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Introduction

The study of the mechanism of metallic materials under cyclic loading has been a research hotspot since the 19 th century. Crack initiation and propagation are the leading causes of fatigue failure in metallic components. In addition, previous studies at the microscopic scale have revealed that metal fatigue is mainly related to the dislocation slip and the formation of a slip band. In order to better understand the deformation mechanisms of fatigue, many scholars have developed dissipative frameworks in an attempt to look at these issues from an energy perspective.

Under cyclic loadings, it is accompanied by changes in different energies as deformation occurs. These energies include the thermoelastic one associated with elastic deformation and the thermoplastic one associated to plastic deformation of the material. For a homogeneous and isotropic material with a linear elastic behavior under adiabatic conditions, the temperature variation due to the thermoelastic effects is proportional to the trace of the stress variation rate with time. This effect was firstly investigated by Lord Kevin and reformulated by Darken and Gurry [START_REF] Darken | Physical Chemistry of Metals[END_REF] :

𝛥𝑇 = -𝑇 0 𝛼 ρC 𝑣 tr(𝜎 ˙)
where α is the positive coefficient of linear thermal expansion, T0 is the absolute bulk temperature of specimen, 𝜎 ˙ is the derivation of stress tensor. From previous equation, the temperature variation is negative at stress increasing stage and is positive at stress decreasing stage. However, the variation of thermoelastic energy vanishes at the end of each loading cycle.

It is well known that most of the thermoplastic energy during cold work is converted into heat, but little part is reserved in metals as the stored one, which is associated with microstructure changes such as formation of dislocations and slip bands. Thus, the stored energy is an important indicator of plasticity and failure. Over the past century, various researches on the stored energy of different metal materials have been performed at the macroscopic scale. One can refer to the review of Bever [START_REF] Bever | The stored Energy of Cold Work[END_REF] and Stanley [START_REF] Stanley | Beginnings and early development of thermoelastic stress analysis[END_REF] . Some works have also tried to access the stored energy at a microstructure scale of bicrystal or olygocrystal materials [START_REF] Saai | Experimental and numerical study of the thermomechanical behavior of Al bi-crystal in tension using full field measurements and micromechanical modeling[END_REF][START_REF] Wang | Infrared thermography coupled with digital image correlation in studying plastic deformation on the mesoscale level[END_REF][START_REF] Nowak | Determination of coupled mechanical and thermal fields using 2D digital image correlation and infrared thermography: Numerical procedures and results[END_REF] . In particular, the tools developed by Seghir [START_REF] Seghir | Experimental and numerical investigation of thermomechanical couplings and energy balance in metallic polycrystals[END_REF] allowed a dialog among kinematic, energetic and microstructure fields for polycrystal materials subjected to the unixale tensile loading. A self-heating cyclic test on 316L austenitic stainless steel was conducted in the present investigation. The digital image correlation (DIC) and the infrared thermography (IRT) were applied to simultaneously obtain coupled kinematic and thermal fields on the same specimen surface. This work aims to analyze the microscopic heterogeneity of plastic deformation and thermal fields under cyclic loading based on the experimental data. Furthermore, the energy balance at a grain scale is established under some assumptions.

Experiment 2.1 Specimen preparation

An AISI 316L austenitic stainless steel was used due to two main reasons: i) its low diffusivity prevents the heat conduction as low as possible within material; ii) single austenitic phase of material guarantees the homogeneous thermal properties in individual grain. The dog-bone flat specimen was shaped by wire erosion and had undergone grain coarsening by annealing treatment at 1200°C for 3h in order to ensure the spatial resolution of measurement, especially the thermal one. The dimensions of specimen are presented in Fig 1b . The average equivalent diameter of all 232 grains within Zone of Interest (ZOI) was 323µm without considering twins boundaries, and the diameter of several grains is larger than 1mm. The grain size distribution is heterogeneous and only 14% of grains are smaller than 100µm which cover 1% of the surface. The coarse grains allow observing heterogeneous deformation and thermal effect within them. The observed surface of specimen was polished up to 1µm by using diamond suspension. 

Determination of the emissivity

In order to ensure the fully coupled measurement, a high emissivity black paint primer was homogeneously deposited, following which small calcium carbonate particles were covered on the same surface by using an airbrush. Fig 2a shows a typical coating on the specimen. The heterogeneous coating is necessary for DIC technique. This heterogeneity is also reflected in the emissivity field but is often ignored and considered as a constant, which can introduce important errors into the measurement of heterogeneous thermal fields and subsequent energy balance analysis.

In this work, the emissivity at initial configuration was measured by the indirect method [START_REF] Bodelot | Etude couplées des champs cinématiques et thermiques à l'échelle de la microstructure des maté riaux mé talliques[END_REF] . The measurement was conducted just before the beginning of test when the specimen was at thermal equilibrium. However, the measured emissivity is noisy and non-uniform primarily due to the reflection of environment and high frequency of acquisition. Inspired by Seghir [START_REF] Seghir | Quantitative Infrared Lagrangian Thermography for the thermomechanical determination of the granular yield stress in a polycrystal[END_REF] , one obtained the corrected the emissivity field by decomposing the flux as Low and High spatial frequency. Fig 2b and2c shows the corrected emissivity field and its distribution, respectively. One can note that the emissivity distribution is Gaussian with a mean value of 0.95 and a standard variation of 0.01. 

Experimental setup and loading

Flir Sc6800 infrared camera with 640x612 InSb detectors was used to capture IR images. Equipped with a X1 magnification lens, the resulting field of view is 9.6mm x 7.6mm with a spatial resolution of 15µm x 15µm. The exposure time is 2000µs, which can satisfy the continuous acquisition of images at 120Hz without dropping frames. Optical images were recorded by Ximea CB500 camera with a LAOWA 25mm f/2.8 Ultra-Macro 2.5-5x lens. One chose X2.5 magnification and f/8.0 aperture. The visible images were reduced to 5400x4800 pixels, which allows acquiring images at frequency of 30Hz. It provided a field of view 9.9mm x 8.1mm with a spatial resolution of 1.84µm x 1.84µm. IR and visible cameras observe the same surface thanks to a dichroic mirror, and the free edges of specimen could be kept in field of view during the whole test. 

Results and discussion 3.1 Numerical analysis

The stress-strain curve of the test is shown in Fig 4a where the strain is the mean value within the ZOI calculated by DIC and it was 1% at the end of the test. The linear relation among stress, temperature and strain is maintained from O to A, which represents the elastic domain, as shown in Fig 4a . The linearity of stress-strain and temperature-strain curves is not guaranteed any more from A, which indicates the occurrence of microplasticity. One also observes that the macroscopic temperature increases from B, which characterizes a global warming of specimen. In conclusion, the stress at A (123MPa) corresponds to the permanent deformation of 0%. In addition, the temperature reaches minimum at 178MPa (point B) with a permanent strain offset of 0.03%, which could also be estimated by Hall-Petch law [START_REF] Darken | Physical Chemistry of Metals[END_REF] . Similar results were also obtained in the investigation of same material subjected to a tensile loading [START_REF] Seghir | Experimental and numerical investigation of thermomechanical couplings and energy balance in metallic polycrystals[END_REF] . The temperature increases due to the plastic deformation during the cyclic loading and it tends to saturate with the increment of loading cycles. 

Energy balance

The heat equation is developed in the following formula in [8]: , which rises rapidly within the first cycles and tends to saturates gradually. At the end of the test, 55% of the mechanical work remains within the specimen in the form of stored energy. Vincent [START_REF] Vincent | On the ability of some cyclic plasticity models to predict the evolution of stored energy in a type 304L stainless steel submitted to high cycle fatigue[END_REF] obtained a saturation of β ratio close to 80% when using a nonlinear kinematic hardening model to study 304L stainless steel under uniaxial high cycle loading. However, it should be noted that various investigations on stainless steel subjected to uniaxial tensile loading have the saturated β ratio about 20% [START_REF] Oliferuk | Rate of energy storage and microstructure evolution during the tensile deformation of austenitic steel[END_REF][START_REF] Chrysochoos | Bilan é nergé tique en é lastoplasticité grandes dé formations[END_REF] .

ρC 𝑣 𝑇 ˙-div (𝐾 ⋅ grad ⃗⃗⃗⃗⃗⃗⃗⃗ (𝑇)) = (𝜎 -𝑎): 𝜀 𝑝 ˙+T 𝜕𝜎 𝜕𝑇 𝜀 𝑒 ˙+T 𝜕𝑎 𝜕𝑇 𝜀 𝑝 ˙+ 𝑟 𝑒 (1) 
According to Hall-Petch [START_REF] Singh | Hall-Petch behaviour of 316L austenitic stainless steel at room temperature[END_REF] law, the yield strength depends on the grain size. The grain size distribution is very heterogeneous of the tested specimen, which could produce significantly different yield strength values for different grains. Besides, the determination of mechanical work is based on the plastic deformation. In order to establish more accurate energy balance at the grain scale, the elastic deformation should be eliminated. The yield strength values of different grains are estimated according to Hall-Ptech law, as shown in Fig. 6a. Based on Hooke's law, one can obtain the elastic deformation within each grain, and the Von Mises strain field with only plastic deformation is shown in Fig. 6b. Fig 6(c-f) shows the plastic work, dissipated energy, stored energy and β ratio at the final cycle, respectively. One can observe that the dissipated energy clearly presents a conductive trend from the center part of specimen to the border as during a tensile test [START_REF] Seghir | Experimental and numerical investigation of thermomechanical couplings and energy balance in metallic polycrystals[END_REF] . However, plastic work and stored energy have significant heterogeneities at the microstructural scale, and these heterogeneities remain similar at different loading cycles. Furthermore, one can note that the lower stored energy corresponds to the lower plastic work, but relatively has the high dissipation, as shown in zone A of 

Conclusion and perspectives

Cyclic loading test was conducted by using a 316L stainless steel which had undergone grain coarsening. Kinematic and thermal fields on the same surface were measured thanks to a dichroic mirror. The noisy fields were projected onto the microstructure by using numerical projection. Yield strength values obtained from the mechanical data are close to the one estimated by Hall-Petch law. The increment of strain and temperature saturate with increasing loading cycles. The energy field distribution shows that the dissipated energy presents a conductive trend from the center part to the border. The stored energy field is much more heterogeneous and similar to the deformation field.

The energy balance was analyzed under some assumptions. However, there are still perspectives for a more accurate analysis:

-The measurement of EBSD could provide information of crystal orientation. These could help to determine the stress tensor within grain which is necessary for a complete energy analysis. Furthermore, FEM numerical analysis, which allows to determine the necessary internal variables for a complete energy balance, could be an interesting research by combining EBSD information and experimental data.

-In plan and out of plan measurements with two cameras will be applied in our future work, which allows to obtain all quantities displacements, especially z displacement associated to the relief surface in fatigue and the associated strain field.

-The experimental analysis and results of this work can be extended to low cycle fatigue, which can detect the initiation of microcracks from the perspective of temperature or energy.

  Fig 1. (a) The microstructure after electrochemical etching; (b) dimensions of specimen; (c) segmentation of grains; (d) distribution of grain size within ZOI
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 2 Fig 2. (a) Typical coating pattern; (b) emissivity of coating; (c) histogram of distribution of emissivity
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 3 Fig 3. (a) Experimental setup; (b) example schema of cyclic loading

  Fig 4b shows the plastic strain accumulation and the evolution of temperature during each cycle. The smoothing curves show the trend of stabilization of both quantities with increasing number of cycles. The increase of temperature due to thermoplastic (<10mK in Fig 4b) is much smaller than the decrease of temperature due to thermoelasticity (>150mK in Fig 4a).
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 4 Fig 4. (a) stress-strain and temperature-strain curves of the test; (b) temperature variation and axial deformation as the function of number of cycles

Following assumptions are usedFig 5 .

 5 Fig 5. (a) Macroscopic energy terms and (b) ratio of stored energy to mechanical work as the function of number of cycles

  Fig 6. (a) Yield strength of all grains; (b) Von Mises deformation field; (c-e) Involved energy fields in the unit of mJ ⋅ mm -3 and (f) β ratio

  

σy = 182MPa, yield strength estimated by law of Hall-Petch for 316L stainless steel[START_REF] Singh | Hall-Petch behaviour of 316L austenitic stainless steel at room temperature[END_REF] : 𝜎 𝑦 = 𝜎 0 + 𝑘𝑑 -0.5 with σ0 = 150MPa and k = 575MPa.µm -1/2 for the mean grain size of 323µm
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