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Introduction

Oxide dispersion strengthened (ODS) ferritic/martensitic alloys are promising cladding materials for sodium-cooled fast nuclear reactors intended within Generation IV. This is due to their excellent creep properties and superior irradiation resistance [1], compared to other conventional heat resistant steels such as 9Cr ferritic/martensitic steels and austenitic steels. Excellent creep properties are obtained thanks to the nanometric oxide particles dispersed in the matrix. These nanometric oxides are supposed to be very stable under neutron irradiation and at high temperatures. ODS materials are obtained by powder metallurgy. Once the powder has been obtained, consolidation of the ODS materials is achieved either by hot extrusion, or by hot isostatic pressing. Subsequently, the cladding is cold formed by a sequence of cold pilgering rolling passes with intermediate heat treatments, for stress relief purposes [START_REF] Toualbi | Proceedings of DIANA I workshop ''Dispersion Strengthened steels for advanced nuclear applications[END_REF]. The HPTR cold pilgering process is a widespread seamless tube forming operation in which the tube wall thickness and the inner diameter are reduced simultaneously. This technique provides a high forming rate, narrow tolerances and good turnouts. The process uses a reciprocating, or back-and-forth, motion. After each back and forth movement (stroke) of the dies, the raw tube is translated by a small distance and rotated around its axis. A volume element takes several dozens of strokes before deformation is completed. This complex mechanical history may lead to the nucleation of defects in low-cycle fatigue regime [START_REF] Montmitonnet | [END_REF]. The goal is to built a robust numerical model to describe the mechanical conditions that prevail during a pilgering pass. In this work, the influence of the ferritic ODS constitutive law, on the prediction of defect, is assessed. Consequently deformation path should be identified using a numerical simulation because of the complexity of the kinematics. Moreover the constitutive law must be accurate enough to describe the pilgering mechanical loadings. Comparing with the bibliography where only monotonic laws are used to simulate in 3D the pilgering process. The full stroke numerical simulation of the cold pilgering process leads to the determination of the strain path undegone by a material point. This task in new comparing to litterature.

Simulation set up

Optimizing numerically the whole process with a long tube is simply not feasible at the time being, because of the huge computation time involved. Consequently, a short tube approach is used. A pileging pass where deformation is close to 25% is simulated. The tube is turned 39° and moved forward (feed) 1.7 mm after each stroke. A material point takes 120 strokes to pass through the working zone. Initial position of the simulated systems is displayed in Figure 1. Lagrangian numerical sensors have been placed at the mid-length of the tube at different angles. 

Monotonic constitutive model

A standard constitutive model adapted to described monotonic loadings, tensile is used. The elastic-viscoplastic Hansel-Spittel law is chosen, it is given by : ( ) ( )
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where ε is the equivalent deformation (total strain), ε & the equivalent deformation rate (total strain rate), T is the temperature and A , A isothermal tensile test is considered , no strain rate effects is assumed: parameters 3 m and 8 m are therefore set to zero.

Cyclic elastic-plastic constitutive model

The cyclic deformation induced by cold pilgering is fairly well approximated by a sequence of compression tests along two perpendicular directions [4]. The constitutive model considered in this study is therefore based on Chaboche for the cyclic behavior, it is denote as cyclic C/C. The latter utilizes multi-components forms of kinematic and isotropic hardening variables with nonlinear evolutionary rules to describe the hysteresis loops and the transient behavior of the material. The formulation chosen here is the following [5]. The elastic domain is defined by:
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In the previous equation y σ is the initial yield surface size. X is the kinematic internal stress tensor and R is the isotropic hardening. The formulation of the kinematic hardening tensor is based on the non-linear Chaboche kinematic model.

Damage

The criterion introduced by Latham and Cockroft and used in this work establishes the damage function from the principal stresses. This damage criterion was already used for VMR cold pilgering (e.g. [6]) and seems to be a good indicator to predict defects frequency. Compressive stresses have a negligible effect on damage compared with tensile ones; so in its original version this criterion does not take them into account. The classical damage function used in [6] is the sum of the product of the maximum tensile stress at each stroke. This function represents an indicator of the material state.

Considering the HPTR cold pilgering process, and the experimental evidence of longs cracks along the rolling axis, it is proposed to consider each strain increments in all directions (
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). Similarly, the expression of the maximal stress is modified in order to consider only positive stress components. Finally, authors have shown that damage occurs for mechanical states where the triaxiality is higher than -1/3. A modified cumulative damage function (Lat&Co) is then proposed: σ the equivalent stress. Thus, it is possible to obtain a cumulative damage field in each mechanical solicitation direction. Longitudinal damage function is maximal when comparing with other directions (not showed here). Figure 2 shows the sensor (located at mi-length and mid-thickness). Longitudinal damage function evolution for each constitutive law. Longitudinal damage is highest for the cyclic C/C behavior law. Even with the huge stress values predicted by monotonic laws; the longitudinal damage value is lower than the cyclic law. Hence, when the cyclic constitutive law is taken into account, the material follows more damaging situations. 
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Conclusions

Accurate modeling of the material constitutive behavior is one of the most important features needed in order to simulate the process properly. Full numerical simulations considering the monotonic and cyclic constitutive behavior of ODS steels were carried out. A systematic analysis of all strokes has helped defining which stroke could contribute mainly to the oligocyclic fatigue of the material. Future work will include a numerical simulation of ODS tubes cold pilgering considering anisotropic-cyclic constitutive behavior. The influence of this feature on the mechanical history undergone by a material point during the process will be assessed.
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 1 Figure 1. FEM simulation set-up.
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 2 Figure 2. Longitudinal damage function history in sensor S2 (in MPa).