This solution is used in some integral viscoelastic models, as for instance in the Schapery viscoelastic model [START_REF] Lou | Viscoelastic characterization of a nonlinear fiber-reinforced plastic[END_REF].

•

Time-temperature superposition principle

Shift factors and the time-temperature superposition principle are classically introduced for the analysis of DMA tests results. DMA tests consist in applying a sinusoidal excitation to the material and measuring the response of the material to this mechanical load (the load could be tension/compression, 3 or 4 points bending, etc). As the testing environment temperature is controlled, it is possible to perform tests with a varying frequency and/or a varying temperature. To extend the capabilities of such means on a larger interval of frequencies than the usually tested one, it is possible to vary the frequency and to perform tests for various environmental temperatures. To analyse the DMA test results, the time-superposition principle through the shift factor is used. Various mathematical expressions can be found in the literature for the shift factor, with for example the WLF (Williams-Landel-Ferry) formula [START_REF] Malcolm L Williams | The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids[END_REF] for temperatures close to the glass transition temperature. For low temperatures far from the glass transition temperature, which is the range of temperatures targeted in this study, some authors have shown that an Arrhenius law can be used to describe the shift factor for amorphous polymers like poly(allyl alcohol) (PAA) [START_REF] Cavaill | Polym ères amorphes. Transition vitreuse. Propri ét és visco élastiques lin éaires et non lin éaire[END_REF]. In a previous work [START_REF] Berthe | Temperature effects on the time dependent viscoelastic behaviour of carbon/epoxy composite materials: application to T700GC/M21[END_REF] In Figure 5, the evolution of the β-transition mean relaxation time obtained in the previously mentioned study [START_REF] Berthe | Temperature effects on the time dependent viscoelastic behaviour of carbon/epoxy composite materials: application to T700GC/M21[END_REF] is plotted with respect to the temperature for M21 neat resin. This evolution can be fitted by an Arrhenius like curve:

y = ae bx (6) 
with a = 1.8•10 -17 s and b = 7.58 K. It can be concluded that for low temperatures, an Arrhenius like shift factor can be used for the neat resin M21. Adams and Singh [START_REF] Adams | Low temperature transitions in fibre reinforced polymers[END_REF] have experimentally shown that the Arrhenius law for low temperature transition in the neat epoxy resin (different of the studied one) is more or less the same for the composite materials. They reported some variations in the coefficients without modification in the general form of the law. Based on this statement, an Arrhenius like shift factor is going to be introduced in the bi-spectral model to describe the temperature dependency of the laminate.

Thermo-viscoelastic model

As it has been previously mentioned, the temperature dependency is introduced through an Arrhenius like shift factor, by modifying equation (3) in the following manner:

τ i (T ) = e i • e k 1 T -1 T ref (7) 
with T ref the reference temperature which is considered to be the room temperature and k the parameter introduced to describe the temperature dependency. With that description of the temporal spectrum, for a given relaxation time, the weight of the elementary viscous mechanism corresponding to this relaxation time is now temperature dependent. To identify the proposed model, two optimisation procedures can be considered. First, as the reference temperature has been chosen to be the ambient one, all the parameters of the model, except k, are identified with the dynamic and creep tests at the ambient only and the parameter k is identified on the dynamic tests at low temperature. The main disadvantage of this procedure is that the identification does not benefit from the time-temperature superposition principle. Another procedure is then proposed here, which is based on a simultaneous identification of all the model parameters on the dynamic and creep tests performed at various temperatures available in previous works [START_REF] Berthe | Consistent identification of CFRP viscoelastic models from creep to dynamic loadings[END_REF][START_REF] Berthe | Temperature effects on the time dependent viscoelastic behaviour of carbon/epoxy composite materials: application to T700GC/M21[END_REF]. The identification is performed from 7 experimental curves:

• 5 for the ambient temperature from Berthe et al. [START_REF] Berthe | Consistent identification of CFRP viscoelastic models from creep to dynamic loadings[END_REF]: The parameters identification has been performed with the Matlab Optimisation Toolbox R . As it was done in previous works, the identification procedure is performed for low stress levels in order to avoid any damage effects (noticeable on the macroscopic behaviour) introduction in the identified viscoelastic parameters.

-

Results

To check the convergence of the identification procedure, various sets of initial data have been used to perform the optimisation runs. Values of the model parameters for the T700GC/M21 are summarised in Table 2. For the environmental temperature dependency, a comparison between the identified model and the experimental results at -100 o C is performed in Figure 6. The curves plotted in red color have been used for the identification and the curve in blue color is shown to evaluate the predictivity of the model. As shown in Figure 6, the identified model is representative of the laminate behaviour experimentally observed, even for the curve which has not been used in the identification procedure. This leads to the conclusion that the identified model, which has been improved with an Arrhenius like law for the temperature dependency is representative of the strain rate dependency at -100 o C. Results for the environmental temperature of -40 o C are plotted in Figure 7. Without taking into account the results for the higher strain rate, the previous conclusion can be confirmed also for this temperature which has never been used in the identification procedure. Concerning the higher strain rate, the model is less representative of the experimental results. On the first hand, experimental results at this temperature are the most dispersive of the experimental investigation. On the other hand, the convexity of the beginning of the curve in Figure 7 for the higher strain rate is not the expected one. Some experimental disruptions may have not been fully dealt with and may be at the origin of the difference between the model and the experiments. Anyway, a mean error between the two curves of 10% is obtained which is still acceptable. This leads to conclude that the identified model is predictive of the strain rate and temperatures dependencies. 

Conclusion

First, a full characterization of the strain rate and temperature dependencies of the viscoelastic behaviour of the T700GC/M21 has been performed in this study. An increase of the shear modulus is observed with the increase of the strain rate and also with the decrease of the environmental temperature. Second, a bi-spectral viscoelastic model proposed by Berthe et al. [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF], which has been proved to be representative of the laminated behaviour on a large range of strain rates, has been extended to low temperatures in this study. To include the temperature dependency in this model, a study of the time-temperature superposition principle in the neat resin with DMA tests has been performed leading to the introduction of an Arrhenius like law in the model. Finally, the identified model is proved to be representative of the laminate behaviour on a large range of strain rates and temperatures.
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 2 Figure 1: Tensile machine testing
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 3 Figure 3: Shear stress-strain curves for dynamic tensile tests on T700GC/M21 [±45 o ] s laminates for environmental temperatures of -40 o C (red curves) and -100 o C (blue curves)
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 4 Figure 4: Superimposition of the dynamic and the static spectrum to create the bi-spectral description of viscous phenomenon

  , DMA tests have been performed on the pure M21 resin sample for a varying temperature from -125 o C to 260 o C for different fixed frequencies: 1 Hz, 10 Hz and 100 Hz.
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 5 Figure 5: Evolution of the β-transition mean relaxation time with respect to the temperature for M21 neat resin.

  4 dynamic tests results: 2 m.s -1 , 1 m.s -1 , 8.33•10 -3 m.s -1 and 8.33•10 -5 m.s -1 , -1 multiple step (t=1000 s) creep tests, • 2 dynamic tests at low temperature (T = -100 o C): 10 s -1 and 10 -3 s -1
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 6 Figure 6: Comparison between the and dynamic tensile tests on T700GC/M21 at -100 o C.
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Figure 7 :

 7 Figure 7: Comparison between the identified model and dynamic tensile tests on T700GC/M21 at -40 o C.

  The other parameters values are taken from identification on quasi-static or dynamic tests in previous works[START_REF] Berthe | Consistent identification of CFRP viscoelastic models from creep to dynamic loadings[END_REF][START_REF] Berthe | Comportement thermo-visco-élastique des composites CMO -De la statique à la dynamique grande vitesse[END_REF]: E 11 = 136 GPa, E 22 = 11670 MPa, ν 12 = 0.31 and β 22 = 0.16.

4 elastic parameters: E 11 , E 22 , G 12 , ν 12 • 8 viscous parameters: n dyn c , n dyn 0 , n sta c , n sta 0 , β 22 , β 66 , γ and n. The presented work is only dealing with [±45 o ] s laminates, consequently, only 8 parameters are going to be identified: G 12 , n dyn c , n dyn 0 , n sta c , n sta 0 , β 66 , γ and n.

Table 2 :

 2 Identified parameters of the proposed model for the T700GC/M21 composite materials

	G 12	n dyn c	n dyn 0	n sta c	n sta 0	β 66	γ	n	k
	7725 MPa	-7	6.92 3.94 1.55 0.54 1.59 1.54 2892 K
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