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Abstract

The oxide dispersion strengthened (ODS) ferriticd an
martensitic steels are candidate cladding matefaalshe
new fast-neutron sodium-cooled Generation IV raacto
Typically the cladding is cold formed by a sequende
cold pilger rolling passes with intermediate heat
treatments. Cracking risk prediction in pilgerirgglinked

to the choice of an appropriate constitutive mofiel
modeling the process. Consequently, this work aims
assess the impact of the constitutive laws on angcisk
development in pilgering conditions.

1. Introduction

Oxide dispersion strengthened (ODS) ferritic/masitin
alloys are promising cladding materials for sodicooled
fast nuclear reactors intended within Generation T¥is

is due to their excellent creep properties and soipe
irradiation resistance [1], compared to other cotieaal
heat resistant steels such as 9Cr ferritic/matiensieels
and austenitic steels. Excellent creep properties a
obtained thanks to the nanometric oxide particlspatsed

in the matrix. These nanometric oxides are supptsée
very stable under neutron irradiation and at high
temperatures.

ODS materials are obtained by powder metallurgyceOn
the powder has been obtained, consolidation ofGB&S
materials is achieved either by hot extrusion, prhot
isostatic pressing. Subsequently, the cladding ofd c
formed by a sequence of cold pilgering rolling paswith
intermediate heat treatments, for stress relighpses [2].

The HPTR cold pilgering process is a widespreachtess
tube forming operation in which the tube wall thieks
and the inner diameter are reduced simultaneodsiis
technique provides a high forming rate, narrowrtees
and good turnouts. The process uses a reciprogcaiing
back-and-forth, motion. After each back and forth
movement (stroke) of the dies, the raw tube isstead
by a small distance and rotated around its axigsolime
element takes several dozens of strokes beforerdafmn

is completed. This complex mechanical history mead|
to the nucleation of defects in low-cycle fatiguegime
[3]. The goal is to built a robust numerical model
describe the mechanical conditions that prevaiindua
pilgering pass. In this work, the influence of tlesritic
ODS constitutive law, on the prediction of defe,
assessed. Consequently deformation path should be
identified using a numerical simulation because thodf
complexity of the kinematics. Moreover the consivte
law must be accurate enough to describe the pigeri
mechanical loadings. Comparing with the bibliognaph

where only monotonic laws are used to simulateDrtt3
pilgering process. The full stroke numerical sintiola of
the cold pilgering process leads to the deterrmonatif the
strain path undegone by a material point. This tagkew
comparing to litterature.

2. Simulation set up

Optimizing numerically the whole process with agdaobe

is simply not feasible at the time being, becausé¢he
huge computation time involved. Consequentlyshart
tube approach is used. A pileging pass where deformatio
is close to 25% is simulated. The tube is turned &%
moved forward (feed) 1.7 mm after each stroke. Aenial
point takes 120 strokes to pass through the workomge.
Initial position of the simulated systems is diggld in
Figure 1. Lagrangian numerical sensors have bezregd|
at the mid-length of the tube at different angles.

Figure 1. FEM simulation set-up.

3. Monotonic constitutive model

A standard constitutive model adapted to described
monotonic loadings, tensile is used. The elastceA
plastic Hansel-Spittel law is chosen, it is given b

0, (€)= Ae™TT™E™e™ (1 + ™ Jeme FmE™
where £ is the equivalent deformation (total strairﬁ,
the equivalent deformation rate (total strain raie)is the
temperature andd, M_g are the regression coefficients.
A isothermal tensile test is considered , no stnaite
effects is assumed: parametdld;, and N}, are therefore
set to zero.

4. Cyclic elastic—plastic constitutive
model

The cyclic deformation induced by cold pilgeringfasrly
well approximated by a sequence of compressiors test



along two perpendicular directions [4]. The comsitie
model considered in this study is therefore based o
Chaboche for the cyclic behavior, it is denotecgdic
C/IC. The latter utilizes multi-components forms of
kinematic and isotropic hardening variables withnno
linear evolutionary rules to describe the hystardsops
and the transient behavior of the material.

The formulation chosen here is the following [5]heT
elastic domain is defined by:

f =JZ(Q—ZLJ—ZR -0,<0

In the previous equation:Ty is the initial yield surface
size. X is the kinematic internal stress tensor dndis

the isotropic hardening. The formulation of thedsmatic
hardening tensor is based on the non-linear Chaboch
kinematic model.

5. Damage

The criterion introduced by Latham and Cockroft ased

in this work establishes the damage function frdma t
principal stresses. This damage criterion was djresed
for VMR cold pilgering (e.g. [6]) and seems to bgaod
indicator to predict defects frequency. Compressive
stresses have a negligible effect on damage cohpate
tensile ones; so in its original version this ¢ida does
not take them into account. The classical damagetifon
used in [6] is the sum of the product of the maximu
tensile stress at each stroke. This function remtssan
indicator of the material state.

Considering the HPTR cold pilgering process, and th
experimental evidence of longs cracks along théntpl
axis, it is proposed to consider each strain inemsin all
directions A&, i=rr,060,zz,r0,6z,rz). Similarly,
the expression of the maximal stress is modifiedrder to
consider only positive stress components. Finallithors

have shown that damage occurs for mechanical states

where the triaxiality is higher than -1/3. A modii
cumulative damage function (Lat&Co) is then propgbse
Lat& Coyy = > o7 OAg'

Sroke

triaxiality=-1/3

Where i=rr,600,2z,r6,6z,rz, o =maxQ,c,),
triaxialiy =0, /o,, with o, the
pressure an(ﬂeq the equivalent stress. Thus, it is possible

hydrostatic

to obtain a cumulative damage field in each medfzni

solicitation direction.

Longitudinal damage function is maximal when conmpgr
with other directions (not showed here). Figureh®ves
the sensor (located at mi-length and mid-thickness)
Longitudinal damage function evolution for each
constitutive law. Longitudinal damage is highest foe

cyclic C/C behavior law. Even with the huge stress values
predicted by monotonic laws; the longitudinal damag
value is lower than the cyclic law. Hence, whendkelic
constitutive law is taken into account, the matdodows

moredamaging situations.

——Cyclic C/IC  — Isotropic monotonic

150

100

-1

Lat&Co

0 — L1 Bt 1 B v I 1 9
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
Stroke

L1t 1 1 1 1 1 | |

Figure 2. Longitudinal damage function history in sensor
K (in MPa).

Looking at Figure 2 and considering thogclic C/C
behavior law, damage function increases dramayicall
between strokes 35-55 and 80-110 for the longitldin
component. Monotonic behavior law also leads to an
increase, but with lower intensity.

6. Conclusions

Accurate modeling of the material constitutive bgbais
one of the most important features needed in otder
simulate the process properly. Full numerical satiahs
considering the monotonic and cyclic constitutiedhdvior

of ODS steels were carried out. A systematic amalgé
all strokes has helped defining which stroke could
contribute mainly to the oligocyclic fatigue of theaterial.
Future work will include a numerical simulation 6DS
tubes cold pilgering considering anisotropic-cyclic
constitutive behavior. The influence of this featun the
mechanical history undergone by a material poiningu
the process will be assessed.
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