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Introduction

Laser Shock Peening (LSP) is a surface treatment used in the aerospace industry to improve the fatigue behavior of metallic mechanical components [START_REF] Clauer | Surface Performance of Titanium:Laser Shock Peening for Fatigue Resistance[END_REF][START_REF] Zhang | Effect of laser shock processing on the mechanical properties and fatigue lives of the turbojet engine blades manufacture by YL2 aluminum alloy[END_REF][START_REF] Peyre | Laser shock processing of aluminium alloys: Application to high cycle fatigue behaviour[END_REF][START_REF] Pavan | Laser shock processing of aluminium alloys:application to high cycle fatigue behaviour[END_REF]. It consists in impacting the surface of a metallic material, covered with a transparent confinement layer, such as water or quartz, by a high-energy short laser pulses (1-25 𝐽 , <25 ns). The instantaneous vaporization of the first microns of the metallic target, caused by irradiation, generates high-pressure plasma [START_REF] Fabbro | Physical study of laser-produced plasma in confined geometry[END_REF]. Rapid expansion of such plasma creates a high-pressure shock wave that propagates to the first millimeter in depth of the metal [START_REF] Anderholm | Laser-generated stress waves[END_REF]. The shock wave produces deformation at strain rate higher than 10 6 s -1 for short a duration (5-25 ns) [START_REF] Peyre | Laser shock processing of aluminium alloys: Application to high cycle fatigue behaviour[END_REF]. When the pressure exceeds the Hugoniot Elastic Limit (HEL) of the metal, the shock wave leads to plastic deformation and compressive residual stress in the material. In addition to residual stresses, strain hardening may be also induced. Nevertheless it is generally limited compared to conventional shot peening [START_REF] Peyre | Laser shock processing of aluminium alloys: Application to high cycle fatigue behaviour[END_REF]. This can be explained by the fact that the loading duration is very short and the strain rate is very high, which does not allow the activation of all the sliding systems of the material and thus generates less dislocations. Predicting residual stresses and more generally simulating shock wave propagation at strain rate higher than 10 6 s -1 require the use of appropriate constitutive equations. In order to include strain rate sensitivity, various high strain rate dependent formulations have been developed [START_REF] Zerilli | Dislocation-mechanics-based constitutive relations for material dynamics calculations[END_REF][START_REF] Bodner | Constitutive equations for elastic-viscoplastic strain hardening materials[END_REF][START_REF] Preston | Model of plastic deformation for extreme loading conditions[END_REF][START_REF] Ahn | Comparison of dynamic hardening equations for metallic materials with three types of crystalline structures[END_REF][START_REF] Johnson | A constitutive model and data for materials subjected to large strains, high strain rates, and high temperatures[END_REF][START_REF] Huh | Crash worthiness assessment of thin wall structure with the high strength steel sheet[END_REF][START_REF] Rule | A revised form for the Johnson-Cook strength model[END_REF][START_REF] Khan | Experimental and theoretical study of mechanical behavior of 1100 aluminum in the strain rate range 10 4 𝑠 -1 -10 5 𝑠 -1[END_REF][START_REF] Lee | Dynamic tensile tests of auto-body steel sheets with the variation of temperature[END_REF]. [START_REF] Zerilli | Dislocation-mechanics-based constitutive relations for material dynamics calculations[END_REF] proposed a constitutive equation based on the dynamics of dislocations. They accounted for that, for metals with a body-centered-cubic (b.c.c.) crystal structure, the strain rate sensitivity is manifested by an increase in yield stress with strain rate while for face-centered-cubic (f.c.c.) metals, it is related to strain hardening. Thus, they proposed two different models for b.c.c. and f.c.c. metals. In addition, Zerilli and Armstrong's [START_REF] Zerilli | Dislocation-mechanics-based constitutive relations for material dynamics calculations[END_REF] model includes the effect of temperature in the term of yield stress for b.c.c. metals and in the term of strain hardening for f.c.c. metals. These constitutive equations were applied and validated with experiments conducted at strain rates up to 10 5 s -1 . However, the difficulty in determining the large numbers of material constants makes the implementation of this model very limited. Border and Partom [START_REF] Bodner | Constitutive equations for elastic-viscoplastic strain hardening materials[END_REF] developed constitutive equations to model strain rate, temperature and loading (unloading) history effects on the mechanical behavior of metals. Their constitutive equations quite successfully reproduced experimental results obtained for aluminum alloys at large finite plastic strain and for strain rate ranging from 10 -5 s -1 to 10 4 s -1 [START_REF] Khan | Experimental and theoretical study of mechanical behavior of 1100 aluminum in the strain rate range 10 4 𝑠 -1 -10 5 𝑠 -1[END_REF]. The numerical implementation of the proposed constitutive equation remains very complex. [START_REF] Preston | Model of plastic deformation for extreme loading conditions[END_REF] suggested two constitutive equations for strain rates up to 10 5 s -1 associated with the so-called thermal regime and for strain rates ranging from 10 9 s -1 to 10 12 s -1 associated with the shock regime, respectively. In the thermal regime, plastic deformation and dislocation velocity are controlled by the dislocation thermally activated overcoming of short range obstacles. In the shock regime, they are controlled by dislocation-phonon drag interactions. The gap between the two regimes is extrapolated. Ahn and Huh [START_REF] Ahn | Comparison of dynamic hardening equations for metallic materials with three types of crystalline structures[END_REF]) successfully used the first constitutive equation for f.c.c. copper up to 4 × 10 3 s -1 but discrepancies between experiments and calculated results exist for b.c.c. steel and h.c.p (hexagonal closest packed) Ti6Al4V alloys. The phenomenological model of [START_REF] Johnson | A constitutive model and data for materials subjected to large strains, high strain rates, and high temperatures[END_REF] is the most commonly used constitutive equation because of the simplicity of its mathematical representation. The number of material parameters is reduced which makes its identification easier. The Johnson-Cook model has been modified by [START_REF] Huh | Crash worthiness assessment of thin wall structure with the high strength steel sheet[END_REF] and [START_REF] Rule | A revised form for the Johnson-Cook strength model[END_REF] in order to provide better description of the mechanical behavior for some materials. The mathematical representation was kept multiplicative. However, the term of strain rate sensitivity was modified. Other modifications of the Johnson-Cook model have been proposed by [START_REF] Khan | Experimental and theoretical study of mechanical behavior of 1100 aluminum in the strain rate range 10 4 𝑠 -1 -10 5 𝑠 -1[END_REF] and [START_REF] Lee | Dynamic tensile tests of auto-body steel sheets with the variation of temperature[END_REF]. For these two modified models the strain hardening term was combined with the strain rate sensitivity one, making more difficult the identification of the material parameters. The Johnson-Cook and modified Johnson-Cook equations were successfully applied for different materials up to 10 6 s -1 . Nevertheless, material parameters need sometimes to be modified with changing temperature and/or strain rate ranges to accurately represent experimental results.

The above discussion reveals that the material parameters of constitutive equations developed for high strain rates have usually been determined by comparison with experimental results obtained for strain rates below 10 6 s -1 which is lower than the strain rates involved in shock waves produced during LSP. It also underlines the interest of ''simple'' constitutive equation for numerical implementation but also parameter identification. Commonly, the constitutive equation parameters are determined by comparing a calculated stress-strain curve with an experimental one. However under strain rate conditions of 10 6 s -1 and loading times <25 ns, it is no more possible to get such a curve using conventional mechanical testing. When high-pressure loading impacts the front surface of a thin foil, it causes a displacement of the rear free-surface of the target. The velocity of this displacement can be measured by a non-contact method using VISAR (Velocimetry Interferometer System for Any Reflector) Doppler velocimetry. This physical quantity is currently the only directly measurable information during a high-pressure shock wave propagation. It reveals some mechanical characteristics of the material. This technique has been already used to determine the 𝐻𝐸𝐿 and the yield stress at 10 6 s -1 [START_REF] Berthe | Shock waves from a water-confined laser-generated plasma[END_REF][START_REF] Hfaiedh | Finite element analysis of laser shock peening of 2050-T8 aluminum alloy[END_REF].

The objective of the paper is to go further by exploiting all the time profile of the rear free-surface velocity to get information on the material mechanical behavior in the real conditions of high-pressure shock wave characterized by loading duration <25 ns and induced strain rate of about of 10 6 s -1 . An experimental-numerical approach is proposed to obtain the material parameters of constitutive equations. Three ''simple'' material constitutive models are investigated: elasticperfectly-plastic model using the yield stress determined thanks to tensile tests in static conditions, the Johnson-Cook law accounting for the strain rate sensitivity of the yield stress but without strain hardening effect and the same with strain hardening effect. The approach is systematically applied to four metals having different static properties such as yield stress: pure aluminum, 2024-T3 aluminum alloy, 7175-T7351 aluminum alloy and Ti-6Al-4V titanium alloy. The paper reports the experimental set-up used to get the rear free-surface velocity during a laser-induced shock wave propagating through thin foils and the finite element model used to simulate the experiments. Results are shown and discussed.

Principle of the present methodology

A thin foil of metal is irradiated with a high-intensity laser and a water confinement configuration. The laser-matter interaction produces a high pressure shock wave at the metal target surface which propagates through the thickness of the foil. The laser intensity is chosen to produce an elastic-plastic shock wave up to the rear free surface of the target. The velocity profile of the rear free surface is measured during all the process using VISAR Doppler velocimetry. Fig. 1 exhibits the set-up configuration. The rear free-surface velocity reveals some mechanical characteristics of the material. A typical profile is given in Fig. 2. The first peak corresponds to the first emergence of the pressure shock. The inflexion corresponds to the elastic-plastic transition under uniaxial shock loading and evidences the so-called elastic precursor as the stress wave separates into two distinct waves: a faster elastic wave and a slower plastic wave. The value of the velocity corresponding to the elastic precursor (𝑉 𝐹 ) provides the value of the Hugoniot Elastic Limit Pressure 𝑃 𝐻𝐸𝐿 by means of Eq. ( 1) [START_REF] Fabbro | Physics and applications of laser shock processing[END_REF]:

𝑃 𝐻𝐸𝐿 = 1 2 𝜌𝐶 𝑒𝑙 𝑉 𝐹 (1)
where 𝜌 is the material density, 𝐶 𝑒𝑙 is the velocity of the elastic wave given by Eq. ( 2):

𝐶 𝑒𝑙 = √ 𝐸(1 -𝜈) 𝜌(1 + 𝜈)(1 -2𝜈) (2)
where 𝐸 is the material Young modulus and 𝜈 is the Poisson ratio.

The high-pressure shock wave propagation in the thin foil is also simulated using the commercial finite element code Abaqus. The rear free-surface velocity profile obtained by the experiment and simulation are compared (i) to get information on the mechanical properties in conditions of LSP (with strain rates of about 10 6 s -1 and loading duration <25 ns) and (ii) to identify the material parameters of three constitutive equations giving a good match between the experimental and predicted rear free-surface velocity profiles. Providing an elasticplastic shock wave at the rear free-surface of the thin foil requires that: (i) the maximum pressure is above 𝑃 𝐻𝐸𝐿 and (ii) the thickness of the foil is below the depth affected by the elastic-plastic shock wave. [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF] developed a model to predict the depth affected by plastic wave (part of the wave which has a pressure above 𝑃 𝐻𝐸𝐿 ). This model assumes that (i) the pressure shock wave is longitudinal and produces an uniaxial total deformation along the wave propagation direction, (ii) the pressure pulse is uniform in space and (iii) the material behavior is elastic-perfectly-plastic. For a triangular pulse in time, the plastified depth 𝐿 is given by Eq. ( 3):

𝐿 = 𝐶 𝑒𝑙 𝐶 𝑝𝑙 𝜏 𝐶 𝑒𝑙 -𝐶 𝑝𝑙 𝑃 𝑚𝑎𝑥 -𝑃 𝐻𝐸𝐿 2𝑃 𝐻𝐸𝐿 (3)
For a square pulse in time, the plastified depth 𝐿 is given by:

𝐿 = 𝐶 𝑒𝑙 𝐶 𝑝𝑙 𝜏 𝐶 𝑒𝑙 -𝐶 𝑝𝑙 𝑃 𝑚𝑎𝑥 + 𝑃 𝐻𝐸𝐿 2𝑃 𝐻𝐸𝐿 (4)
where 𝑃 𝑚𝑎𝑥 is the maximum pressure, 𝜏 is the duration of the pulse and 𝐶 𝑝𝑙 is the plastic wave velocity.

The plastic wave velocity is given by Eq. ( 5):

𝐶 𝑝𝑙 = √ 𝐸 3𝜌(1 -2𝜈) (5) 
LSP process is known to produce plastic deformation at depths larger than 1 mm [START_REF] Peyre | Laser shock processing: A review of the physics and applications[END_REF]. The maximum plastic deformation is given by Eq. ( 6): In such planar (uniaxial here) deformation state, 𝑃 𝐻𝐸𝐿 is related to the yield stress, 𝜎 𝑦𝐷 , at the involved strain rate 10 6 s -1 by Eq. ( 7):

𝜖 𝑃 = 2𝑃 𝐻𝐸𝐿 (1 -2𝜈) 𝐸 (6)
𝑃 𝐻𝐸𝐿 = (1 -𝜈) (1 -2𝜈) 𝜎 𝑦𝐷 (7)

Materials and experimental set-up

Materials

Four materials have been tested: pure aluminum which is heavily used in automotive and aerospace industries and the properties of which are well-known, the 2024-T3 aluminum alloy which is often used in aircraft structural applications due to its high strength and fatigue resistance, the 7175-T7351 aluminum alloy which is highly utilized by the aerospace industry because it has good resistance to stress corrosion cracking, extruded and annealed Ti6Al4V-ELI titanium alloy which is used in biomedical industry due to its large tensile strength and good biocompatibility. The mechanical properties of these four materials are given in Table 1. The yield stress 𝜎 𝑦 were obtained from simple tensile tests in a quasi-static conditions. In addition, the dynamic yield stress at 10 6 s -1 , 𝜎 𝑦𝐷 , found from literature for materials close to the studied ones are also given in Table 1. Literature and studied materials are annealed materials. The dynamic yield stress 𝜎 𝑦𝐷 were extrapolated from results obtained either to simulate LSP (2024-T3 and 7075-T7351), to simulate machining (pure aluminum) or from slip Hopkinson bar tests (Ti6Al4V). The Hugoniot Elastic Limit Pressure 𝑃 𝐻𝐸𝐿 was deduced from 𝜎 𝑦𝐷 using Eq. ( 7). Thin foils of the four studied materials were taken as metal target. Their thickness is given in Table 1. It was chosen between 0.38 mm and 1 mm to be sure that the plastic wave reaches the rear free-surface of the target while to prevent from a too flexible foil.

Laser and rear free-surface velocity measurement by VISAR

The laser source used to conduct the experiments is the LASER Gaia HP of Hephaistos platform at the PIMM laboratory in Paris. The Thales Gaia HP has two separated polarized beams, each one delivers up to 7 Joules at a wavelength of 532 nm. The laser pulse has a temporal profile with a duration of 9 ns at mid-amplitude. As previously explained, the measurement of the rear free-surface velocity is the only available quantitative data revealing the dynamic response of the material under high-pressure shock wave conditions. The investigation of the rear free-surface velocity for the studied materials was performed by using the VISAR Doppler velocimetry that is a non-contact optical acquisition method [START_REF] Berthe | Shock waves from a water-confined laser-generated plasma[END_REF]. The PIMM VISAR is based on Barker's system [START_REF] Barker | Laser interferometer for measuring high velocities of any reflecting surface[END_REF]. It is composed of: (i) a continuous laser probe focused on the back surface of a thin target on the center of laser spot, emitting up to 5 W at a wavelength of 532 nm and (ii) an interferometer to create interference fringes from the laser reflected by the back face of the target.

The treatment of interference fringes emitted from interferometer allows direct access to the time profile of the rear free-surface velocity. The intensity of laser beam irradiating the target surface is calculated as the energy divided by the spot area and the pulse duration. It is chosen so that the maximum of the pressure was above 𝑃 𝐻𝐸𝐿 . The maximum pressure was chosen to be above 2000 MPa for aluminum alloys and above 5000 MPa for Ti6Al4V-ELI according to Table 1. [START_REF] Bras | Laser shock peening: Toward the use of pliable solid polymers for confinement[END_REF] studied the relationship between the laser intensity and the maximum pressure 𝑃 𝑚𝑎𝑥 for the laser set-up used in this study. Table 2 displays the selected laser intensity and the 𝑃 𝑚𝑎𝑥 obtained from [START_REF] Bras | Laser shock peening: Toward the use of pliable solid polymers for confinement[END_REF] study. In addition, Table 2 indicates the chosen spot diameter. Considering laser pulse duration of 9 ns, the laser energy was adjusted to get the right laser intensity. It was selected in order to produce a pressure above the 𝑃 𝐻𝐸𝐿 of the materials but below their critical pressure; above it hydrodynamic effects have to be taken into account. The latter is about 7000 MPa for aluminum alloys and 12 000 MPa for titanium alloys [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF]. In such loading pressure conditions the metals behave completely like a solid material and the material response under the high-pressure shock wave only involves its elastic-(visco)-plastic behavior. The process parameters used for the four studied material are given in Table 2.

Finite element simulation of high-pressure shock wave propagation

The simulation of shock wave propagation due to a single impact of high pressure at the surface of a thin target has been carried out. The pressure impact is considered as quasi-uniform and axisymmetric in space and very short in time. The whole system (target, loading and boundary conditions) is considered axisymmetric so a 2D axisymmetric model has been developed. Since laser shock process is a high-speed process an explicit solver has been used. The dynamic (inertial and strain rate sensitivity) effects have been considered.

Geometry and boundary conditions

The target component has been modeled as a plane shell with a thickness, 𝑎, ranging from 0.38 mm and 1 mm and a radius 𝑏∕2 of 8 mm (Fig. 3). It was meshed by means of CAX4R elements (Continuum, 4-node bilinear axisymmetric, quadrilateral, reduced integration, hourglass control). To improve the accuracy of the finite element solutions, a finer mesh has been used in the treated region with the use of a BIAS function in 𝑥-direction. To investigate mesh size sensitivity, different elements sizes were tested (10 μm × 10 μm, 5 μm × 5 μm, 2 μm × 2 μm and 1 μm × 1 μm). It was checked that as the mesh size decreases, the results became more stable. No difference between the results obtained for 2 μm × 2 μm and 1 μm × 1 μm elements has been observed. Therefore, the treated region was refined with 2 μm × 2 μm elements. For the boundary conditions, one node of the bottom surface has been fixed (Fig. 3). The foils are not clamped in the experiments so a free boundary condition is applied on the right side of the numerical model. 

Spatial and temporal pressure profiles

To generate spatial and temporal pressure profiles 𝑃 = 𝑓 (𝑟, 𝑧, 𝑡), the Abaqus VDLOAD subroutine was used. Fig. 4 shows the normalized pressure (𝑃 (𝑡)∕𝑃 𝑚𝑎𝑥 ). 𝑃 𝑚𝑎𝑥 is given in Table 2. It is worth noting that the duration of the pressure impact (18 ns) is about twice the duration of the laser impact thanks to the plasma confining effects [START_REF] Peyre | Laser shock processing of aluminium alloys: Application to high cycle fatigue behaviour[END_REF]. The 𝑃 (𝑟, 𝑧) distribution was obtained from experimental laser beam analysis (see Fig. 5). The intensity profile, obtained through a camera, is used to generate the pressure spatial profile distribution. It defines also the spot diameter. The shape of the temporal pressure profile is closer to triangle than square shape.

Constitutive model

Three constitutive models were used to simulate the laser-induced shock wave propagation: (i) the elastic-perfectly-plastic (EPP) model considering the static yield stress (ii) the Johnson-Cook (JC) model considering the strain rate sensitivity of the yield stress but without strain hardening and (iii) the Johnson-Cook model with both strain sensitivity and strain hardening. The Johnson-Cook model describes the relationship between strain and stress for metallic components under the conditions of high strain rates, high temperatures and large strains. The isotropic Johnson-Cook model [START_REF] Johnson | A constitutive model and data for materials subjected to large strains, high strain rates, and high temperatures[END_REF] is defined by the equivalent Von Mises stress as follows:

𝜎 = (𝜎 𝑦 + 𝐾𝜖 𝑛 𝑝 ) ( 1 + 𝐶𝑙𝑛 ( ε 𝑝 ε𝑝 0 ) )( 1 - ( 𝑇 -𝑇 0 𝑇 𝑚𝑒𝑙𝑡 -𝑇 0 ) 𝑚 ) (8)
It is composed of three terms in Eq. ( 8) from left to right: (i) strain hardening, (ii) strain rate sensitivity and (iii) thermal softening. In Eq. ( 8), 𝜎 𝑦 is the static initial yield stress (annealed material) at room temperature. 𝐾 and 𝑛 represent respectively the strain hardening consistency and strain hardening parameter. 𝐶 is the strain rate sensitivity parameter. 𝑇 0 and 𝑇 𝑚𝑒𝑙𝑡 are room temperature and melting temperature, respectively. ε 𝑝 is the plastic strain rate and ε𝑝0 is the reference strain rate. Several studies [START_REF] Bras | Laser shock peening: Toward the use of pliable solid polymers for confinement[END_REF][START_REF] Hfaiedh | Finite element analysis of laser shock peening of 2050-T8 aluminum alloy[END_REF] have shown that the thermal softening effect has not a significant influence on the laser-induced shock wave through a metallic target. Hence, the thermal softening effect has been neglected in the present study.

Note that at the elastic-plastic transition, 𝜖 𝑝 = 0 and ε 𝑝 = 10 6 s -1 , the 𝜎 𝑦𝐷 is given by Eq. ( 9):

𝜎 = 𝜎 𝑦𝐷 = 𝜎 𝑦 ( 1 + 𝐶𝑙𝑛( ε 𝑝 ε𝑝 0 ) ) (9)
The strain hardening rate at a given plastic strain rate and normalized by the Young modulus (𝑑𝜎∕𝐸𝑑𝜖) can be calculated using:

𝑑𝜎 𝐸𝑑𝜖 = 𝐾𝑛𝜖 (𝑛-1) 𝑝 ( 1 + 𝐶𝑙𝑛( ε 𝑝 ε𝑝 0 ) ) (10)
First, the laser-induced shock wave was simulated using the elasticperfectly-plastic constitutive model with the static yield stress, the Young modulus and the Poisson ratio given in Table 1. Secondly, the behavior is assumed to be elastic-perfectly-plastic but characterized by a strain rate sensitive elastic-plastic transition (Johnson-Cook constitutive equation without strain hardening). The identification procedure of other material parameters was performed by comparing qualitatively the calculated and experimental rear free-velocity (magnitude of the velocity and period of the oscillations). The strain rate sensitivity parameter 𝐶 is used to obtain the same elastic precursor in the rear free-surface velocity profile as experiment. If the obtained rear freesurface velocity profile after the first peak is in good correlation with the experimental one, no other constitutive equation is tested. If not, thirdly, the Johnson-Cook model with strain hardening is used where 𝐾 and 𝑛 are identified to get a good match with experiment. 

Results and discussion

Present methodology applied to pure aluminum

Figs. 6-8 compare the experimental and simulated rear free-surface velocity profiles in the case of pure aluminum foil. Experimentally, the first peak corresponds to the first emergence of the shock wave. It is followed by secondary shocks occurring at constant period corresponding to the double transit time of the wave through the foil. The magnitude of the rear free-surface velocity at peaks (the decrease in magnitude is noted as 𝛿𝑉 in Fig. 2) decreases with time and reaches a constant value. This decrease comes from the attenuation of the stress shock wave due to the elastic recoil wave coming back from the surface and reducing the peak pressure at the front surface [START_REF] Fabbro | Physics and applications of laser shock processing[END_REF].

The general trend of this experimental profile is generally well represented by the finite element simulations whatever the chosen constitutive equation. In particular, the maximum value of the rear surface velocity is very well reproduced. The maximum velocity is directly related to the loading pressure. The very good agreement demonstrates that the maximum loading pressure was well estimated from the laser intensity. However, some discrepancies exist which will be discussed in the following subsection.

Prediction of the elastic precursor -identification of strain rate sensitivity parameter

The elastic precursor evidenced by the inflection in the rise of the first peak is experimentally found equal to 33 ms -1 . Considering an elastic-perfectly-plastic constitutive equation with a static yield stress results is an underestimation of the elastic precursor 24 ms -1 (Fig. 6). This discrepancy was expected as the strain rate sensitivity results in a yield stress at 10 6 s -1 higher than the static yield stress and is not taken into account in this simulation. Considering a strain rate sensitivity effect on the yield stress but no strain hardening, the 𝐶 parameter of the Johnson-Cook law was identified to get a good match between the experimental and calculated elastic precursor. It was found equal to 0.035. Using Eq. ( 7), we obtained 𝜎 𝑦𝐷 (10 6 s -1 ) = 148 MPa. In addition, the 𝑃 𝐻𝐸𝐿 was directly determined form the experimental value of the elastic precursors velocity using Eq. (1). 𝑃 𝐻𝐸𝐿 was found equal to 276 MPa. From Eq. ( 9), 𝜎 𝑦𝐷 (10 6 s -1 ) = 140 MPa. This value is in good agreement with the value deduced from the match of the experimental and simulated velocity profile. This result demonstrates that the experimental rear free-surface velocity profile can be used to straightforwardly determine the 𝑃 𝐻𝐸𝐿 , so a plastic property of a metal in real conditions of LSP. Namely, the laser induced high pressure shock wave through a thin target associated with the analysis of the experimental rear free-surface velocity profile can be considered as a mechanical test.

Prediction of the magnitude and occurrence in time of subsequent peaks of rear surface velocity

A delay in the occurrence of the predicted first peak with regard to the experimental one is observed. It is mostly related to the elasticplastic transition which is more pronounced in the predicted velocity profile than in the experimental one (Fig. 6). This result is due to the fact that the elastic-perfectly-plastic behavior with a ''low'' static yield stress does not take into account strain hardening or strain rate effects which could modify the elastic-plastic transition profile [START_REF] Berthe | Shock waves from a water-confined laser-generated plasma[END_REF]. Besides, the delay of occurrence of predicted subsequent peaks with regard to the experimental one increases. Additional delay between the first and the third peaks is of 10 ns with regard to the experimental response. When considering the Johnson-Cook law taking into account the dynamic yield stress, the predicted elastic-plastic transition is smoother but the additional delay between the first and third peaks still exists for the simulation (Fig. 7). It vanishes when strain hardening is included in the Johnson-Cook model (Fig. 8). These results suggest that the predicted stress wave velocity is lower for perfect plasticity than for plasticity with strain hardening. Namely, the introduction of strain hardening predicts a higher stress wave velocity that is in good agreement with experimental one. Indeed, the mean stress wave velocity between the first and the third peak was estimated. It is found equal to 5970 ms -1 for the experiment. The same value is found for simulation when considering strain hardening while 5800 ms -1 is found when considering no hardening. The velocity of the elastic wave is 6200 ms -1 (Eq. ( 2)). The velocity of a plastic wave assuming a perfectly plastic behavior is 5040 ms -1 (Eq. ( 5)). The found value (5970 ms -1 ) is thus between the velocity of the elastic and perfectly plastic waves. These results demonstrate that pure aluminum exhibits a strain hardening at 10 6 s -1 and loading duration <25 ns. The delay of the rear free-surface peak profile can be used to identify the material parameters associated with strain hardening. Note that the increase of plastic wave velocity due to strain hardening is known for a long time [START_REF] Karman | The propagation of plastic deformation in solids[END_REF] but was never exploited to identify the strain hardening parameters. Modeling and simulation of high-pressure wave propagation at strain rate higher than 10 6 s -1 widely considered elastic-perfectly-plastic behavior accounting for the increase in yield stress due to the high strain rate [START_REF] Ding | Three-dimensional dynamic finite element analysis of multiple laser shock peening processes[END_REF]; 𝐿 [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF] (triangle pulse, mm) 𝐿 [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF] (square pulse, mm) PEEQ saturated PEEQ from Ballard's model [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF] Pure aluminum 0.50 2.3 2.8 2.0 × 10 -3 2.7 × 10 -3 2024-T3 0.50 0.5 1.0 6.3 × 10 -3 10.0 × 10 -3 7175-T7351

1.00 0.5 1.0 3.8 × 10 -3 10.0 × 10 -3 Ti6Al4V-ELI 0.38 0.3 0.7 3.5 × 10 -3 16.9 × 10 -3

Hu et al., 2006). Isotropic strain hardening through the Johnson-Cook was also used [START_REF] Peyre | FEM simulation of residual stresses induced by laser Peening[END_REF][START_REF] Ivetic | Three-dimensional FEM analysis of laser shock peening of aluminium alloy 2024-T351 thin sheets[END_REF][START_REF] Hfaiedh | Finite element analysis of laser shock peening of 2050-T8 aluminum alloy[END_REF][START_REF] Zhang | Investigation on residual stress distribution in thin plate subjected to two sided laser shock processing[END_REF]. However, the criterion to choose the parameters 𝐾 and 𝑛 is not indicated. Table 3 gives the 𝐶, 𝐾 and 𝑛 values for the studied materials.

Table 4 shows the plastified depth 𝐿 determined from Eqs. ( 4) and ( 5) considering 𝑃 𝑚𝑎𝑥 , 𝑃 𝐻𝐸𝐿 and 𝜏 from experiments. As expected, 𝐿 is larger than the thin foil thickness chosen to provide plastic strain at the rear free-surface. The predicted equivalent plastic deformation using Abaqus simulation reaches 74% of the maximum plastic deformation predicted by Ballard's model. It is found equal to 2 × 10 -3 . Which is quite small. Consequently, the strain hardening parameters are identified in plastic strain conditions much smaller than those commonly used in quasi-static mechanical tests, involving plastic strain typically ranging from 2 × 10 -3 to 0.3. The comparison of strain hardening obtained here with the static one requires to investigate the same plastic strain range (< 2 × 10 -3 ). Identified strain hardening parameters provide (𝑑𝜎∕𝐸𝑑𝜖) at 10 6 s -1 and < 2 × 10 -3 plastic strain equal to 0.11. This value is similar to the one estimated from tensile stress-strain curves carried out in monotonic quasi-static conditions [START_REF] Yamada | Strain rate dependence of material strength in AA5xxx series aluminum alloys and evaluation of their constitutive equation[END_REF][START_REF] Sahu | Finite element analysis of AA1100 elasto-plastic behaviour using Johnson-Cook model[END_REF]. Consequently, the present methodology shows that for pure aluminum, the strain hardening rate is not significantly changed with increasing strain rate for plastic strain ⩽ 2 × 10 -3 .

Application to 2024-T3, 7175-T7351 and Ti6Al4V-ELI

Fig. 9 depicts the rear free-surface velocity variation, experiment and simulation, versus time using the elastic-perfectly-plastic, Johnson-Cook without strain hardening and Johnson-Cook with strain hardening constitutive equations for the 2024-T3 aluminum alloy material.

As for pure aluminum, the general experimental trends, occurrence time and magnitude of peaks in rear free-surface velocity, as quite well reproduced by the simulations whatever the constitutive models. However, it is clearly noticeable that the elastic-perfectly-plastic constitutive equation with static yield stress very underestimates the elastic precursor. Indeed, the calculated elastic precursor is 85 ms -1 and the measured one is 121 ms -1 . It is also noted, that the predicted elastic precursor is more pronounced as for the pure aluminum case, leading to a delay between the experimental and predicted peaks of 9 ns. In addition, the predicted rear free-surface second and third peaks occur with an additional slight delay with regard to the experimental ones. The additional delay of occurrence of the third peak is equal to 30 ns. From these results, we can conclude that the 2024-T3 aluminum alloy behavior is strain rate sensitive and exhibits strain hardening at 10 6 s -1 . Following the present methodology, the 𝐶 parameter of the Johnson-Cook law was estimated to 0.025 to match the experimental and calculated elastic precursor. 𝑃 𝐻𝐸𝐿 and the dynamic yield stress at 10 6 s -1 were found equal to 1028 MPa and 539 MPa, respectively, which are in very good agreement with [START_REF] Hfaiedh | Finite element analysis of laser shock peening of 2050-T8 aluminum alloy[END_REF]. A direct identification of 𝜎 𝑦𝐷 from 𝑉 𝑓 , Eqs. ( 1) and ( 2), results in 𝜎 𝑦𝐷 = 522 MPa that is in good agreement with 539 MPa. Taking into account dynamic yield stress at 10 6 s -1 provides a good representation of the elastic precursor as expected and reduces the delay between experimental and calculated peaks. The 𝐾 and 𝑛 parameters associated with strain hardening were adjusted in order to reduce the delay between the experimental and calculated peaks. They were found equal to 𝐾 = 392 MPa and 𝑛 = 0.35.

The predicted equivalent plastic strain using Abaqus simulation reaches 63% of the maximum plastic strain estimated from Ballard's model and is predicted equal to 6.3 × 10 -3 . Taking into account this value, the strain hardening rate normalized by the Young Modulus is found equal to 0.06 at 10 6 s -1 . It is similar to the one obtained at 10 5 s -1 by [START_REF] Daoud | Effect of rake angle on Johnson-Cook material constants and their impact on cutting process parameters of Al2024-T3 alloy machining simulation[END_REF], 0.05 and higher than 0.03, the value estimated from a quasi-static monotonic tensile stress-strain curve [START_REF] Albedah | Fatigue crack propagation in aluminum plates with composite patch including plasticity effect[END_REF]. These comparisons suggest that the strain hardening rate for plastic strain ⩽ 6 × 10 -3 slightly increases with increasing strain rate.

Figs. 10 and 11 illustrate a comparison between the rear freevelocity profiles measured with VISAR and the values obtained by simulations for 7175-T7351 aluminum alloy and the Ti6Al4V-ELI, respectively.

The elastic-perfectly-plastic model considering static yield stress underestimates the elastic precursor and leads to a too pronounced elastic-plastic transition for both materials leading to a delay of occurrence for the first peaks. For the 7175-T7351 aluminum alloy, the predicted elastic precursor is 92 ms -1 and the measured is 107 ms -1 . For Ti6Al4V-ELI, the calculated and the measured elastic precursors are 120 ms -1 and 210 ms -1 , respectively. The 𝐶 parameter was adjusted to successfully represent the elastic precursor and was found equal to 0.01 and 0.04, respectively for 7175-T7351 alloy and Ti6Al4V-ELI. The 𝐶 value for 7175-T7351 alloy is the same as the 𝐶 parameter used in [START_REF] Zhang | Investigation on residual stress distribution in thin plate subjected to two sided laser shock processing[END_REF]. It provides a 𝑃 𝐻𝐸𝐿 and a dynamic yield stress at 10 6 s -1 of 920 MPa and 500 MPa, respectively. For Ti6AlV4-ELI the 𝑃 𝐻𝐸𝐿 and dynamic yield stress at 10 6 s -1 were found equal to 2900 MPa and 1460 MPa, respectively. As far as the other peaks are concerned, interestingly, no significant additional delay between the occurrence of the experimental and predicted peaks was measured. For both materials, results indicate that the Johnson-Cook model without strain hardening has good agreement with experimental results. These results show that strain hardening was not involved in the experiments. Table 4 compares the thickness of the studied foils and the length of the plastic affected zone according to Ballard's model [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF] considering an triangle or square pulse in time. The thickness of 7075-T7351 and Ti6Al4V-ELI are below or close to the theoretical plastic affected length. The presence of elastic precursor in Figs. 10 and 11 confirms the onset of plastic strain but its magnitude is probably too low to evidence strain hardening.

Indeed, the predicted equivalent plastic strain at the rear freesurface is 44% and 21% of the maximum possible plastic strain predicted by Ballard's model (Table 4). The mean shock wave velocity 
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Table 1

 1 Mechanical properties and foil thickness of studied materials.

	Material	𝜌 (kg/m 3 )	𝜈	𝐸 (MPa)	𝜎 𝑦 (MPa)	𝜎 𝑦𝐷 (MPa)	𝑃 𝐻𝐸𝐿 (MPa)	Target thickness (mm)
	Pure aluminum	2700	0.33	70 000	90 (Yamada et al., 2018; Hatch, 2005)	164 (Akarca et al., 2008)	320	0.50
	2024-T3	2785	0.33	70 000	369 (Ivetic, 2013; Albedah et al., 2017)	340 (Ivetic, 2011)	800	0.50
	7075-T7351	2785	0.33	72 000	430 (Zhang et al., 2019)	525 (Zhang et al., 2019)	1030	1.00
	Ti6Al4V-ELI	4430	0.33	11 7000	841 (ATI, 2016)	1480 (Ahn and Huh, 2012)	2900	0.38

Table 2

 2 Experimental laser process parameters and induced maximum pressure.

	Material	Spot diameter (mm)	Intensity (GW/cm 2 )	𝑃 𝑚𝑎𝑥 (MPa)
	Pure aluminum	5	2.25	3000
	2024-T3	4	2.97	3100
	7175-T7351	5	2.25	3000
	Ti6Al4V-ELI	3	6.30	5900

Table 3

 3 Mechanical properties of studied materials.

	Material		𝜎 𝑦 (MPa)	𝐾 (MPa)	𝑛	𝐶	ε𝑝0
	Pure aluminum	90 (Yamada et al., 2018; Hatch, 2005)	200	0.30	0.035	0.01
	2024-T3		369 (Ivetic, 2013; Albedah et al., 2017)	329	0.35	0.025	0.01
	7175-T7351	430 (Zhang et al., 2019)	-	-	0.010	0.01
	Ti6Al4V-ELI	841 (ATI, 2016)	-	-	0.040	0.01
	Table 4					
	Foil thickness, theoretical plastic length, theoretical and simulated equivalent plastic strain (PEEQ)of studied materials.
	Material	Thickness				
		(mm)				

estimated from the experimental first and third peaks is equal to 6667 ms -1 for 7175-T7351 alloy and 6307 ms -1 for Ti6Al4V-ELI. These values are close to the velocity of the elastic wave (6190 ms -1 for 7175-T7351 alloy and 6255 ms -1 for Ti6Al4V-ELI). The fact that the values are even above the elastic wave velocity is due to the uncertainty in Young Modulus usually estimated with tensile tests while compression state involves during laser-induced shock wave. The maximum compressive Young modulus of Ti6Al4V-ELI is 124 000 MPa. This value provides an elastic wave velocity equal to 6440 ms -1 . This comparison reveals that the stress shock wave propagates mainly in an elastic medium.

All these results show that the analysis of the rear free surface velocity peaks subsequent to the first peak gives useful information on the strain-hardening of the material loaded at 10 6 s -1 and during less than 25 ns. It allows the identification of strain-hardening parameters of constitutive equations. Nevertheless, this requires experimental conditions promoting enough plastic deformation (at least above 44% of the maximum possible plastic strain determined by Ballard's model [START_REF] Ballard | Contraintes Résiduelles Induites Par Impact Rapide[END_REF]))

Conclusion

A method coupling experiments and modeling is proposed to identify the parameters of three constitutive equations in the case of strain rate around 10 6 s -1 and for test duration below 25 ns (LSP conditions). It is shown that:

1. A laser induced high-pressure loading impact on the front surface of a thin metal target can be used as a mechanical test to investigate strain rate sensitivity and strain hardening of the material. The experimental data used is the rear free-surface velocity time profile of the target. 2. The strain rate sensitive parameter of the Johnson-Cook constitutive equation is determined from the elastic precursor (in the rise of the first peak of the velocity profile). 3. The yield stress at 10 6 s -1 was found equal to 1.6 times the quasistatic yield stress for pure aluminum, 1.4 for 2024-T3, 1.1 for 7175-T7351 and 1.7 for Ti6Al4V-ELI. 4. The strain hardening parameters can be identified using the delay between the first peak and the second/third peaks. 5. Characterizing strain hardening requires experimental conditions promoting plastic strain at the rear free-surface at least higher than 44% of the maximum possible plastic strain determined by Ballard's model. In these experiments, the plastic strain involved is approximately values of few 10 -3 have been found for plastic strain at the rear free-surface. 
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