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INTRODUCTION

Under cyclic mechanical loading at a given frequency, a material heats up more or less depending on the mean and amplitude of stress applied. This is due to a release of mechanical dissipation (also called intrinsic dissipation) accompanying the fatigue damage. The first observations of self-heating during a fatigue test were made by Stromeyer at the beginning of the twentieth century [START_REF] Stromeyer | The determination of fatigue limits under alternating stress conditions[END_REF]. In the 1990s, infrared (IR) thermography was used to study the relationship between the self-heating of the material and its fatigue limit [START_REF] Luong | Infrared thermographic scanning of fatigue in metals[END_REF][START_REF] Luong | Fatigue limit evaluation of metals using an infrared thermographic technique[END_REF][START_REF] Geraci | Determination of the fatigue limit of an austempered ductile iron using thermal infrared imagery[END_REF][START_REF] Rosa | Thermographic methodology for rapid determination of the fatigue limit of materials and mechanical components[END_REF]. The main idea is to distinguish two regimes in the thermal response, i.e. below and above the fatigue limit of the material. In practice, a material specimen is subjected to several sequences of mechanical cycles at constant stress amplitude. Each sequence is usually applied for a certain time in order to achieve a stationary thermal oscillation of the material specimen. During the test, the constant stress amplitude is gradually increased until the specimen breaks. A return time to thermal equilibrium can be respected between the sequences so that the "reference" initial thermal state can be properly redefined as the test progresses. Indeed, temperature of the specimen environment may vary due to changes in ambient air temperature and the grips of the testing machine (in particular when using a hydraulic actuator, as is often the case for fatigue tests). The total duration of the test depends on the number of stress amplitudes applied. Throughout the test, an IR camera is dedicated to measure the temperature of the specimen. The extraction of the thermal signature of the fatigue damage for each stress amplitude is then performed. Classically, two quantities can be identified from the mean temperature evolution: the rate of mean temperature rise at the beginning of the cyclic loading sequence; or the mean temperature change in steady thermal regime (with respect to the initial temperature before the cyclic loading was applied). The thermal signature is then plotted as a function of the stress amplitude. The treatment of this type of graph consists in distinguishing different trends at "low" and "high" stress amplitudes. At the low stress amplitudes, self-heating remains low and increases slightly with the stress amplitude. For materials featuring a fatigue limit (below which the service life is a priori infinite) such as steels, the self-heating increases significantly with the stress amplitude. This significant self-heating is considered to be related to fatigue damage leading to ultimate failure of the specimen. The boundary between the two thermal regimes is considered to be the fatigue limit of the tested material. Graphical methods (also referred to as "deterministic" in Ref. [START_REF] Huang | Rapid evaluation of fatigue limit on thermographic data analysis[END_REF]) have been proposed to distinguish these two regimes in the fatigue thermal signature as a function of the stress amplitude:

 intersection of the linear regression at "high" stress amplitudes with the abscissa axis;

 intersection of the linear regressions at "high" and "low" stress amplitudes.

In both cases, the abscissa of the intersection is considered as the boundary between the two self-heating regimes, i.e. the value of the fatigue limit of the material. Other criteria have been compared for identifying the separation between the two thermal regimes using more robust protocols than the intersection of linear trends [START_REF] Huang | Rapid evaluation of fatigue limit on thermographic data analysis[END_REF]. Specific approaches have been discussed when temperature stabilization is not achieved during the loading at constant stress amplitude [START_REF] De Finis | Is the temperature plateau of a self-heating test a robust parameter to investigate the fatigue limit of steels with thermography?[END_REF]. Also, works have been carried out on the understanding of the physical mechanisms related to self-heating in fatigue, namely the progressive appearance of micro-plasticity during cyclic loading [START_REF] Doudard | Identification of the scatter in high cycle fatigue from temperature measurements[END_REF][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][START_REF] Munier | Identification of the micro-plasticity mechanisms at the origin of selfheating under cyclic loading with low stress amplitude[END_REF]. In particular, the authors have identified the microstructural mechanisms appearing under cyclic loading at low stress amplitude (high cycle fatigue) and have shown that the corresponding self-heating can be described by a quadratic function as a function of the stress amplitude. Assessment of fatigue limits have been performed on various materials such as different types of steels [START_REF] Finis | Fatigue limit evaluation of various martensitic stainless steels with new robust thermographic data analysis[END_REF][START_REF] Cao | Comparative investigation of the fatigue limit of additive-manufactured and rolled 316 steel based on self-heating approach[END_REF][START_REF] Shiozawa | Fatigue limit estimation of stainless steels with new dissipated energy data analysis[END_REF][START_REF] Stankovicova | Fatigue limit estimation using IR camera[END_REF], magnesium alloys [START_REF] Guo | Thermographic study of AZ31B magnesium alloy under cyclic loading: temperature evolution analysis and fatigue limit estimation[END_REF][START_REF] Guo | Fatigue limit evaluation of AZ31B magnesium alloy based on temperature distribution analysis[END_REF], titanium alloys [START_REF] Akai | Fatigue limit estimation of titanium alloy Ti-6Al-4V with infrared thermography[END_REF], as well as composite materials [START_REF] Finis | Fatigue damage analysis of composite materials using thermography-based techniques[END_REF][START_REF] Palumbo | A new rapid thermographic method to assess the fatigue limit in GFRP composites[END_REF].

In previous works, we have proposed a model of mechanical dissipation as a function of stress amplitude, as well as different criteria for identifying the fatigue limit of additively manufactured steels [START_REF] Douellou | Rapid characterization of the fatigue limit of additive-manufactured maraging steels using infrared measurements[END_REF][START_REF] Douellou | Fatigue characterization of 3D-printed maraging steel by infrared thermography[END_REF][START_REF] Douellou | Fast fatigue characterization by infrared thermography for additive manufacturing[END_REF]. More precisely, we used a "heat source reconstruction" technique to determine the mechanical dissipation (in W.m -3 ) at the origin of the temperature change measured by IR camera. The data treatment is based on the heat diffusion equation [START_REF] Chrysochoos | Experimental analysis and numerical simulation of thermomechanical couplings in solid materials[END_REF][START_REF] Boulanger | Calorimetric analysis of dissipative and thermoelastic effects associated with the fatigue behavior of steels[END_REF][START_REF] Chrysochoos | An infrared image processing to analyse the calorific effects accompanying strain localization[END_REF]. We used a macroscopic approach (called "0D approach") considering the mean temperature variation over the gauge zone of the specimen [START_REF] Jongchansitto | Comparison between 0D and 1D approaches for mechanical dissipation measurement during fatigue tests[END_REF]. Finally, we applied specific acquisition conditions of the temperature maps to extract only the part of the self-heating associated with mechanical dissipation. In practice, the temperatures recorded by the camera were averaged over an integer number of mechanical cycles, which allows canceling the cyclic fluctuation associated with thermoelastic coupling. In conclusion, the heat source reconstruction technique allowed us to measure a calorific data (in W.m -3 ) associated with the fatigue response of the material (namely the mechanical dissipation), independently of the heat exchanges by conduction with the test machine jaws and by convection with the ambient air. The approach was applied to compare the fatigue response of maraging steels elaborated by additive manufacturing, namely by Selective Laser Melting (SLM) process [START_REF] Douellou | Rapid characterization of the fatigue limit of additive-manufactured maraging steels using infrared measurements[END_REF]. It was possible to quickly distinguish the fatigue performance of specimens differing in their manufacturing parameters. In the present work, heat source reconstruction was carried out to measure the mechanical dissipation under cyclic loading with continuously varying stress amplitude, i.e. without imposing a waiting time at each stress amplitude value.

EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 1. A schematic view is given in Fig. 1-a, where is can be seen that the plane specimen featured two "reference" zones on both sides of the mechanically loaded zone. The role of these reference zones is to track the thermal changes in the environment during the test, see details in Ref. [START_REF] Delpueyo | A specific device for enhanced measurement of mechanical dissipation in specimens subjected to long-term tensile tests in fatigue[END_REF]. In particular, they enabled us to follow the slight changes in the temperature of the two grips of the testing machine. A ±15 kN MTS machine was used to apply the mechanical loading. It is equipped with a hydraulic actuator, which creates a slow temperature increase of the moving grip when the machine is functioning due to its working oil. The cross-sectional area of the mechanically tested area of the specimen was equal to 10 mm 2 . Loading consisted of sinusoidal force-controlled cycles with continuously increasing amplitudes until specimen failure; see the schematic representation in Fig. 2. The loading frequency was set to 30 Hz. The force ratio between the minimum and maximum forces was kept constant at 0.1. The maximum stress was increased by 0.1 MPa per cycle. This particular loading enables a fast characterization procedure because heat source reconstruction allows an assessment of mechanical dissipation without the need for a steady thermal regime at constant load amplitude.

Figure 1-b shows a picture of the experiment. The maraging steel specimen was painted in black to increase the thermal emissivity. A FLIR camera was utilized to measure the temperature on the surface of the reference zones as well as on the mechanically loaded zone of the specimen. The base acquisition frequency of the camera was set to 147 Hz. However, the recording frequency was equal to 1 Hz by applying an averaging operation every 147 images. This enabled us to remove the fluctuation due to the thermoelastic coupling. Temperatures were also captured for 10 seconds just before the beginning of the cyclic loading. This enabled us to define the reference thermal state of the specimen and thus to calculate the temperature change during the cyclic loading. The variation of the macroscopic (0D) temperature change  of the mechanically loaded zone was established taken into account the drift in the temperature of the specimen's close environment thanks to the two reference zones (see Ref. [START_REF] Delpueyo | A specific device for enhanced measurement of mechanical dissipation in specimens subjected to long-term tensile tests in fatigue[END_REF] for details). 

THERMOMECHANICAL BACKGROUND AND HEAT SOURCE RECONSTRUCTION

Thermomechanical couplings lead to heat release or absorption by a material when it is submitted to a mechanical loading. In the following, the term "heat source" will refer to the heat power density (in W.m -3 ) released or absorbed by the material itself due to a change in its mechanical state. The total heat source is composed of a mechanical dissipation part ( ) and a thermoelastic coupling part ( ):

(1)

Irreversible mechanical phenomena are accompanied by a production of mechanical dissipation: . In the case of a fatigue loading, this heat release is the calorific origin of the material self-heating. On the contrary, thermoelastic couplings lead to heat production or absorption as a function of the sign of the stress rate. For isotropic materials featuring an isentropic thermoelastic coupling such as metals, the corresponding heat source writes [START_REF] Luong | Infrared thermographic scanning of fatigue in metals[END_REF] where is the coefficient of thermal expansion (in K -1 ), the temperature (in K) and the sum of the principal stresses (in Pa). As is in Kelvin, it can be considered equal to the initial temperature in the case of thermal changes limited to some degrees during the test. For uniaxial tensile states as in the present experiment, is the axial stress.

Heat sources can be reconstructed from the knowledge of temperatures measured on the specimen surface by IR thermography. The processing is based on the heat diffusion equation. When the heat sources are spatially homogeneous within the specimen (in particular for homogeneous stress and strain states in the gauge zone), the reconstruction can be done using the average temperature change over the whole gauge zone [START_REF] Guo | Fatigue limit evaluation of AZ31B magnesium alloy based on temperature distribution analysis[END_REF]. It is then assumed that the heat exchanges by conduction with jaws of the testing machine and by convection with ambient air are both proportional to . The simplified heat equation ( 3) provides the relationship between the heat source and the mean temperature change along the test:

(

where is the material density (in kg.m -3 ), the specific heat (in J.kg -1 .K -1 ) and a time constant (in s) characterizing the global heat exchanges of the specimen with its environment (ambient air and jaws of the testing machine).

Thermoelastic coupling is a "strong" coupling. During a fatigue loading, is much higher in magnitude than . However, measuring mechanical dissipation from the thermal response of the material is possible for a cyclic loading at constant stress amplitude. Indeed, Eq. [START_REF] Luong | Infrared thermographic scanning of fatigue in metals[END_REF] shows that the heat originating from the thermoelastic coupling is null over a thermodynamical cycle. So, mechanical dissipation can be directly obtained from Eq. (3) using the average temperature change over integer numbers of mechanical cycles. In the case of a cyclic loading with continuously varying stress amplitude, the thermoelastic coupling heat does not vanished, but its value can be simply evaluated from the time integral of Eq. ( 2) over the considered integer number of cycles.

RESULTS

Figure 3 shows the variation of the mean temperature change during the fatigue test featuring a maximum stress increasing by 0.1 MPa per cycle. Let us recall that the temporal resolution of is equal to one second as consequence of the averaging operation of the thermal signal by the IR camera. It can be seen in the graph that the temperature change is first slightly negative, as a consequence of the thermoelastic coupling effect with low mechanical dissipation. The curve is quite flat at the beginning than significantly increases. Specimen failure occurred at about 415 MPa, for a temperature change of about 5.4 K. Figure 4 shows the results of the heat source reconstruction. The red solid curve corresponds to the mechanical dissipation measured for the present test. The stress resolution (on the x-axis) is equal to 3 MPa. This value is a consequence of the temporal resolution of the temperature measurement at 1 Hz (stress increase of 1 MPa per second) and the calculation of the term in Eq. ( 3) by centered finite difference scheme (which penalizes the temporal resolution by a factor of three). Black crosses in Fig. 4 correspond to mechanical dissipation values measured for cyclic loading sequences at different constant stress amplitudes on the same maraging steel in Ref. [START_REF] Douellou | Rapid characterization of the fatigue limit of additive-manufactured maraging steels using infrared measurements[END_REF]. It can be observed that the two layouts are very similar, validating the approach with continuously varying stress amplitude. 

CONCLUSION

Fatigue damage is associated with a release of mechanical dissipation. In the present study, we succeeded in measuring this calorific quantity from the thermal data measured by an IR camera during a fatigue test with varying stress amplitude. Application was done on an additively manufactured maraging steel. Thanks to specific acquisition conditions of the temperatures at the surface of the specimen, it was possible to remove the cyclic fluctuation due to thermoelastic coupling.

Heat source reconstruction was then applied to calculate the mechanical dissipation using a simplified version of the heat diffusion equation. The link between mechanical dissipation and stress amplitude was established without the need for a steady thermal regime at constant load amplitude, which opens up the perspectives of much faster fatigue characterization procedures.
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 1 Fig. 1 Experimental setup: a) schematic view, b) picture of the experiment.
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 2 Fig. 2 Schematic representation of the mechanical loading.
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 3 Fig. 3 Variation of the mean temperature change during the cyclic loading with continuously varying stress amplitude (0.1 MPa per mechanical cycle).

Fig. 4

 4 Fig. 4 Results of the heat source reconstruction: in red, mechanical dissipation during the cyclic loading with continuously varying stress amplitude (0.1 MPa per mechanical cycle); in black, mechanical dissipation for sequences of mechanical cycles at various constant stress amplitudes.
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