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Introduction

In multiaxial fatigue, the parameters typically required for fatigue criteria are fatigue limits under cyclic tension as well as fatigue limits under pure shear loading, such as the Crossland criterion [START_REF] Crossland | Effect of large hydrostatic pressures on the torsional fatigue strength of an alloy steel[END_REF]. However, fatigue limits under pure shear loading are difficult to obtain in the case of thin steel sheets (i.e. less than 5mm thickness) [START_REF] Brosius | A new shear test for sheet metal characterization[END_REF][START_REF] Yin | An experimental and numerical investigation of different shear test configurations for sheet metal characterization[END_REF]. Cyclic shear tests are usually performed on cylindrical specimens that cannot be machined from thin steel sheets, or on tubular specimens. Concerning the latter geometry, specimens could be fabricated by sheet rolling and welding. In that case, hardening would be induced by the rolling step and the welding join would make the material heterogeneous [START_REF] Doudard | Dtermination rapide des proprits en fatigue grand nombre de cycles partir d'essais d'chauffement[END_REF][START_REF] Galtier | Fatigue tests on thin sheet materials[END_REF].

Consequently, the material could not be characterized in its as-delivered state.

Therefore, the common approach to assess parameters for fatigue criteria considers fatigue limits under cyclic tension for two different load ratios (usually R = -1 and R = 0.1) but this reduces the accuracy of the criteria [START_REF] Galtier | Fatigue tests on thin sheet materials[END_REF]. In order to overcome this limitation, a new experimental test is proposed in this article.

The aim of this study is to design, perform and validate a new testing device for high cycle fatigue characterization under pure shear cyclic loading of flat steel samples using self-heating measurements under cyclic loading. These measurements have been studied for several years in order to reduce the time dedicated to the estimation of high cycle fatigue properties [4, 5, 8-13, 18, 20, 26, 32, 33, 38].

The principle is to apply a succession of series of cyclic loading with a constant stress amplitude, which increases for each series [START_REF] Doudard | Dtermination rapide des proprits en fatigue grand nombre de cycles partir d'essais d'chauffement[END_REF][START_REF] Munier | Determination of high cycle fatigue properties of a wide range of steel sheet grades from self-heating measurements[END_REF]. The temperature evolution is recorded during each loading sequence providing information about the intrinsic dissipation of the material. Then, a probabilistic two-scale model is used to link this intrinsic dissipation evolution under cyclic loading to the microplasticity evolution inside the material, which is the mechanical mechanism responsible for failure by fatigue [START_REF] Lemaitre | Damage 90: a post processor for crack initiation[END_REF][START_REF] Lemaitre | A two scale damage concept applied to fatigue[END_REF]. It is assumed that the intrinsic dissipation is only due to the microplasticity mechanism [START_REF] Doudard | A probabilistic two-scale model for high-cycle fatigue life predictions[END_REF][START_REF] Munier | Etude de la fatigue des aciers laminés à partir de l'autoéchauffement sous sollicitation cyclique : essais, observations, modélisation et influence d'une pré-déformation plastique[END_REF][START_REF] Munier | Identification of the micro-plasticity mechanisms at the origin of self-heating under cyclic loading with low stress amplitude[END_REF]. Hence, it is possible to assess the high cyclic fatigue properties for a metallic material in few hours by only considering one sample.

In this study, the selected specimens are deigned to meet two specific requirements: firstly the geometry must be compatible with cyclic loading and secondly with a 0D thermal approach for self-heating measurements [START_REF] Louge | Apports des mesures d'auto-échauffement pour l'étude de la fatigue des aciers: effets d'histoire et cisaillement pur[END_REF][START_REF] Munier | Etude de la fatigue des aciers laminés à partir de l'autoéchauffement sous sollicitation cyclique : essais, observations, modélisation et influence d'une pré-déformation plastique[END_REF].

With a 0D thermal approach, the stress state in the useful zone must tend toward a homogeneous shear stress field. This kind of approach is the easiest way to use self-heating measurements and does not require specific equipment such as an infrared camera [START_REF] Doudard | A probabilistic two-scale model for high-cycle fatigue life predictions[END_REF][START_REF] Galtier | Influence de la microstructure des aciers sur leur propriétés mécaniques[END_REF][START_REF] Munier | Determination of high cycle fatigue properties of a wide range of steel sheet grades from self-heating measurements[END_REF]. Thus, the main advantage of the two new specimens proposed here is that the fatigue properties under cyclic shear loading can be assessed easily in the as-delivered state.

This paper begins with a bibliographic review of existing shear loading fatigue tests for flat samples, highlighting the need for a more efficient test using self-heating measurements under cyclic loading. Then, the design of two new geometries is proposed as well as the testing device. Finally, the self-heating measurements for both geometries are plotted. To conclude, the fatigue limit under shear conditions is assessed, making the determination of a multiaxial fatigue criterion possible and more accurate than with the common approach.

Since classical fatigue tests under shear conditions are difficult to perform on thin steel sheets without modifying the state of the material, the comparison between the results from the two new specimens proposed and a regular fatigue campaign is not possible.

Current state of shear testing for sheet materials

A literature review was conducted in order to make an inventory of primarily used shear tests [START_REF] Brosius | A new shear test for sheet metal characterization[END_REF][START_REF] Yin | An experimental and numerical investigation of different shear test configurations for sheet metal characterization[END_REF] grouped in two categories : shear tests for characterization of plastic hardening of sheets and shear tests for characterization of fatigue properties of sheets. Although only four tests are presented for the first category, various approaches have been proposed [START_REF] Gasperini | Microstructure evolution and strain localization during shear deformation of an aluminium alloy[END_REF][START_REF] Klepaczko | Quasi-static and dynamic shearing of sheet metals[END_REF][START_REF] Mohr | Calibration of stress-triaxiality dependent crack formation criteria: a new hybrid experimental-numerical method[END_REF][START_REF] Mohr | A new experimental technique for the multiaxial testing of advanced high strength steel sheets[END_REF][START_REF] Peirs | Novel technique for static and dynamic shear testing of ti6al4v sheet[END_REF][START_REF] Rauch | Plastic behavior of metals at large strains: experimental studies involving simple shear[END_REF][START_REF] Roth | Ductile fracture experiments with locally proportional loading histories[END_REF] having the same limitation regarding cyclic loading.

Shear tests for characterization of plastic hardening of sheets

The first test presented is the simple shear test, originally proposed by K.

Miyauchi [START_REF] Miyauchi | A proposal for a planar simple shear test in sheet metals[END_REF]. The sample is rectangular-shaped with three clamping areas, two fixed at both sides and one mobile at the center. This is why the sample has two symmetrical useful zones. The force is applied at the middle clamp and the shear stress is produced by the parallel displacement of the middle clamp relative to the fixed ones, as shown in figure 1. Due to the symmetry, the shear forces are balanced in the two useful zones. This test is very efficient for mechanical characterization and for identification of behavior laws [START_REF] Bouvier | Simple shear tests: Experimental techniques and characterization of the plastic anisotropy of rolled sheets at large strains[END_REF][START_REF] Genevois | The test of simple shear: experimental techniques and application to the identification of constitutive laws for metal sheet[END_REF][START_REF] Liu | Influence of shear strain, as a pre-deformation, on the subsequent mechanical properties of A-K steel[END_REF][START_REF] Rauch | Plastic anisotropy of sheet metals determined by simple shear tests[END_REF].

The theoretical shear stress τ theo in each useful zone is determined by

2 × τ theo = F L.e (1) 
where F is the applied force at the middle clamp, L and e are respectively the height and the thickness of the specimen. To observe the stress field induced by a tensile loading, a finite element simulation was conducted in Abaqus/Standard considering only one useful zone. The value of the force F is arbitrarily chosen at 40kN to obtain a theoretical elastic shear stress at the center of the useful zones of 100MPa. The numerical results, in figure 2, show that the stress field is homogeneous except on the edges and the mean stress is practically equal to the theoretical value. This test has many advantages such as using a simple specimen with no complex machining which could lead to stress concentrations.

A large deformation can be applied and the loading can be reversed. Nevertheless, precautions have to be taken to avoid any deformation in the area of the sample under the clamps, which may occur due to the torque created by the tensile force [START_REF] Bouvier | Simple shear tests: Experimental techniques and characterization of the plastic anisotropy of rolled sheets at large strains[END_REF]. This phenomenon could also disturb the thermal measurements. The second test presented was developed in the frame of the ASTM (American Society for Testing and Materials). They developed their proper shear test to study aluminium sheet behavior, related to the ASTM B831 standard [START_REF] Astm | Test method for shear testing of thin aluminum alloy products[END_REF], considering a specimen with a localized useful zone, shown in figure 3(a).

This test is more efficient than the simple shear test [START_REF] Rauch | Plastic anisotropy of sheet metals determined by simple shear tests[END_REF] with the advantage of analysing the in-plane plastic anisotropy of metals. However, an unwanted rotating movement is created at the center of the specimen due to its geometry.

To overcome this problem, Merklein and Biasutti proposed another geometry [START_REF] Merklein | Forward and reverse simple shear test experiments for material modeling in forming simulations[END_REF], shown in figure 3(b). In addition, this improved geometry makes loading reversal possible and cyclic loading can be applied. For thin sheets, particular attention has to be drawn to the buckling effect under compressive loading [START_REF] Yin | A cyclic twin bridge shear test for the identification of kinematic hardening parameters[END_REF].

The theoretical shear stress in the useful zone for both geometries is given by

τ theo = F L.e (2) 
where F is the applied force, L the length of the useful zone and e the thickness Other tests propose to generate shear stress via a rotating movement instead of a translational movement. The first and simplest of these is the in-plane shear test considering a disc specimen proposed by Marciniak to study cyclic hardening of copper [START_REF] Marciniak | Influence of the sign change of the load on the strain hardening curve of a copper test subject to torsion[END_REF]. The outer zone of the disc (the largest disc radius) is fixed and the rotating movement is transmitted through the inner zone (the central zone of the disc). The relative rotational movement between the outer and inner zones creates the shear stress in the useful zone, shown in figure 5.

The theoretical shear stress depends on the radius and is given by

τ theo (r) = C 2π.e.r 2 (3) 
where C represents the torque, e and r are respectively the thickness and the radius of the sample. The mean shear stress value in the useful zone is given by

τ mean theo = 1 R max -R min Rmax R min C 2π.e.r 2 dr = C 2π.e (R max -R min ) 1 R min - 1 R max (4) 
where R min and R max are the inner and outer radius. The torque is set to 1005Nm to obtain a mean shear stress at 100MPa. The main drawback of this solution is that the stress field is not homogeneous in the useful zone, illustrated in figure 6, making the self-heating measurements analysis using a 0D thermal approach more difficult. In addition, the maximal torque needed requires a high load capacity (1005Nm to obtain a mean shear stress at 100MPa). In order to study the anisotropy effect on material properties under shear loading on rolled steel, a modification of the in-plane shear test was developed by Brosius [START_REF] Brosius | A new shear test for sheet metal characterization[END_REF] named TwinBridge. Slots are cut from a disc specimen to obtain two symmetrical useful zones, as shown in figure 7. The anisotropy effect can be analyzed by removing material at different angles with respect to the rolling directions. The theoretical shear stress is

τ theo = C 2.e.∆θ.R 2 m (5)
computed at the median line R m = 21.5mm of the useful zone and with ∆θ = 20 • . The torque is set at 65Nm to get a theoretical shear stress at 100MPa.

The main advantage is that the maximal torque needed is much lower than the classical in-plane shear test using a full disc because the total useful zone area is greatly reduced. However, some stress concentrations occurred on the edges, shown in figure 8, which could disturb the thermal field in the context of selfheating test under cyclic loading. In addition, the useful areas are too small (2mm width and ∆θ × R m ≈ 7.5mm length) to correctly measure the thermal evolution and to use a 0D thermal approach. Other authors have been working on this kind of specimen [START_REF] Yin | A grooved in-plane torsion test for the investigation of shear fracture in sheet materials[END_REF] but the useful zone width is also too small. 

Shear tests for characterization of fatigue properties of sheets

For fatigue characterization of flat steel, ArcelorMittal has developed a fatigue shear test named SAMSHEAR [START_REF] Galtier | Fatigue tests on thin sheet materials[END_REF]. The sample geometry, shown in figure 9, is close to the simple shear test but with two section reductions. The first one is in the width (machining of two notches with radii of 20mm) to avoid original version used a constant thickness over the whole specimen. However, the hydrostatic pressure was at its maximum at both external radii. It was also found that there are stress concentrations in sense of von Mises at the same location, with a magnitude lower than at the center but still significant. The combination of those two phenomena often led to premature failures and crack initiations at one of external radii instead of at the center of the sample. In order to avoid this problem, a hemispherical electro-erosion was performed with up to 50% thinning to concentrate the maximal stress at the center of the useful zone. The sample is clamped on two areas, one to the upper grip of the machine which is fixed and the other to the lower grip which is mobile. This design, which is possible because of a complex machining, requires finite element analyses in order to assess the pure and maximal shear stress states at the center of the sample. There is no analytical solution to link the force applied to the shear stress induced by this force. For the numerical analysis, shown in figure 10, the applied force is 8kN which would have led to a theoretical shear stress of 100MPa if the thickness was constant. Unfortunately, the coupling is- sue between the shear stress and the hydrostatic pressure is only reduced. Crack initiations often occurred at one of external radii so some tests are not usable.

In addition, with this geometry, the shear stress is concentrated in one point at the center of the sample and the stress field is not homogeneous in the useful zone. Consequently, a 0D thermal approach cannot be used from self-heating measurements.

Summary

None of the tests presented above can meet all the requirements for the characterization of shear fatigue properties of steel sheets using self-heating measurements under cyclic loading. Most of them were developed for plastic hardening characterization under quasi-static loading. It would be very difficult to apply a cyclic loading and maintain a pure shear stress field. The SAMSHEAR test could be used because it was developed for fatigue tests. Unfortunately, due to the coupling between the shear stress and the hydrostatic pressure and, more importantly, because the stress field is non-homogeneous, this test cannot be used. The two interesting geometries are the in-plane shear and the Twin-Bridge tests. Cyclic loading can be applied on both specimens. However, to obtain a homogeneous shear stress field, the shape has to be redesigned. This will be presented in the next section.

Design of in-plane torsion tests under cyclic loading

In this section, two new geometries of specimen are proposed for shear fatigue properties characterization from self-heating measurements under cyclic loading.

Both geometries were designed from a disc specimen, illustrated in figure 11. In this case, it was shown in equation 3 that the shear stress is not homogeneous along the radius in the useful zone. In order to obtain a homogeneous thermal field, the stress field must tend toward a homogeneous shear stress field. To this end, the section of the useful zone has to evolve as a function of 1/r. The first proposed geometry presents a variable thickness as a function of the radial position in the useful zone, illustrated in figure 12. The section is defined by

S(r) = 2π.r.e(r) (6) 
with e(r) the thickness evolution to be determined. To obtain a homogeneous stress field, i.e. a constant shear stress, the thickness has to evolve as a function of 1/r 2 , such as

∀r, τ (r) = C 2π.r 2 .e(r) = cst ⇒ r 2 .e(r) = cst = a ⇒ e(r) = a r 2 (7) 
with a a constant parameter to be determined from the boundary conditions.

At the minimum radius R min the thickness is equivalent to the nominal e(r = R min ) = e 0 . To satisfy this condition, the a parameter has to be equal to

R 2 min .e 0 , which leads to e(r) = R 2 min .e 0 r 2 (8) 
with R min = 28mm. This value, defining the clamping area of the sample, is determined from the second geometry in order to use the same testing device.

For this first geometry, the stress field will always be homogeneous regardless the value of R min . The higher the value of R min , the more important the clamping area will be. Consequently, the greater the transmissible torque. A cross sectional view of this final geometry is provided in figure 13. The numerical results are reported in figure 14 and confirm the stress field homogeneity in the useful zone as expected. This solution is very close to the theoretical one, nevertheless some care must be taken during the machining operation to ensure the required section. This solution seems to meet all the requirements, which are the ability to apply a cyclic loading and a homogeneous shear stress field in the useful zone. But it has one significant inconvenience regarding the torque levels. In order to reach the higher shear stresses for self-heating curves, the matching torque could be greater than the maximal transmissible torque by the testing device, which is limited by the clamping area and the clamp force.

Second proposition : an openshaped shear disc specimen

The second geometry was designed with the aim of reducing the maximal torque from the complete disc specimen shown in figure 11. To this end, two shaped slots were cut, called openshape, to obtain two symmetrical useful zones, 

where e 0 is the initial thickness and α(r) the parameter to be determined. For instance, in the case of a full disc, the parameter α would be radially constant and equal to π for each useful zone. To obtain a homogeneous shear stress field, this angle α must evolve along the radius. To this end, in both useful zones, the α(r) parameter has to evolve as a function of 1/r 2 , such that

∀r, τ (r) = C/2 α(r).r 2 .e 0 = cst ⇒ α(r).r 2 = cst = b ⇒ α(r) = b r 2 (10) 
with b a constant parameter to be determined from the boundary conditions. At the minimum radius R min , the section formula is close to the full disc settings so the assumption b = π.β.R 2 min can be made, which leads to

α(r) = π.β.R 2 min r 2 (11) 
with β a constant parameter representing the ratio of the amount of material between the complete and the openshaped disc. In the case of the complete disc, β is equal to 1. tically homogeneous at the center of the useful zone. This new second geometry seems to meet all the requirements.

Summary

Two new specimens were designed for the characterization of fatigue properties under shear conditions from self-heating measurements under cyclic loading. The objective for both geometries was to obtain a homogeneous shear stress field. The first geometry was a disc with a radially variable thickness and the numerical results are very close to the ideal configuration. For the second geometry, two shaped slots were cut in the disc. The stress field is slightly less homogeneous but the required torque is reduced by 20% compared with the first geometry. Self-heating measurements were performed on these specimens, as described in the next section.

Material

The selected material is a hot-rolled High Strength Low Alloyed (HSLA 320) steel grade with a thickness of 2mm produced by ArcelorMittal. HSLA steels have low carbon content (i.e., 0.05-0.25%) in order to enhance formability and weldability. These steels are particularly suitable for structural components in the automotive industry, such as suspension systems, chassis and reinforcement parts. The chemical composition of the investigated material is provided in table 1. This steel has a ferritic microstructure, with possibly a small fraction of pearlite, hardened by a combination of precipitation strengthening and grain refinement. The grain size is fine and homogeneous (i.e., the mean grain size is about 5µm), illustrated in figure 17. The mechanical properties are provided in table 2 in the longitudinal, at 45°and in the transverse direction and the corresponding monotonic tensile curves are shown in figure 18. The presence of a yield plateau up to strain value of 2% is observed in all directions and it can be assumed that the material is isotropic. In order to verify if the stress field complies with a pure shear stress field, the strain field was analyzed. Rosettes were placed on the useful zones on both new geometries, shown in figure 20 for the openshaped specimen. Rosettes have three strain gauges allowing to measure the strain along three directions and to analyze the strain state. The strains must be symmetrical between the gauges a and c and zero from the gauge b. The two principal strains, named ε I and ε II , have also to be symmetrical. The theoretical induced shear stress τ theo in the useful zone can be determined using the Hooke's law from these principal strains by

σ d = 2µ ε + λ Trace ε I ( 12 
)
with σ d the principal stress tensor, defined by

σ d =      τ theo 0 0 0 -τ theo 0 0 0 0      ( e1, e2, ez) (13) 
which gives

τ theo = 2µ ε I or -τ theo = 2µ ε II ( 14 
)
with µ = 80GPa the shear modulus. For both geometries, the experimental values along the two principals strains, respectively named τ exp 1 and τ exp 2 , have to tend to the theoretical one τ theo .

Measurements

The self-heating protocol under shear loading condition is the same as for a tension/compression loading [START_REF] Doudard | A probabilistic two-scale model for high-cycle fatigue life predictions[END_REF][START_REF] Munier | Determination of high cycle fatigue properties of a wide range of steel sheet grades from self-heating measurements[END_REF]. A succession of loading blocks with a constant stress amplitude is applied to the sample. One of the main objective of this study is to use a 0D thermal approach for the self-heating measurements,

i.e. thermocouple measurements are sufficient. The entire temperature field of the useful zone has to be measured to validate the use of such an approach.

The mean value of the stabilized temperature must conform with measurements from the thermocouples. For each test, self-heating measurements were made by thermocouples and compared with an infrared (IR) camera. The accuracy of the type K thermocouples used is about 0.1K and its response time is in the order of one second. The IR camera used is a FLIR SC7600 with an accuracy of 0.01K.

Three thermocouples were positioned, one on the useful zone and the two others on the coronet and the central shaft respectively. For the IR measurements, the 

Experimental results

For the strain analysis, a ramp loading, shown in figure 23, was applied on both geometries. The strain data from the rosettes for both geometries are shown in figures 24 and 25. The strains along both gauges b are almost zero even though it is slightly greater for the openshaped disc. This is probably because the stress field is not completely homogeneous in all of the useful zone for this geometry. The strains along both gauges a and c are symmetrical as well as for the principal strains. Consequently, the strain field is practically a homogeneous shear strain. In addition, the experimental values of the shear stress along both principal directions are identical to the theoretical values, shown in figure 26, as predicted by the numerical investigations. Moreover, this figure demonstrates that for a quasi-static loading of 400Nm, the induced shear stress in the openshaped specimen is 50MPa whereas in the pure shear disc specimen it is 40MP. Consequently, to obtain the same shear stress state in both geometries, the required torque is reduced by 20%. For both geometries, each loading block applied during self-heating measurements is composed of 1500 cycles at a frequency of 10Hz. Figure 27 presents the self-heating measurements for the openshaped disc specimen from the thermocouples and the IR camera. These are in accordance with the classical self-heating measurements under uniaxial loading. anisms may take place depending on the stress amplitude [START_REF] Munier | Identification of the micro-plasticity mechanisms at the origin of self-heating under cyclic loading with low stress amplitude[END_REF]: a diffuse microplasticity all over the microstructure and a localized microplasticity inside grains. The latter is responsible for by fatigue. Two self-heating regimes can be observed on a self-heating curves [START_REF] Munier | Determination of high cycle fatigue properties of a wide range of steel sheet grades from self-heating measurements[END_REF], corresponding to the dissipation of both microplasticity mechanisms. The mean fatigue limit is assessed at the start of the secondary dissipative regime [START_REF] Louge | Apports des mesures d'auto-échauffement pour l'étude de la fatigue des aciers: effets d'histoire et cisaillement pur[END_REF], i.e. the first dissipation point which no longer corresponds entirely to the primary regime. This limit corresponds to the mean fatigue limit at 2 million cycles [START_REF] Munier | Determination of high cycle fatigue properties of a wide range of steel sheet grades from self-heating measurements[END_REF]. Using a 0D thermal approach, the self-heating curves are shown in figures 28 and 29 from both measurement sources for both geometries. Results are plotted a function of the stress amplitude expressed as von Mises equivalent stress Σ VM 0 . The first important result is that the shape of the curves is the same as a classical self-heating curve with two regimes apparent in a logarithmic scale [START_REF] Doudard | A probabilistic two-scale model for high-cycle fatigue life predictions[END_REF]. Secondly, the comparison between the results from the IR camera and the thermocouples gives almost the same results so the use of thermocouples is sufficient. Consequently, the 0D thermal approach can be adopted. In addition, both geometries have been tested twice, demonstrating that those tests are repeatable, as illustrated in figure 30. From self-heating measurements, the identified mean shear fatigue limits are assessed at 230MPa for the pure shear disc specimen and 210MPa for the openshaped specimen, in sense of the von Mises stress, given in table 3. The estimated fatigue limit of the second geometry is slightly lower than the first. This might be explained by the stress concentration areas in the openshaped sample. Those stress concentrations may lead to a premature failure by fatigue as compared to the pure shear disc specimen. This criterion is defined by

Σ VM 0 = 242MPa Σ VM 0 = 231MPa Σ VM 0 = 220MPa Σ VM 0 = 209MPa Σ VM 0 = 198MPa Σ VM 0 = 187MPa Σ VM 0 = 176MPa Σ VM 0 = 165MPa Σ VM 0 = 154MPa Σ VM 0 = 143MPa Σ VM 0 = 132MPa Σ VM 0 = 110MPa Σ VM 0 = 88MPa Σ VM 0 = 66MPa
Σ VM 0 = 242MPa Σ VM 0 = 231MPa Σ VM 0 = 220MPa Σ VM 0 = 209MPa Σ VM 0 = 198MPa Σ VM 0 = 187MPa Σ VM 0 = 176MPa Σ VM 0 = 165MPa Σ VM 0 = 154MPa Σ VM 0 = 143MPa Σ VM 0 = 132MPa Σ VM 0 = 110MPa Σ VM 0 = 88MPa Σ VM 0 = 66MPa (b) Thermocouples
J 2 Σ 0 + α c I 1m Σ(t) β c ≤ 1 ( 15 
)
where J 2 Σ 0 is the second invariant of the stress amplitude deviator tensor, defined by

J 2 Σ 0 = max t J 2 Σ(t) -Σ moy = max t 3 2 Σ(t) -Σ moy d : Σ(t) -Σ moy d (16) 
with Σ(t) -Σ moy d the deviatoric tensor of the stress Σ(t) -Σ moy , and I 1m Σ(t) the maximum value of the first invariant of the stress tensor, given by

I 1m Σ(t) = max t Trace Σ(t) (17) 
and α c and β c two parameters to be determined, as

α c = τ ∞,-1 Σ ∞,-1 - 1 √ 3 and β c = τ ∞,-1 (18) 
with τ ∞,-1 and Σ ∞,-1 respectively the fatigue limit for a load ratio R = -1 under a pure shear and a tension/compression loading. This criterion is illustrated by a straight line with α c and β c are respectively the slope and the intercept.

This line delimits the safe and the failure zone. In the case of flat steel, two loading ratios are considered to plot the Crossland line, usually R = 0.1 and R = -1. Using two new geometries described here, the fatigue limit under pure shear loading can be determined. Figure 31 The criterion determined by the regular strategy (blue line) overestimates the fatigue limit for multiaxial loading close to a pure shear state, whereas with the original strategy (red line) it overestimates the fatigue limit for a multiaxial loading with a large value of the first invariant I 1 (Σ max ).

Discussion

The first proposed geometry, the pure shear disc specimen, presents an ideal shear strain field in the working area. The purpose of the openshaped specimen was to reduce the required torque by constraining the strain field. Only the center of the working zone presents a pure shear condition. Despite the fact that the shear strain field in the working zone of the openshaped specimen is not homogeneous, no substantial difference was found between both geometries. The self-heating measurements from the openshaped specimen are slightly higher than from the pure shear disc specimen, which results in a slight underestimate the mean fatigue limit. This could be explained by the appearance of stress concentrations induced by the connecting radii. Nevertheless, the mean fatigue limits under cyclic shear loading assessed by self-heating measurements for both geometries are in good agreement.

Given that no classical fatigue test can be carried out under cyclic shear conditions on thin steel sheets without modifying the initial state of the material, these findings cannot be compared to a regular fatigue campaign. So, the conclusions must be treated with caution. However, it would be interesting to machine these two new geometries from bulk material from which regular cylindrical specimens could also be obtained. In this way, the results from the methodology presented in this paper could be compared to the results from a classic fatigue campaign under torsional loading.

The figure 31 highlights that the restricted use of two mean fatigue limits seems to be insufficient to characterize material under multiaxial cyclic loading.

This underlines how important the calibration of multiaxial fatigue criteria is.

With the two new specimens proposed in this paper, assessment of the Crossland criterion can be made with higher accuracy under multiaxial loading close to a pure shear condition for thin steel sheets.

The new test specimens may have limitations regarding the maximum transmissible torque. For steel grades with higher strength than the material in this paper, the required torque could be higher than the maximum transmissible torque by the testing setup.

Conclusions

In the case of thin steel sheets, the determination of fatigue limit under pure shear loading is difficult. To overcome this limitation, a new test under pure shear cyclic loading for flat steel samples was designed. First, a bibliographic review of existing shearing tests was provided as well as finite element analysis for each configuration. The stress field in the useful zone of every sample has been analyzed and compared to the requirements. This has shown that none of the existing tests is suitable and the need to develop a new shear test.

Two new geometries were proposed in order to assess the fatigue limit of thin sheet material under a pure shear cyclic loading. Thermal measurements from thermocouples and an infrared camera were in good agreement and validated the 0D thermal approach to obtain self-heating curves. The strain field was validated by means of strain gauges placed on both specimens, showing pure shear loading conditions. Consequently, the fatigue limit under a pure shear cyclic loading can be determined with this new shear test. Further, multiaxial fatigue criteria, such as the Crossland criterion, can be determined to assess the fatigue life of structures under multiaxial loadings.

The development of the test was very difficult and had a lot of challenges such as the torque transmission, the set-up alignment and the thermal acquisition.

Some improvements would have to be proposed in order to make this testing device more practical and usable and to perform some tests with other materials requiring a higher torque.
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 11 Figure 11: Disc specimen settings (initial thickness e 0 = 2mm)
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 14 Figure 14: Finite element analysis results for the pure shear disc specimen
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 171812 Figure 17: Microstructure of the HSLA320 steel (transverse direction)
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 22 Figure 22: Infrared image acquisition with the openshaped specimen
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 23 Figure 23: Loading applied for the strain field analysis on both geometries
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 242526 Figure 24: Pure shear strain validation from measured strain gauges placed on the pure shear disc specimen
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 27 Figure 27: Example of self-heating measurements from IR camera and thermocouples for the openshaped specimen -Each loading bloc are composed of 1500 cycles at a frequency of 10Hz
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 2829303 Figure 28: Self-heating curves from thermocouples and infrared camera for the pure shear disc specimen (solid lines = primary regime evolution)
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 31 Figure 31: of the Crossland criterion between the regular strategy, i.e. considering two load ratio R = -1 and R = 0.1, and the original strategy, i.e. considering one load ratio set at -1 and the pure shear fatigue limit

Table 1 :

 1 Chemical composition of the HSLA320 steel[mass%] 

	C	S	Mn	P	Si	Cu	Ni	Cr	Al	Nb	Fe
	0.0576	0.006	0.330	0.008	0.008	0.021	0.019	0.036	0.045	0.0156	Balance
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