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Introduction

Adhesively bonded joints offer a good alternative to traditional mechanical joints. They provide many advantages such as lowering the structural weight and reducing the fabrication costs. When necessary, they can be used in replacement of welding for safety reasons [START_REF] Bordes | Prediction of long term strength of adhesively bonded steel/epoxy joints in sea water[END_REF]. The strength of these adhesive joints is therefore an important factor when linking structures. Due to their polymer composition, the influences of the temperature and strain rate are important in their design [START_REF] Matadi | High strain rate behaviour of renewable biocomposites based on dimer fatty acid polyamides and cellulose fibres[END_REF][START_REF] Wang | Impact response of recycled polypropylene-based composites under a wide range of temperature: Effect of filler content and recycling[END_REF], especially when submitted to high strain rates and large temperature gradients.

Over the last decades, new epoxy materials have been used for their high-performance properties for offshore or automotive applications. These materials exhibit a high glass transition temperature ( ), located between 56°C and 180°C depending on the crosslink density of the polymer chain segments [START_REF] Sindt | Molecular architecture-mechanical behaviour relationships in epoxy networks[END_REF][START_REF] Mayr | Yielding behaviour in model epoxy thermosets-I. Effect of strain rate and composition[END_REF][START_REF] Río | Compression yielding of epoxy: Strain rate and temperature effect[END_REF]. [START_REF] Kontou | Viscoplastic deformation of an epoxy resin at elevated temperatures[END_REF] showed that, by increasing the temperature by 40°C (from 20°C to 60°C), the maximum strength decreased by 50% while the strain at failure increased by 10%. Most studies 2 (Gómez-del [START_REF] Río | Compression yielding of epoxy: Strain rate and temperature effect[END_REF][START_REF] Kontou | Viscoplastic deformation of an epoxy resin at elevated temperatures[END_REF][START_REF] Littell | Measurement of epoxy resin tension, compression, and shear stress-strain curves over a wide range of strain rates using small test specimens[END_REF] focus on temperatures ranging between 20°C (room temperature) and Tg. But [START_REF] Cook | Yielding behaviour in model epoxy thermosets-II. Temperature dependence[END_REF] investigated the temperature sensitivity of the elastic modulus and yield stress for epoxy networks from -20°C to 170°C under low strain rate. They clearly showed the drop of compressive modulus and yield stress in the glass transition region. They also investigated the temperature sensitivity over a large range of quasi-static strain rates (from 10 -5 s -1 to 1 s -1 ) and showed that both the temperature and strain rate have an important effect on the thermomechanical behavior (elastic modulus and yield stress) of the epoxy material at low strain rate.

Only few authors have investigated the combined influences of temperature and strain rate [START_REF] Cook | Yielding behaviour in model epoxy thermosets-II. Temperature dependence[END_REF][START_REF] Río | Compression yielding of epoxy: Strain rate and temperature effect[END_REF][START_REF] Kontou | Viscoplastic deformation of an epoxy resin at elevated temperatures[END_REF][START_REF] Littell | Measurement of epoxy resin tension, compression, and shear stress-strain curves over a wide range of strain rates using small test specimens[END_REF] on the mechanical behavior of these materials. Most studies focused only on the strain rate sensitivity of epoxy material at room temperature [START_REF] Mayr | Yielding behaviour in model epoxy thermosets-I. Effect of strain rate and composition[END_REF][START_REF] Chen | Constitutive behavior of Epon 828/T-403 at various strain rates[END_REF][START_REF] Hou | Torsion tests of thermosetting resins at impact strain rate and under quasi-static loading[END_REF][START_REF] Gilat | Strain rate sensitivity of epoxy resin in tensile and shear loading[END_REF][START_REF] Goglio | High strain-rate compression and tension behaviour of an epoxy bi-component adhesive[END_REF][START_REF] Iwamoto | Experimental and computational investigations on strain rate sensitivity and deformation behavior of bulk materials made of epoxy resin structural adhesive[END_REF] from quasi-static to dynamic loading conditions and for various test configurations (tensile, compression or torsion). Dynamic tensile and torsion tests, conducted by [START_REF] Hou | Torsion tests of thermosetting resins at impact strain rate and under quasi-static loading[END_REF] and [START_REF] Gilat | Strain rate sensitivity of epoxy resin in tensile and shear loading[END_REF], showed that the epoxy resin exhibits different yield stress in tension or torsion, and also highlighted a ductile to brittle transition in tension when the strain rate is increasing. Dynamic compressive tests performed by [START_REF] Buckley | Deformation of thermosetting resins at impact rates of strain. Part I: Experimental study[END_REF] showed over 80% strain before failure while dynamic tensile tests from [START_REF] Buckley | Deformation of thermosetting resins at impact rates of strain. Part I: Experimental study[END_REF] and [START_REF] Gilat | Strain rate sensitivity of epoxy resin in tensile and shear loading[END_REF] did not even reach 10% strain before failure. This tends to show that improving the tensile behavior of the material for different loading rates is a key point in the design of these adhesive joints.

Many theories, based on molecular chain movements, were developed to describe more precisely the evolution of the polymer elastic modulus [START_REF] Dupaix | Constitutive modeling of the finite strain behavior of amorphous polymers in and above the glass transition[END_REF]Mahieux andReifsnider, 2001, 2002;Richeton et al., 2005b) and yield stress [START_REF] Eyring | Viscosity, plasticity, and diffusion as examples of absolute reaction rates[END_REF][START_REF] Robertson | Theory for the plasticity of glassy polymers[END_REF][START_REF] Bauwens-Crowet | Tensile yield-stress behavior of glassy polymers[END_REF][START_REF] Argon | A theory for the low-temperature plastic deformation of glassy polymers[END_REF][START_REF] Fotheringham | Comment on "the compression yield behaviour of polymethyl methacrylate over a wide range of temperatures and strain-rates[END_REF][START_REF] Fotheringham | The role of recovery forces in the deformation of linear polyethylene[END_REF]Richeton et al., 2005a) over a wide range of strain rate and temperature. However, the main challenge remains the change of slope that occurs in the vicinity of the glass transition temperature. To account for this, it is possible to use the phenomenological model proposed by [START_REF] Dupaix | Constitutive modeling of the finite strain behavior of amorphous polymers in and above the glass transition[END_REF] to reproduce the change of slope due to the glass transition temperature, and take into account the strain rate dependence of the polymeric material in the glass transition region. However, no strain rate sensitivity of the elastic modulus in either the glassy region or in the rubbery region was introduced in this model. But, the model developed by Richeton et al. (2005b) accounts for the elastic modulus and proposes a strain rate and temperature dependent model based on the works of Mahieux andReifsnider (2002, 2001). It integrates the temperature dependency using the Weibull statistics to represent the probability of the secondary bond breakage leading to the stiffness of the material:

= - exp - + - exp - + exp - (1) 
where are the Weibull moduli, correspond to the temperature of each transition (secondary relaxation β, glass transition, and flow), and represent the instantaneous stiffness of the material at the beginning of each transition region (glassy, glass transition and rubbery regions). From this formulation, Richeton et al. (2005b) added the strain rate dependence of the elastic modulus through the and parameters. The strain rate dependence of the elastic modulus and the melting temperature are given by a phenomenological law. The strain rate dependence of the secondary relaxation temperature follows Arrhenius law, and the glass transition temperature obeys the W.L.F. equation [START_REF] Williams | The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids[END_REF].

As the yield stress of polymers is very sensitive to strain rate and temperature [START_REF] Bauwens | Relation between the compression yield stress and the mechanical loss peak of bisphenol-A-polycarbonate in the β transition range[END_REF][START_REF] Bauwens-Crowet | The temperature dependence of yield of polycarbonate in uniaxial compression and tensile tests[END_REF][START_REF] Wang | Impact response of recycled polypropylene-based composites under a wide range of temperature: Effect of filler content and recycling[END_REF], mainly in the glassy and glass transition regions due to the activation of the various relaxation phenomena. A change of the mechanical behavior is observed in the evolution of the yield stress between low and high strain rates. To account for such behavior, numerous macromolecular theories were developed [START_REF] Eyring | Viscosity, plasticity, and diffusion as examples of absolute reaction rates[END_REF][START_REF] Robertson | Theory for the plasticity of glassy polymers[END_REF][START_REF] Bauwens-Crowet | Tensile yield-stress behavior of glassy polymers[END_REF][START_REF] Argon | A theory for the low-temperature plastic deformation of glassy polymers[END_REF][START_REF] Fotheringham | Comment on "the compression yield behaviour of polymethyl methacrylate over a wide range of temperatures and strain-rates[END_REF][START_REF] Fotheringham | The role of recovery forces in the deformation of linear polyethylene[END_REF]Richeton et al., 2005a). These models assume that the yielding behavior is a thermally activated process evolving with the strain rate and the temperature. Here again, the cooperative model, developed by [START_REF] Richeton | Influence of temperature and strain rate on the mechanical behavior of three amorphous polymers: characterization and modeling of the compressive yield stress[END_REF]Richeton et al. ( , 2005a)), allows representing the evolution of the yield stress from the glassy region to the rubbery region. This model, based on the works of Fotheringham and Cherry [START_REF] Fotheringham | Comment on "the compression yield behaviour of polymethyl methacrylate over a wide range of temperatures and strain-rates[END_REF][START_REF] Fotheringham | The role of recovery forces in the deformation of linear polyethylene[END_REF] for the yield stress, assumes that yielding is due to the cooperative motions of several polymer chain segments. Two main changes were made compared to the original theory of Eyring [START_REF] Eyring | Viscosity, plasticity, and diffusion as examples of absolute reaction rates[END_REF]. First, they assumed the existence of an internal stress , being a structural parameter that integrates the past thermal history of the material, for temperature below . Second, they assumed that the material flow occurs when n polymer chains move cooperatively. Thus, below the glass transition temperature, the evolution of the yield stress is given by:

= 0 - + 2" # sinh ( ) * exp - +, " - //
(2)

where is the temperature and is the strain rate. 0 is the internal stress at 0 K, m is a material parameter, # is the activation volume, Δ, is the activation energy, * is a pre-exponential constant and " is the Boltzmann constant.

In this study, we propose to investigate the strain rate and the temperature dependence of an epoxy material during compressive dynamic tests. The temperature is ranged from the secondary relaxation temperature to the glass transition temperature. The strain rate and temperature effects of both these transitions will be analyzed. Temperature and strain rate sensitivity of elastic modulus, yield stress and orientational hardening will be investigated and modeled.

Material and Methods

Material

The epoxy materials investigated in this study were manufactured by the technological center RESCOLL (France), specialized in innovative polymer materials such as resin, adhesives bonded joint, and fire-resistant materials. The tested specimens are based on an epoxy material close to the Araldite 420 A/B, composed of Bisphenol A diglycidyl ether prepolymer and a diamine hardener mixed in stoichiometric conditions, provided by Huntsman.

Preliminary investigations have been performed by RESCOLL to identify the transition temperatures of the epoxy material. The analysis was made by Dynamic Mechanical Analysis (DMA) using DMA METRAVIB equipped with a 150 N force sensor, operating under an oscillation frequency of 10 Hz, and a dynamic deformation of 10 µm. Data were collected from -150°C to 250°C at a scanning rate of 2°C.min -1 . The dimensions of the DMA specimens used were 18.92 5 4.84 5 1.81 mm 3 . At this frequency, the measured glass transition temperature of the studied epoxy was 92°C. The glass transition region was ranged from 60°C to 120°C. The secondary relaxation β, which is a thermally activated relaxation inducing molecular movements of the polymer chain segments, was ranged from -70°C to -25°C. The peak of the secondary transition temperature was measured at -55°C.

Methods

The compressive dynamic thermomechanical behavior of the epoxy material was investigated using a homemade Split Hopkinson Pressure Bars (SHPB) [START_REF] Bernard | Multiscale description and prediction of the thermomechanical behavior of multilayered plasticized PVC under a wide range of strain rate[END_REF]. The test rig is composed of a 1 m length striker bar, a 3 m length incident bar and a 3 m length transmission bar. The striker and the bars are made of 316L steel and have a 22 mm diameter. The polymer sample is set in-between the incident and the transmission bars. When the striker bar impacts the incident bar, a compressive longitudinal wave 7 is generated and propagated up to the sample. From this point, part of the compressive wave 7 8 is transmitted through the sample, and the remaining part 7 9 is reflected in the incident bar. The compressive wave 7 8 in the sample is transferred into the transmitted bar where it will propagate. The measure of the first incident, reflected and transmitted waves allows the determination of the mechanical behavior of the sample using strain gauges fixed onto the middle of the bars. A schematic of the SHPB device is presented in Figure 1. To reduce friction effects, petroleum jelly is used at the interface between the sample and the bars. Assuming that the bars are linear (straight, mainly one dimensional) with a constant crosssection and the stress and strain fields are uniform into the sample; we can use the classical elastic wave propagation theory. The evolution of the nominal strain rate / : , the nominal strain / : and the nominal stress / : obeys to the following equations [START_REF] Frew | A split Hopkinson pressure bar technique to determine compressive stress-strain data for rock materials[END_REF][START_REF] Wang | Impact response of recycled polypropylene-based composites under a wide range of temperature: Effect of filler content and recycling[END_REF]:

/ : = - 2; < = > 0 7 9 :
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/ : = < 2 B < B > C7 : + 7 9 : + 7 8 : D (5)
where ; < is the elastic wave velocity in the incident and transmitted bars, < is the Young modulus of the bar, = > 0 is the initial length of the sample, B < and B > are the cross-sectional area of the bar and the sample, respectively. From the nominal measurements, the true strain 8 , the true strain rate 8 : = -lnC1 -/ : D (6) 8 : = / : 1 -/ :

(7)

8 : = / : C1 -/ : D F (8)
where G is the Poisson's ratio of the investigated material.

Epoxy samples were tested at different low and high temperatures to investigate the strain rate and temperature sensitivity of the material during dynamic loadings. To perform the tests at the designed temperature, two controlled thermal chambers, one for low and one for high temperature, are used. For low temperature, a thermal chamber made of expanded polyvinylchloride is inserted to enclose the ends of the incident and the transmission bars. Liquid nitrogen is inserted into the thermal chamber allowing cooling the temperature of the sample [START_REF] Bernard | Multiscale description and prediction of the thermomechanical behavior of multilayered plasticized PVC under a wide range of strain rate[END_REF][START_REF] Bernard | Impact behaviour of an innovative plasticized poly(vinyl chloride) for the automotive industry[END_REF]. To improve the thermal stability between the bars and the sample before and during the mechanical test, few milliliters of ethanol were added to the liquid nitrogen inside the thermal chamber [START_REF] Bernard | Multiscale description and prediction of the thermomechanical behavior of multilayered plasticized PVC under a wide range of strain rate[END_REF][START_REF] Bernard | Impact behaviour of an innovative plasticized poly(vinyl chloride) for the automotive industry[END_REF]. On the contrary, to heat up the sample, a small furnace, enclosing the sample and extremities of the incident and transmission bars, with two electrical resistance heaters was used. Several thermocouples were put in each (cooling, heating) thermal chamber to control the temperature of the sample, bars and air. Each specimen is cooled or heated in the appropriate chamber for at least 15 min [START_REF] Bernard | Multiscale description and prediction of the thermomechanical behavior of multilayered plasticized PVC under a wide range of strain rate[END_REF][START_REF] Bernard | Impact behaviour of an innovative plasticized poly(vinyl chloride) for the automotive industry[END_REF][START_REF] Wang | Impact response of recycled polypropylene-based composites under a wide range of temperature: Effect of filler content and recycling[END_REF] in order to reach a temperature equilibrium in the core of the sample.

To ensure the validity of the mechanical response obtained by SHPB, the forces equilibrium and the wave signals were verified for each test. They are presented in Figure 2 for a test performed at -6°C and 1300 s -1 . Relatively good equilibrium is found between the input and output forces (see Figure 2a). Clear wave signals were obtained (see Figure 2b). Thus, we can assume uniform stress and strain fields in the specimen during the tests. The epoxy samples were tested at seven temperatures (-20°C, -6°C, 20°C, 27°C, 40°C, 50°C and 60°C) and three strain rates (900 s -1 , 1300 s -1 and 1770 s -1 ) with an initial relative humidity (RH) equal to 0%. To remove the humidity within the polymer samples, they are placed into a desiccator device absorbing the air humidity. To ensure completely dry samples, regular weight measures are performed over time during the procedure until the samples' mass reach constant value. Once the equilibrium mass is achieved, the sample are tested on the SHPB device. Dynamic compressive tests were carried out on cylindrical specimens with a diameter of 8.03 (±0.34) mm, a thickness of 2.85 (±0.15) mm and a mass of 0.154 (±0.0005) g for the purpose of investigating the thermomechanical behavior of the epoxy material. For each experimental condition, at least three specimens have been tested to reduce the measurements errors and specimen variability in the material properties measurements.

Experimental mechanical characterization

Dynamic compressive tests were carried out at different strain rates and temperatures to investigate the deformation mechanisms, the temperature and the strain rate sensitivity of the epoxy material during impact loadings. Figure 3 presents the true stress-true strain thermomechanical behavior of the studied epoxy material, for different temperatures (Figure 3a) and different strain rates (Figure 3b). Three stages of deformation can be identified. At small strain, between 0% and around 5-6% strain, the epoxy material exhibits an elastic-viscoelastic behavior before reaching the yield stress. From the yield point up to about 35% strain, the deformation evolves at almost constant stress. During this stage the polymer chain segments reorganize themselves in the direction of stress. No strain softening is observed contrary to what is detailed in the works of [START_REF] Mayr | Yielding behaviour in model epoxy thermosets-I. Effect of strain rate and composition[END_REF], [START_REF] Littell | Measurement of epoxy resin tension, compression, and shear stress-strain curves over a wide range of strain rates using small test specimens[END_REF] or [START_REF] Iwamoto | Experimental and computational investigations on strain rate sensitivity and deformation behavior of bulk materials made of epoxy resin structural adhesive[END_REF]. The last stage of deformation corresponds to an orientational hardening of the material for strain greater than 35%. For the tested materials in compression, this important increase of stress corresponds to a greater compression of the compressed polymer chain segments until buckling of the sample leading to the failure of the material. The temperature dependence of the epoxy material plotted in Figure 3a, shows that both the elastic modulus and the yield stress decrease when the temperature increases. Moreover, at large strain, the orientational hardening of the material shows low temperature sensitivity since only a slight change of slope is observed for strain above 10%. Also, a more important gap of stress is observed between -20°C and -6°C, compared to the other temperatures. The yield stress, do not seem to evolve linearly in the tested range of temperature. This difference tends to indicate the activation of a deformation mechanism near these temperatures. From DMA tests at 10 Hz, the loss of tangent modulus was measured and enabled the evaluation of the secondary relaxation β between -70°C and -25°C. Hence, it appears that the nonlinear evolution of the yield stress could be due to this relaxation being close to -20°C.

The strain rate sensitivity of the epoxy material is plotted in Figure 3b for two strain rates (900 s -1 and 1770 s -1 ) and for four temperatures (-20°C, -6°C, 20°C and 27°C). For a constant temperature, both elastic modulus and yield stress increase when the strain rate increases. Similarly to the temperature graph in Figure 2a, the orientational hardening does not seem to be dependent on the strain rate either. The effect of the temperature on the strain rate dependence of the material clearly shows a greater influence of the strain rate at -20°C than for the three other temperatures. Thus, close to the secondary relaxation β, at -20°C, epoxy material shows a stronger sensitivity to the strain rate than for the other studied temperatures (-6°C, 20°C, and 27°C) where the strain rate dependence is smaller. At -20°C, the yield strength difference between the mechanical behavior at 1770 s -1 and 900 s -1 is around 40 MPa, whereas it is only around 6 MPa at -6°C, 20°C, and 27°C. At 1770 s -1 , the samples have collapsed.

The variations of elastic modulus, yield stress, and yield strain as a function of the temperature and strain rate are presented in Figure 4. In Figure 4a, the variation of elastic modulus as a function of temperature is plotted from -20°C to 60°C and for three strain rates 900 s -1 , 1300 s -1 and 1770 s -1 . The elastic modulus decreases with an increase of temperature or decrease of strain rate. Between 20°C and 60°C, the elastic modulus decreases by approximatively 58%. Two changes of slope in the temperature sensitivity of the elastic modulus are observed at 1770 s -1 . The first change of slope appears around -6°C due to the proximity of the secondary relaxation β at -20°C. The second change of slope appears around 40°C due to the proximity of the glass transition temperature. Thus, the mechanical behavior depends on the molecular arrangement of the polymer chain segments that are dependent on the transition temperatures. The variation of elastic modulus as a function of strain rate is plotted in Figure 4b for four temperatures (-20°C, -6°C, 20°C, and 27°C). In the investigated range of strain rates, the stiffness increase is about 20% at -20°C whereas it is about 10% at 27°C. The elastic modulus is more sensitive to the strain rate at low temperatures close to the secondary relaxation region than at higher temperatures.

The yield stress evolutions as a function of temperature and strain rate are plotted in Figure 5a and Figure 5b respectively. In Figure 5a, a significant stress decrease is observed at the yield point between -27°C and 60°C. At 27°C and 1770 s -1 , the stress decrease is around 44% and 35% at 900 s -1 . Moreover, at 1770 s -1 , between -20°C and 60°C, we observe a 60% drop of stress. In Figure 5b, the yield stress sensitivity to strain rate is plotted. The yield stress increases with the strain rate. Moreover, due to the proximity of the secondary relaxation β at -20°C, the increase of stress between 900 s -1 and 1770 s -1 is approximately 20% whereas it is only 5% at 20°C and 27°C. Thus, the yield stress is more sensitive to the strain rate for temperature closer to the secondary relaxation β. The yield strain sensitivity to temperature and strain rate was also investigated. For both parameters (see Figure 6a for the temperature and Figure 6b for the strain rate), although discrepancies are observed, we can assume that the yield strain decreases linearly with the temperature from 0.08 to 0.05. Here, it seems that neither the secondary relaxation nor the glass transition temperature have an influence on the evolution of the yield strain. However, in Figure 6a, the strain rate influence to yield strain does not seem obvious, nor, in Figure 6b, for the sensitivity to the four temperatures tested. The evolution of the orientational hardening (plastic flow) is also investigated as a function of the temperature and strain rate and presented in Figure 7. To describe the temperature dependence of the viscoplastic deformation, we propose, for the constant strain rate of 1770 s -1 , to compute the difference in stress between two temperatures: the reference temperature -20°C and each other temperatures. The results are plotted in Figure 7a. It shows that whatever this difference, an important increase of stress is observed between 0% and approximatively 10% strain. This stage matches with the elastic-viscoplastic deformation of the material. From around 10% to 60% strain, for each temperature difference, the stress is almost constant. Therefore, the viscoplastic behavior, and thus, the orientational hardening of the material, does not exhibit strong temperature sensitivity. In Figure 7b, the difference in stress is plotted as a function of the difference in temperature for several true strains. The results show a non-linear dependence to the temperature difference (ΔT). The change of slope appears for ΔT equals 40°C, corresponding to the temperature difference between the curves at -20°C and +20°C. This change of slope is related to the closeness of the secondary relaxation β at -20°C. The strain rate dependence of the viscoplastic deformation is presented in Figure 8. In Figure 8a, the stress difference between the mechanical behavior at 900 s -1 and 1770 s -1 is plotted for four temperatures (-20°C, -6°C, 20°C, 27°C). From a qualitative point of view, the curves are similar to the ones presented in Figure 7a. A sharp increase of stress up to 15% strain is observed at -20°C. Above 15% strain, the difference in stress between the two strain rates is almost constant for any given temperature. Thus, the orientational hardening of the material does not seem to be sensitive to the strain rate either. However, an important gap of stress is observed between -20°C and the three other temperatures. The drop of stress is around 80%. This confirms the stronger strain rate sensitivity of the material at -20°C. Thus, the secondary relaxation β plays an important role in the temperature sensitivity of the material. At -6°C, 20°C and 27°C, the stress difference is small. Thus, for temperatures far from the secondary relaxation and the glass transition regions, the viscoplastic deformation sensitivity to strain rate is small. In Figure 8b, the stress difference between the two strain rates is plotted as a function of the temperature for several true strains. It appears a non-linear dependence at the temperature for each true strain. After the stress drop due to the closeness of the secondary relaxation between -20°C and -6°C, a stabilization of the stress difference in the mechanical behavior is observed. Even though the stress difference slightly increases between -6°C and 27°C, this can be assumed as part of the experimental discrepancy observed for the mechanical behavior. For the dynamic tests performed at 900 s -1 and 1300 s -1 , the samples deformed but keep their cylindrical shape. The samples were measured and weighted. No mass loss was measured and the sample diameter increased around 11.4 (±0.66) mm and its thickness decreased around 0.8 ±0.03) mm. However, all specimens tested at 1770 s -1 have collapsed.

Modeling 4.1. Elastic modulus

The dependence of the elastic modulus to temperature was modelled using equation ( 1) (Mahieux andReifsnider, 2002, 2001). The results are presented in Figure 9 for the three strain rates 900 s -1 , 1300 s -1 and 1770 s -1 . The model parameters are presented in Table 1. The Weibull moduli have been identified at 1770 s -1 and used for modeling the temperature dependence of the elastic modulus at 1300 s -1 and 900 s -1 . Figure 9 presents the modeling results for the elastic modulus in logarithmic and linear scales. While Figure 9a shows that the model is able to reproduce both glassy region and glass transition region, Figure 9b illustrates the sensitivity of the model in the glassy region. Good agreement is found between the numerical predictions and the experimental results. In addition, investigation regarding the strain rate sensitivity of the model parameters can be performed. In the work of Richeton et al. (2005b), the elastic moduli (E1, E2, E3) are assumed linearly strain rate dependent with a common parameter to the three moduli. According to the model identification (see Table 2), parameters E1 and E2 are linearly dependent to the strain rate. However, the slope of the linear dependence of E1 is equal to 1.94 while it is equal to 0.26 for E2.

Yield stress

The temperature and strain rate dependence of the yield stress have been modeled using the cooperative model of Richeton et al. (2005a). Based on the strain rate/temperature superposition principle, the experimental data are shifted in order to create the master curve of the yield stress. The horizontal and vertical shifts, respectively linked to the activation energy of the secondary relaxation and the internal stress at 0 K, are given by:

N O P Δ log = log C 9ST D -log Δ U V = 9ST 9ST - (9) 
where 9ST is the referenced temperature for the construction of the master curve. On Figure 10, the master curve is built at -20°C. A good agreement is observed between the experimental results and the numerical prediction obtained with the model parameters presented in Table 2. At 17°C and from strain rates ranged to 600 to 2100 s -1 , Gómez et al. ( 2012) estimate the volume activation energy to be 3.42 5 10 ( X m 3 . This value is very close to the one presented in Table 2 and computed for the construction of the master curve at -20°C. Gómez et al. ( 2012) had also modeled the yield stress of an epoxy using the cooperative model of Richeton et al. (2005a). However, the parameters they found do not fit the epoxy material investigated in this study. Such difference between the results obtained by [START_REF] Río | Compression yielding of epoxy: Strain rate and temperature effect[END_REF], and the results obtained in this study can be explained by the difference in the epoxy composition and manufacturing process. Modeling of the temperature and the strain rate dependence of the dynamic compressive yield stress is presented in Figure 11 for four temperatures (-20°C, -6°C, 20°C and 27°C) and the three investigated strain rates (900 s -1 , 1300 s -1 and 1770 s -1 ). For all these conditions, a good agreement is observed between the experimental results and the numerical predictions. Even though, the set of experimental results is limited to one decade of strain rates, the model is able to predict accurately the evolution of the yield stress for temperatures ranging from the secondary relaxation to the glass transition. 

Conclusion

This study presented the effects of strain rate and temperature on the thermomechanical behavior of an epoxy material used for adhesive joints. The influences of the material transitions (secondary relaxation β and glass transition) were investigated. Dynamic compressive tests were performed on a SHBP device. The epoxy material showed a ductile behavior with the formation of circumferential and radial cracks at high strain rates exceeding 1700 s -1 . In the dynamic testing range, the temperature sensitivity showed to be larger than the strain rate sensitivity, except at -20°C, due to the closeness of the secondary relaxation β. Moreover, both elastic modulus and yield stress are strain rate and temperature dependent, which are therefore the only two parameters that need to be integrated into the thermomechanical numerical model. The viscoplastic behavior of the material did not show any sensitivity to both these parameters.
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 1 Figure 1: Split Hopkinson Pressure Bar (SHPB) system.

Figure 2 :

 2 Figure 2: Typical a) force equilibrium and b) incident, reflected and transmitted waves obtained with the SHPB. These experimental data were obtained at -6°C and 1300 s -1 .

Figure 3 :

 3 Figure 3: a) Temperature and b) strain rate sensitivities of the thermomechanical behavior of the epoxy material (RH=0%).
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 4 Figure 4: Elastic modulus dependence to a) temperature and b) strain rate, of the epoxy material.
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 5 Figure 5: Yield stress sensitivity to a) temperature and b) strain rate, of the epoxy material.

Figure 6 :

 6 Figure 6: Yield strain sensitivity to a) temperature and b) strain rate, of the epoxy material.

Figure 7 :

 7 Figure 7: Plastic flow sensitivity to temperature. a) Evolution of the stress difference at 1770 s -1 in function of the true strain. b) Evolution of the stress difference in function of the temperature difference at 1770 s -1 . The stress difference curves are obtained by subtracting the stress-strain curves at the temperature x °C, denoted H I°K , from the reference curve taken at -20 °C, denoted H (LM°K .

Figure 8 :

 8 Figure 8: Strain rate sensitivity of the plastic flow. a) Evolution of the stress difference between two strain rates in function of the true strain at four temperatures. The stress difference curves are obtained by subtracting the stress-strain curve at 900 s -1 from the stress-strain curve at 1770 s -1 for a given temperature. b) Evolution of the difference in stress in function of the temperature for several true strains.

Figure 9 :

 9 Figure 9: Modeling of the elastic modulus for the three studied strain rates (900 s -1 , 1300 s -1 and 1770 s -1 ) over a large range of temperatures. a) Logarithmic scale and b) linear scale.

Figure 10 :

 10 Figure 10: Master curve built at -20°C. The numerical prediction (solid line) was compared to the experimental results (symbols) and the numerical prediction of Gómez et al. (2012) (dashed line). Table 2: Summary of the cooperative model parameters for the modeling of the yield stress. Parameters Cooperative model

Figure 11

 11 Figure 11: a) Temperature and b) strain rate dependence of the yield stress.

Table 1 : Material parameters used for modeling the elastic modulus. The same Weibull moduli, identified at 1770 s -1 , have been used for all strain rates.

 1 

		1770 s -1	1300 s -1	900 s -1
	E1 (MPa)	11315	10275	9635
	E2 (MPa)	1530	1400	1300
	E3 (MPa)	28	28	28

and the true stress 8 are derived:
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