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Introduction

Carburizing and carbonitriding processes are used in the powertrain manufacturing sector to optimize the fatigue life of the parts. In these thermochemical processes, the components are enriched with interstitial elements (carbon or nitrogen) by diffusion in austenite phase field at 900°C, to reach, after cooling, suitable microstructure and hardness distributions, and to achieve compressive residual stress at the surface of the parts. Fundamental understanding is still necessary to improve these treatments by studying the influence of carbon or nitrogen concentration on the microstructure evolutions and on the genesis of the residual stresses inside the enriched case and beneath. In previous works, the residual stresses were determined post mortem exclusively and the experimental knowledge of the detailed internal stresses evolutions and phase transformations occurring inside the treated parts during cooling was lacking. In the present study, High Energy X-Ray Diffraction (HEXRD) is employed to understand the genesis of the internal stresses, in interaction with the phase transformations, during cooling, throughout the carbon and/or nitrogen enriched case of laboratory samples representative of treated parts. On the other hand, a coupled metallo-thermomechanical model has been developed by considering the couplings between the temperature evolutions, phase transformation kinetics [START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF], and the thermomechanical behavior as a function of interstitials contents (carbon and/or nitrogen) to predict the internal stresses during cooling. This paper presents a complete analysis of residual stress and microstructure formations on carbon or nitrogen gradient samples based on experimental and numerical simulations in 23MnCrMo5 steel. The comparison of simulation and experiment regarding microstructure, hardness, residual stresses will be performed too.

Materials and experimental methods

Specimens elaboration

The base material of this study is an industrially produced 23MnCrMo5 steel (Fe-0.25C-1.2Mn-1.3Cr-0.1Mo, wt.%). Lamellar samples of 32x15x3.2 mm size were machined at mid-radius in the longitudinal direction of hot rolled and isothermally annealed bar of 80 mm diameter. These samples were enriched in the austenite field at 900°C with carbon or nitrogen by cracking CO and NH3 molecules respectively on the surface of the sample; the specimens were then quenched in cold oil (25°C). The enrichment treatments were designed from thermodynamic analyses of gas/solid reaction. These were carried out in an in-house thermobalance furnace allowing in situ tracking of sample mass and atmosphere composition by gas chromatography [START_REF] Catteau | Effets du Carbone et de l'Azote sur les Cinétiques de Décomposition de[END_REF]. Temperature evolutions were measured with thermocouples welded at the surface and the core of the sample. The chemical composition profiles of enriched samples were measured by using a Jeol JXA-8530F electron probe microanalyzer (EPMA). After the cooling, Vickers hardness (300g) profiles were measured through the thickness of each sample. Microstructures were observed after 4% Nital etching by optical microscopy and scanning electron microscopy (SEM) Jeol Quanta-600F.

High energy X-ray diffraction

HEXRD experiments were carried out at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, on the ID15B beamline (Figure 1). Heat treatments were done inside a mobile furnace (designed at IJL) installed on the beamline. Cylindrical samples with 5 mm diameter and 3.2 mm thickness, machined out from the enriched lamellae, were heated by lamp heating inside an Ar atmosphere. The X-ray beam with 20x400 μm dimensions crossed the sample along its diameter. The diffracted Debye-Scherrer (DS) rings were collected by a large-area 2D detector located at a distance of ~1.1 m, with an acquisition rate of 50 Hz. By splitting the DS rings into 360 sectors of 1°, the sin 2 ψ method can be applied to determine one part of the stress tensor in the ferrite/martensite and in the austenite. Due to the beam and sample configuration, one determines the difference between the tangential stress sq (in a usual cylindrical frame (r,q,z) of the sample) and the axial stress sz. This difference (sq-sz) represents an average over the sample volume crossed by the beam. More details about the experimental set-up are presented in [START_REF] Geandier | In situ stress tensor determination during phase transformation of a metal matrix composite by high-energy X-ray diffraction[END_REF]. Rietveld analysis was performed to determine also in situ the mass fractions of the phases and the lattice parameters using the Fullprof software, after circular integration of the DS rings with Fit2D software. Two crystallographic systems are considered: cubic face-centered (FCC) for austenite and cubic centered (BCC) indifferently for ferrite and martensite because the martensitic lattice does not exhibit quantifiable tetragonality. Cementite is not considered because of its low fraction.

3 Analysis of the effect of carbon and nitrogen on phase transformations and internal stresses

In this Section, the effects of the nitrogen enrichment on the microstructures (post mortem analysis) is presented before the in situ experiments.

3.1 Influence of the nitrogen enrichment on the microstructure profile after cooling

The example of a carbonitrided sample cooled in air is considered here to illustrate the effects of a nitrogen enrichment on the microstructure profile. The corresponding composition profile is presented in Figure 2e. The depth of the N-enriched case is about 500 µm. Some decarburizing occurred near the surface and there is a maximum of carbon concentration (ca. 0.5wt.%) beneath the N-enriched case.

The microstructure profile differs strongly from the more classical case of a carburized specimen which would have underwent the same cooling. Most important difference concerns the N-enriched case. At 100 µm under the surface (Figure 2a), the microstructure contains a majority of "high-temperature constituent" (see [START_REF] Van Landeghem | Isothermal decomposition of carbon and nitrogen-enriched austenite in 23MnCrMo5 low-alloy steel[END_REF]). It consists of a majority of equiaxed ferrite grains with less than 5 µm size. The bright contrast in the SEM micrograph corresponds to CrN nitrides with different morphologies: cuboidal/spheroidal (arrowed A, B) or lamellar (C) inside the ferrite grains. The former morphology corresponds to CrN nitrides which were formed during the enrichment treatment. The latter forms together with the ferrite transformation. TEM observations also revealed the presence of nanosized coherent precipitates inside the ferrite grains [START_REF] Van Landeghem | Isothermal decomposition of carbon and nitrogen-enriched austenite in 23MnCrMo5 low-alloy steel[END_REF], which increase the hardness. According to the EBSD phase map (Figure 2b), smaller ferrite grains are also present; these may have formed under the Bs temperature. A significant amount of blocky retained austenite is also detected, in agreement with the HEXRD measurements (Figure 2f). Below the N-enriched case at 700 µm depth (Figure 2c), there is a mixture of bainite and martensite. The amount of the latter decreases towards the core of the sample where more (coarser) bainite is formed (Figure 2d), due to the lower C concentration. The amount of retained austenite ranges from ca. 30% at the surface to 10% in the core according to ex situ HEXRD. Three zones can thus be distinguished in the case, as illustrated by the hardness profiles: hardness decreases towards the surface with increasing N content, it is maximum beneath the N-enriched layer, where C content and martensite fraction are the highest and it decreases towards the center.

In addition to modifying the microstructure profile, the enrichment in nitrogen modifies the chronology of the phase transformations throughout the case. From previous works, it is known that an enrichment in nitrogen induces a strong acceleration of the isothermal austenite decomposition kinetics, [START_REF] Catteau | Effets du Carbone et de l'Azote sur les Cinétiques de Décomposition de[END_REF][START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF][START_REF] Van Landeghem | Isothermal decomposition of carbon and nitrogen-enriched austenite in 23MnCrMo5 low-alloy steel[END_REF]. This has been tentatively ascribed to CrN nitrides precipitated during the enrichment treatment, which would enhance the ferrite nucleation. Hence, contrary to an enrichment in carbon, an enrichment in nitrogen leads to a strong loss of hardenability near the surface, which will tend to transform at first (instead of at last, in more usual cases). The consequences on the internal stresses evolutions will be highlighted in the following Sections. 

In situ experiment: carburized specimen

The carbon composition profile of the carburized sample (Figure 3b) goes from 0.55%mC near the surface down to the base steel composition, at a depth of ca. 1 mm. The thermal treatment (Figure 3a) starts by cooling at a controlled rate of 2°C.s -1 from 900°C down to 550°C, followed by a second stage with Ar blowing, down to room temperature. The evolutions of a/a' phase mass fraction and of the internal stresses difference (sq-sz) in a/a' are presented in Figure 4 as a function of the temperature. For clarity reasons, only four positions inside the enriched case are presented. During cooling, the austenite starts to decompose firstly in the core at 600°C because of the lower hardenability. This leads, in this first stage, to compressive stresses, because of the volumic expansion induced by the phase transformation (unfortunately, stress analysis has not been possible in the temperature range 600°C-365°C due to experimental difficulties). The regions closer to the surface transform in later stages, because of the higher carbon concentration. When these regions undergo the martensitic transformation, a compressive stress state is established in martensite. For equilibrium reasons, the inner regions go into tension. (Results of the numerical simulations will be discussed later on). The residual stresses profile (Figure 6a) exhibits the classical shape, with compressive stresses in the martensite in the C-enriched layer and tensile stresses in the core (the compressive stress is maximum below the surface for carbon content of about 0.4%m). At room temperature, the final microstructure consists mostly of martensite in carbon-enriched regions with a small amount of retained austenite (maximum 10% at the surface). It can be seen that the retained austenite is slightly under tension near the surface. Hardness is about 780 HV0.3 at the surface, which is in agreement with the local carbon concentration of 0.55%m. Below the carbon-enriched case, the microstructure is a mixture of bainite and martensite (with lower hardness (400 HV0.3)). Put together, these observations conform to the classical analysis regarding the generation of internal stresses in carburized specimens. This is confirmed here for the first time by in situ measurements. 

In situ experiment: nitrided specimen

The composition profiles of the nitrided specimen are shown in Figure 5 (note the decarburization due to nitriding); the sample was submitted to the same cooling as previously (Figure 3a). The transformation kinetics were also analyzed at different points inside the enriched case (results are not presented here).

As expected (see Section 3.1), the region nearest to the surface was the first to transform, as it has the highest nitrogen content. The core transformed in a second stage, and the "inner" layer (beneath the Nenriched layer (between 250 and 400 µm)) was the latest to transform. Hence, the chronology of the phase transformations is opposite to the case of the carburizing: the surface transforms before the core, because of the loss of hardenability.

The consequences on the internal stresses (in a/a' phases) are visible in Figure 5b. The surface undergoes now high tensile stresses (» 500MPa) at the end of the cooling. This behavior is also observed for 0.1%mN, but it can be seen that just beneath the nitrided layer, the stress remains compressive below 300°C. On the residual stress profile (Figure 6b), the N-enriched case presents tensile residual stresses for ferritic and austenite phases. The layers beneath present compressive stresses in ferrite that decrease towards the core. Austenite remains under tension below 500 µm.

Concerning the final microstructure distributions, at the surface, as described in Section 3.1, the transformation of the austenite on cooling takes place at higher temperatures (above 550°C) and the resulting microstructure consists mostly of the "High Temperature Constituent" (HT). 

In situ experiment: carbonitrided specimen

The composition profiles inside the carbonitrided specimen are shown in Figure 7a. Some decarburization occurred during the enrichment, leading to a maximum carbon concentration of 0.5%m at a depth of 400 µm. The sample was submitted to the same cooling as previously (Figure 3a). The same experimental difficulties as for the nitrided sample prevented the complete in situ monitoring of the a/a' and g phase fractions and of the internal stresses. These evolutions are therefore not presented. A few successful acquisitions during cooling allowed, however, to establish the chronology of the phase transformations. The nitrogen-enriched case again decomposed first, but the decomposition of austenite started below the surface (at ca. 250 µm below the surface), followed by the surface and finally by the core. Hence, this chronology differs from the case of the nitrided sample, for which the surface transformed at first.

This different chronology has consequences on the profile of residual stresses (Figure 7b). Residual tensile stresses are still obtained in the a/a' phase within the nitrogen-enriched case, but the stress profile now has a maximum (~ 300 MPa) at a depth which corresponds to the zone which transformed fastest.

Below 400 μm, we obtain residual compressive stresses in a/a', then again in tension under a depth of 800 μm. The austenite remains in tension over most of the sample thickness. Hence, the experiment on the carbonitrided sample shows that the shape of the residual stress profile is narrowly linked with the phase transformations chronology.

Regarding the microstructure profile, we expect results close to those presented in Section 3.1, although the cooling law is different: high temperature constituent near the surface, martensite in the carbon-rich zone and more and more bainite when approaching the core. Under the nitrogen enriched layer, a core timeline (under ~ 1mm) followed by the exterior (between 500 µm and 1mm) may have occurred, explaining the tensile stresses near the core of the sample.

Figure 7. Carbonitrided sample. Hardness, carbon and nitrogen concentration profiles (%mX) with a/a' and retained g phase mass fractions; residual stress distributions over the depth of a/a' (red) and γ (blue) phases (for each phase, the curves correspond to 0° and 90° rotation of the cylindrical sample around its axis).

Modeling and simulation

In this part, a coupled thermal, metallurgical, and thermo-mechanical simulation is introduced to simulate the treatments presented above. The purpose is to complete the experimental analysis by achieving quantitative predictions.

Coupled metallo thermomechanical model

Only a brief description of the model is given here. In comparison with previous work [START_REF] Denis | Prediction of Residual Stress and Distortion of Ferrous and Non-Ferrous Metals: Current Status and Future Developments[END_REF], the main new feature is the introduction of the effects of nitrogen.

Thermal model

The temperature evolutions are predicted by solving the heat conduction equation. Thermophysical parameters (specific heat Cp, density, and thermal conductivity l) were established for each phase (or austenite decomposition product), as a function of temperature and C/N composition, from experiments, as well as from thermodynamic calculations (ThermoCalc software, TCFE9 ® database). The enthalpies of transformation (∆H) were also determined. Convective heat transfer is assumed at the surface of the samples. The heat transfer coefficient was established by inverse determination.

Metallurgical model

A thorough experimental study [START_REF] Catteau | Effets du Carbone et de l'Azote sur les Cinétiques de Décomposition de[END_REF] served as a basis to develop a phase transformation model [START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF], which predicts the global isothermal kinetics by a JMAK approach and anisothermal kinetics thanks to an additivity hypothesis (including Scheil's method for the incubation period). The influence of austenite carbon content on transformation kinetics was predicted with Kirkaldy's model for IT diagrams predictions [START_REF] Kirkaldy | Diffusion-Controlled Phase Transformations in Steels[END_REF]. Model parameters are determined both from experiments and thermodynamic calculations, as a function of the carbon concentration. A more empirical approach is followed so far regarding the effects of nitrogen. The progression of the martensitic transformation is described using the Koistinen-Marburger relation with the Ms temperature depending on carbon and nitrogen contents. The model also predicts the hardness as a function of the microstructure taking into account the formation temperature of the different austenite decomposition products.

Assessment of the metallurgical model was presented in detail in reference [START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF]]. An example is shown in Figure 2 for a carbonitrided sample cooled in air. Apart from the satisfactory prediction of the hardness profile, the model predicted an essential feature of the microstructure profile: the presence near the surface, inside the nitrogen-enriched case, of the "high-temperature constituent" (see Section 3.1). Underneath, a mixture of martensite and bainite is predicted with increasing amount of bainite towards the core, in agreement with the microstructural observations. These simulations also predicted that the nitrogen-enriched case was the first to transform, in agreement with the loss of hardenability associated with nitrogen, which was put into evidence in previous works [START_REF] Catteau | Effets du Carbone et de l'Azote sur les Cinétiques de Décomposition de[END_REF][START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF][START_REF] Van Landeghem | Isothermal decomposition of carbon and nitrogen-enriched austenite in 23MnCrMo5 low-alloy steel[END_REF].

Thermo-mechanical model

We consider a thermoelastovisco-plastic behavior law, including the effects of phase transformations (volumic variation and transformation plasticity) [START_REF] Denis | Prediction of Residual Stress and Distortion of Ferrous and Non-Ferrous Metals: Current Status and Future Developments[END_REF]. The thermomechanical behavior is established either experimentally or taken from previous studies for each phase (or austenite decomposition product) as a function of temperature, and carbon and nitrogen concentrations. Isotropic hardening with loss of memory during the phase transformations is considered.

Results of the numerical simulations

The above models have been implemented in the Finite element software Zebulon. For the simulation, we consider a rectangular section with 2D axisymmetric elements representing the upper half of the cylindrical sample used for HEXRD measurements (inset in Figure 3b) (we assume the same heat transfer over all surfaces of the sample). The carbon or nitrogen profiles (measured by EPMA) are given as input data. From the predicted stress tensor components distributions, the stress differences are calculated and averaged out along the radial direction in order to compare with the average values obtained from the HEXRD experiments.

The temperature predictions show very small thermal gradients in the whole volume of the sample for the entire cooling process and agree with the experiment (Figure 3a). The comparison of experimental and calculated evolutions of phase fractions and internal stresses difference are presented in figure 4 for carburized specimen (phase fractions and internal stresses difference) and 5 for nitrided specimen (internal stresses difference). Only calculated results for two extreme carbon and/or nitrogen contents are shown.

In the carburized sample (Figure 4a), the simulation predicts much higher fractions of proeutectoid ferrite in the core region than the experiment leading to higher bainite fractions and, at the end of cooling, to lower martensite and retained austenite fractions (Figure 8a). At the surface, the amount of bainite is overestimated, leading to less martensite formed and less retained austenite at the end of cooling. The hardness profile (Figure 8a) is nevertheless rather well predicted.

Concerning the calculated internal stresses evolutions (Figure 4b), as the thermal gradients are very small, internal stresses appear only when phase transformations occur (i.e., at about 700°C with the formation of proeutectoid ferrite). Their level remains small till martensitic transformation occurs in the core region leading to higher tensile stresses at the surface (»110MPa). Then, the martensitic transformation at the surface induces compressive stresses and tensile stresses in the core. Let us mention that in Figure 4, the calculated stress (macrostress) levels cannot be directly compared to the measured ones (stresses in the ferrite/martensite). Thus, in Figure 8b, for the residual stress profiles, we have reported the macrostress obtained from experiments (applying a mixture rule) to be compared with the simulation. It comes out that the main difference between simulation and experiment concerns the surface area where the decrease of the compressive residual stress is not predicted by the calculation. It may be related to the discrepancies in transformation kinetics mentioned before and to the underestimation of the amount of retained austenite. For the nitrided specimen, concerning the calculated stress difference evolution (Figure 5b), we can see that in the core, it remains very small whereas at the surface, it increases largely at about 300°C that corresponds to the martensitic transformation in the inner regions of the specimen. At the end of cooling, the stress level at the surface is underestimated whereas the predictions in the inside are satisfactory (Figure 9b). Concerning the final microstructure distribution (Figure 9a), in the nitrogen-enriched layer, the calculation predicts the formation of the high-temperature constituent in accordance with the experiment, but, below the nitrided layer, the amount of retained austenite is underestimated. Calculated hardness profile shows the main tendencies (no hardness gradient in the nitrided layer is predicted due to a simplification of the model [START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF]. Let us mention that in the cases studied here, due to the very small thermal gradients, residual stress distributions result mainly from the incompatibilities of phase transformations strains (volumic variations and transformation plasticity strains), and as a consequence, they are extremely sensitive to the kinetics of transformations and associated strains. Regarding the carbonitrided specimen, the simulated evolutions of microstructures and internal stresses are not presented here, due to the lack of experimental data. The predicted profile of residual stresses is in agreement with the most characteristic feature of the experimental observation, namely the presence of tensile stresses in the nitrogen-enriched case, with a maximum below the surface (ca. 400 µm depth). The metallurgical model predicts a final microstructure profile, with a majority of high temperature constituent inside the nitrided case, with a low fraction of bainite and martensite (less than 10% in total). Under the nitrided layer, the martensite fraction is 90% then decreases towards the core of the sample, in agreement with the experiment. The fraction of residual austenite is underestimated compared to experience over the entire profile. The calculated hardness profile reproduces the shape of the experimental profile, with a local maximum under the nitrided layer, where the martensite fraction and the carbon content are maximum. Deviations in the nitrided layer are attributed to the underestimation of the calculated retained austenite fraction and to the lack of data on the hardness of the high temperature constituent when it forms under anisothermal conditions (empirical hardness laws are based on isothermal experiments). From the simulations related to nitrided and carbonitrided samples, it comes out that the "shape" of the residual stress profile is correctly predicted, thanks to the good prediction of the phase transformations chronology throughout the case, as a function of the local carbon and nitrogen contents. However, significant discrepancies are observed regarding the magnitude of the stresses, whereas this is not the case for the carburized specimen (except near the surface). This shows that the effects of nitrogen have to be described with better accuracy regarding both the phase transformation kinetics and the thermomechanical behavior.

Conclusion

A methodology was developed to determine by HEXRD simultaneously the phase fractions and the internal stresses evolutions during continuous cooling in samples with carbon and nitrogen gradients. As far as we know, it is the first time, that the development of internal stresses can be analyzed experimentally in such conditions. For the carburized specimen, it is confirmed that the phase transformation taking place firstly in the core during cooling and lastly in the carbon enriched surface layer leads to compressive stresses in that layer as former numerical simulations showed it. It is also shown that the simulation gives the main tendencies as far as the internal stress evolutions are concerned as well as the residual stress profiles. Nevertheless, a deeper analysis must be performed to explain the discrepancy between calculated and measured residual stresses in the surface layer. For the nitrided specimen, unexpected results have been obtained experimentally i.e., the development of tensile stresses in the nitrogen enriched layer during cooling. Combining experimental analysis with numerical modeling, it has been shown that it is due to the chronology of the phase transformations in the different layers having different C/N compositions: the nitrided layer transforms first during cooling (due to its low hardenability) whereas the core and the inner layers transform later on. Experiments and simulations on a carbonitrided specimen confirm these conclusions, and highlight the close link between the chronology of the phase transformations and the residual stresses profile; the former depends on the detailed profiles of carbon and nitrogen concentrations inside the case.

It is now possible to study and understand in details the combined effects of different carbon and nitrogen gradients associated with different cooling conditions on the kinetics of phase transformations and their consequences on the development of internal/residual stresses and this will help to optimize industrial processes [START_REF] Jeyabalan | Modeling of the austenite decomposition kinetics in a low-alloyed steel enriched in carbon and nitrogen[END_REF].

Figure 1 :

 1 Figure 1: Schematic diagram of the experimental setup at a synchrotron beamline and cylindrical sample with carbon and/or nitrogen gradient processed for HEXRD measurements Internal stresses were determined in-depth either ex situ at room temperature or in situ during cooling after re-austenitizing at 900°C. During cooling, the sample was moved up and down vertically in order to scan in situ the sample half-thickness, including the C/N enriched case. Each cycle lasted about 5s.

Figure 2 :

 2 Figure 2: Air-cooled carbonitrided gradient sample. a-b-c-d) Microstructural observations at various depths below the surface. a-b) at 100 µm by SEM and by EBSD (phase identification with ferrite in pink and retained austenite in yellow); c) at 700 µm; d) in the center. e) Carbon and nitrogen concentration profiles and hardness profiles (solid black line: calculation; points: measurements according to three profiles spaced 7 mm apart, each represented by a color code). f) Calculated phase / constituent fractions and experiment (HEXRD: retained austenite or phases identified as cubic centered: ferrite, bainitic ferrite or martensite).

Figure 3

 3 Figure 3: a) measured and calculated cooling curve used for in situ HEXRD experiments. b) carbon content profile (highlighting four carbon contents chosen for further analysis).

Figure 4 :

 4 Figure 4: The evolution, as a function of temperature, of a) a/a' mass fraction b) stresses difference (σq -σz) in a/a' during cooling at different positions of the C-enriched case of the carburized specimen. Dots: HEXRD experiments; solid lines: simulation.

Figure 5 :Figure 6 :

 56 Figure 5: a) Carbon and nitrogen profiles (highlighting four positions chosen for further analysis) b) Evolution of internal stresses difference (σq -σz) in the a/a' phase during cooling as a function of the temperature at the different positions. Dots represent HEXRD experiments and solid lines represent simulation results.

Figure 8 :

 8 Figure 8: Carburized sample: a) experimental (dots) and calculated (lines) final phase fraction and hardness distributions b) residual stress difference profiles: experimental (austenite, γ (blue), a/a' (red), macrostress (black squares)) and calculated (black line).

Figure 9 :

 9 Figure 9: Nitrided sample a) experimental (dots) and calculated (lines) final phase fraction and hardness distributions along with the carbon and nitrogen profiles b) residual stress difference profiles: experimental (austenite, γ (blue), a/a' (red), macrostress (black squares) and calculated (black line).

Figure 10 .

 10 Figure 10. Carbonitrided sample a) experimental (dots) and calculated (lines) final phase fraction and hardness distributions along with the carbon and nitrogen profiles b) residual stress difference profiles: experimental (austenite, γ (blue), a/a' (red), macrostress (black squares) and calculated (black line).Regarding the carbonitrided specimen, the simulated evolutions of microstructures and internal stresses are not presented here, due to the lack of experimental data. The predicted profile of residual stresses is in agreement with the most characteristic feature of the experimental observation, namely the presence of tensile stresses in the nitrogen-enriched case, with a maximum below the surface (ca. 400 µm depth). The metallurgical model predicts a final microstructure profile, with a majority of high temperature constituent inside the nitrided case, with a low fraction of bainite and martensite (less than 10% in total). Under the nitrided layer, the martensite fraction is 90% then decreases towards the core of the sample, in agreement with the experiment. The fraction of residual austenite is underestimated compared to experience over the entire profile. The calculated hardness profile reproduces the shape of the experimental profile, with a local maximum under the nitrided layer, where the martensite fraction and the carbon content are maximum. Deviations in the nitrided layer are attributed to the underestimation of the calculated retained austenite fraction and to the lack of data on the hardness of the high temperature
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