LmK2 B+ H TT ' Q +? Q7 +v+HB+ #2? pBQ"
bi BMH2bb bi22H # b2/ QM TQHvV+ vbi H KQ|
bi* BM ;> /B2MibX

CmHB2M a+?r "ix- PHBpB2 6 M/2m - *QH2ii.

hQ +Bi2 i?Bb p2 ' bBQM,

CmHB2M a+?r 'ix- PHBpB2 6 M/2m - *QH2ii2 _2vX LmK2'B+ H TT'Q
bi BMH2bb bi22H # b2/ QM TQHv+ vbi HKQ/2HBM: BM+HmM/BM; bi' BI
6 iB;m2- 1Hb2pB2 - kyRj- 88- TTXkyk@kRkX IRyXRyRefBXD7 iB;m2XKky

> G A/, ? H@yy39Rd99
2iiTh,ff? H@2+TX "+?Bp2b@Qmp2 i2bX7 ' f? H@Y
am#KBii2/ QM 8 CmH kyR]j

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal-ecp.archives-ouvertes.fr/hal-00841744
https://hal.archives-ouvertes.fr

International Journal of Fatigueo{ss press¢)JFATIGUE-D-13-00112R2013

Numerical approach of cyclic behavior of 316LN stainless steel based on a polycrystal modeling
including strain gradients.

JulienSchwart?, Olivier Fandeufi Colette Re¥

¥ aboratoire Mécanique SoStructures et Matéaux, CNRS UMR 8579, EcoleCentrale Parisgrande
voie des vigne$-92295 Chatenaivalabry,France.

P Electricité de Franc&)épartemenMMC R&D, F77818MoretsurLoing, France.

‘CEA, DEN, DM2S, SEMT, LM2S, 1191 GifsurYvette, France

Corresponding author: C. Reglette.rey@ecp.fr

Abstract

Anonlocal polycrystalapproacttaking into account strain gradienisproposetb simulate the 316LN
stainless steel fatigue life curve in the hardening dtéagerial parametergdentificationis performed
on tensile curves corresponditmseveral 316LN polycrystalspresenting different grain siaeglied

to an actual 3D aggregate of 316LN stainless steel of 1,200 grainsnabidleads to an accurate
prediction of cyclic curve&eometrical Negssary Dislocation densitieslated to the computed strain
gradient are added to the migptasticity laws.Compared tostandardmodek, this model predicts a
decrease ahelocal stresseas well asagrain size effect.

Keywords: low cycle fatiguenontlocal polycrystallinemodelgrain size austenitic stainless steel.

1. Introduction

Implemented in finite element codes, standard polycrystal mdthelsed on dislocation density
evolution), gave a first hint of grain size effects through the shear strbste®geneities [1]. If such
models gve a first order description of plastic deformation related to dislocation motiongdiudy
not describethe grain size effect on thmechanical behaviour evolutionof polycnyistdy introducing

a mechanical intecéion between mobile dislocations and grain boundaries, some agsitiohizs Ma
et al 2], showedthat standard polycrystal mddere sensitive to grain geometespitéheserecent
improvemerd, sandardpolycrystaiodelstill could notpredictboth tensile and fatigue behaviours,
with the same set of material parameterbe aim of this paper is to propoaenumericalnon-local
polycrystalmodelableto directly predicthe fatigue behaviour from tensile tests dtslevolution with
grain size byintroducingGeometricallyNecessaryDislocation(GND) densities ifto the constitutive
laws ofa polycrystaktandard model.

For the lastl5 years, different formulatienof constitutivelawshave beerproposed, to describe the
microstructure evolution in the grains of polycrystals submitted to plastic deform@gtaied to the
grain size, such formulatiomequired constitutive lawsitroducingthe strain gradient evolution in the
grains. These worksvergeviewed by McDowell [3, 4],who analysed the differentools for
computatiormodelingandfor simulationbound toinelastic deformation phenomefram atomistic to
structural length scade

Except someorks based orgeneralizedcontinuousmediuni5, 6, 7] and on Cosserat type coupled
stress theorie3, 9, 10, 11, most paperdeat with the strain gradient theorie&rain size effect on
macroscopicalas well asn microscopicahechanical behaviowas based onthe concept of
Geometrically Necessary Dislocations introduced by Ny#and Ashby [13] .As shown byEshelby
[14] andKroner[15] , theGNDs are required to accommodate the elastic and plastic incompatibilities
between grainsEnsuring compatibilities leeen grainstte Finite Elementtechniqugives a good
approximation oflocal strain and stress fieldd grain boundariedut cannot take into account the
grain size effect on mechanical propertilspolycrystals,local stress and straifieldsaregenerally
heterogeneoasd presestrain gradientst the vicinityof grain boundaries anwithin grains. The
GNDsare bound to such strain gradient

Severalnonlocal rate dependent crystallographic formulations for finite stra® proposed by
Beaudoin eal[16],Acharya et a[17, 18, 19, 20, 21Meissonnier et gR2],Raabe et gR3] andEvers
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et al[24].Most of themwerebasedon the framework of finite deformationass defined byAsaro et al
[25, 26, 27] and Reirce et al[28,29]. Thesenonlocal formulations introdued GNDs densities into the
constitutive lavg. Relations between thalastic or plasti¢ransformation field gradiesdnd thespecific
burgersvectorof the GNDswere proposed by Acharya et H18],Gurtin [30, 31, 32JandCermelli and
Gurtin [33].They showed that thetransformation gradient is lagedto the GND density tensaf Nye
[12], Ashby [13], Eshelby[14] and Kroner [15]. Suchonlocal modek found severalsuccessful
applicationsformechanical behaviour of polycrystalsuch ashardeningphenomeng19],grain size
effect[17, 34],hardening due tparticleg[35],texture[36] and local mechanical fields predictidrj.
Macroscopicalmodels of fatigue based on phenomenological equafidris 38, 39] gare a good
prediction of the macroscopic behaviour of materials submitted to low cycle fatigyeoBared to

a polycrystal approachased on dislocation micqaasticity laws they ®uld not describeaccurately
the grain size effect and thenicro-behaviour suchsalocal fields.The mechanical behaviour being
mainly linked to the dislocation microstructure evolutions (which are different for the tensiferand
cyclic tests) weuse constitutive lawsfunction of dislocationdensities The GNDs (deduced from
strain gradient computationsare introduced to relax stresses due to local incompatibilities and to
describe more accurately the dislocation pattern evolutioreagritd of hardening stage. At the end of
the hardening stage fatigue, the microstructure is cordpafseeins and channels which correspémd
Persistent Slip Bands (PSBobserved at the surface of the samplRecently the polycrystal
modelling was applied to fatigué&chwartz et al 40] showed thatsuch approactgave a good
description of PSBs initation in the hardening stage of low cycle fatigue. Pécheur et aj41]]
successfully simulatethe beginning of the stabilized strestsain curves and compared different local
micro-damage criteriaLi et al [42] proposed an accurate description of thi¢ening stage and the
associated local stress and strain fields, by assuming that the involved polycrystal washas&vo
material (veins and channels) which obeys the constitutive laws propogedNdyghrabi §3]. To
point out the micro-mechanicalconsequences bad to GNDs introductionwe have chsen to
suppress thekinematic law [4445 generally used to describe fatigue loading§ince the
polycrystalmodeling must be intrinsic, dislocations miplasticity laws must be the same for any
mechanichtests To obtain someinformation on the validity of theconstitutive laws taking into
account GNDswe have numerically testeédeseequationon tensile and low cycle fatigue loadirgs
this first approachhe hardening stage is only studied

In this paper,GNDsare introducednto a local polycrystalmodg#6, 47, 48].Implemented in a finite
element cod¢49], our model ibasedupon thecontinuum dislocation theojip the framevork of finite
deformations. The internal mechanical fiedanplitudes and distributiors within the grainsare
computed with the local andith our nonlocal approachesPerformed on 316LN stainless steel
presenting 3 grain sizestisile tests give the input data for the parameter identifications of the local
andnortlocal models (section 2)0ur nonlocal polycrystamodel is developed in sectionr8section

4, three sets oparametersreobtained for théocal andnonlocal approache@ A and NLA).The two
models are applied to a actuaB16LN 3D aggregatesubmitted to terie and fatigue tests. Th
aggregatés obtained by serial polishing and crystallographic orientations performed thanks to Electron
Back Sattering Diffraction techniquéEBSD). For bothmodels, lhe obtained numericaknsilecurves,
the fatigue lifecurvesandthe cyclic loops in the hardening stagee compared to experimental onies
section 5,the distribution and amplitude of the internal stresses within the grains of the 3D
aggregatearanalysedfor cyclic loadings A discussionis given in section 6. Assummarysection
7)ends the paper.

2. Material and experimental procedures

2.1 Material characteristics

Obtained by rolling followed by an austenitization and by a quen@hn816LN steelwascomposed
of a99%face centered cubmustenitic phasand d%body centered cubit) H V L GKillc@haseThe
316LN compositioris givenin table t

Elements C Mn Si P S Cr Ni Mo N Nb Ti Ta Cu B Co Fe
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Min. - 16 - - - 17,0 12,0 2,3 0,06 - - - - - -
Max. 0,03 2,0 0,5 0,025 0,1 18,0 12,5 2,7 0,08 0,01 0,01 0,15 0,3 0,001 0,05 base
Tablel. Chemical composition of the 316LN stainless steel

The austenite and ferrite average grain sizexe26um and 10unrespectivelyMore than 30% of the
austenitic grain boundaries correspeddV Rtwins. The material presexda negligible texture

To identify the material parameters of awnlocal model,tensiletests were performed on different
grain sizes.The 316LN presentingabnormal grain growth, only three different grain sizes were
obtaired by critical hardeningechnique 26pm, 17im and 13um.

2.1.1 Tensile tests
The specimensvere 2mm thick with a 40mm gauge lengthThe tests were performed at room

temperature with a 10s” strainrate. The stresstrain curves at room temperature givenin Fig.1.
700 T T T T

600 +

500 -

400

Stress (MPa)

—®—  Grainsize: 26 um

—&—  Grainsize: 17 pm

—@—  Grainsize: 13 pm
"

200

100

0 l‘ -l (‘v 8 10 1‘2 ll-l 1‘6 ]IS 20
Strain (%0)
Fig.1. Tensile stresstrain curves for 316LN polycrystals presenting three grain sizes

The stress evolution versus the grain size is given in Fignd is compared to Kashyap et al
[50],curves for a AISI 316L steel The same ordemagnitude is obtained. Theamall differences
observed for the two AISI316LN and AlSI316iteelsmay be attributed to the different compositson
of the two materials.Our 316Lbbeys theHall-Petch lawgiven by Eq.1:

V ¥ k(1/d)"*@)

700
AISI 316LN
600 / ——— AISI3I6L
(Kashyap et al, 1995)
500 F — _xee=m"TT  15%
e | e oy ., . 10%
2, 400+ G s =TT, R 5%
v paepest W o messing EE 2%
5 300 F §"""":;i"---'r:-.——~-":}::~:~::::”'—' . 1% |
a - st S S el - 0.2%
2] - _a—;_,;f!-—’ x
M
200 = i
1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Grain size (1/d )2 [mm!?]

Fig.2. Experimental streggrain size curves for several strain amplitudes. Comparisorthéttesults of
Kashyap et gJ50].

2.1.2 Fatigue tests
Fatigue tests were performed on cylindrical specs{@mm diameter and 6mgauge length The
studied materiatorresponded to the 316LN with a 26 pm grain gizeoom temperatureglv cycles

wereperformed on MTS 100kN, for two given straind #2 0.3%and ' #2 0.5%)at 10°s
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! The results being closerfthe two strain amplitudemly the ' #2 0.5% appliedstrainis presented
in this paper.

The fatigue arves(Fig.3a)and the hysteresis loofiBig.3b)are giverfor different fatigue life times:
Ny corresponds to the cycle number at the end of the hardening stagehBl end of the softening
stage, N, to the hdi-life time and M to the rupture of the specimens.

400 400
t Room temperature
r 1 +0.5%
= : = 200
= g
= 300 £ ‘ =
z | | z ok F J
b [ H i 1 g J  —— Ny
2 Room temperature | 7 1
7 i &
200 L 10,50, . |—8— BII5R 200 y e
U.2 | | =200 & - —- 1
. | —— B124T - 4 =5 Nys
r I _ 1 o —— N T
! N, 8= BI125T ®
Ny s -400 -

100 - 4
1 10 10? 1(1)‘ 10* 0.5 -04 -03 -02 -01 0 01 02 03 04 05

Cycle number N Strain [%o]
Fig.3. (a) Experimental fatigue curves for three 316idénticalspecimens. (bEyclic stressstrain curves
for different cycle numbers.

3. Polycrystalmodeling

This polycrystal plasticity model is an extensiithelocal approaclproposed byErieau et al
[46],Libert et al, 7],andCédat et §48]. This model is developed in theafnework of finite
transformation (small elastic distortiambut large ldice rotatiors), according to the scheme proposed
by Asaro et a[25]andPeirce et a[28,29] for the case o$ingle crystad. The approach was
implemented in the Abaqus® finite element code, usigea MATerialSubroutine.

3.1 Kinematic

T\he kinematic is ba§ed on the velocity gradi€athich is decomposed additively into an elastic part
&and a plastic parg-given by:

L L® LP )
With® F°F°andL® F".FP’.WhereF°®isthe elastic part anB " the plastic part of the
deformationgradient tensoF given by:

Fe.FP ©)

™

In thefollowing, we note:( AB Y ABy andA: B AB

For small elastic strainffand large lattice rotationR® we have:
Fe (1 H)R@
The symmetric part of the velocity gradiéngiven by:
D D° DP (5)
With: B* #MandD® | (g .on)(@)
S
The skew symmetric part (elastic and plastic parts) of the velocity gradient is given by:

W We WP ©)
with: WP 1 ( g ) (®)

S



International Journal of Fatigueo{ss press¢)JFATIGUE-D-13-00112R2013

andW® R°R° (9)
g@andn@are unit vectors representing respectively the slip direction and the normal to the slip plane of

the slip systen(s)in the current configurationis the slip rate on the system (s) in the current
configuration.

The Cauchyensor rate V does not satisfy the principle of objectivity, thas mostuthorswe
introduce the Jaumann rate* given by:

¥ VWSV TAVE(10)

At each time incrementhé Jaumannate tensor iboundto the elastic strain rate by the elastic moduli
C* so that the Cauchy stress tensor rate can be expeessed
V CuDT WY W | JR (1Y
S
with: R® C°:D° WE.V TAV° (12)
For infinitesimal strains, we assume that the Cauchy tefiésrequal to the Kirchhoff stre¢snsor 7

3.2 Nonlocalapproach

Implemented in finite element codelpcrystal classical local approacloaspredict heterogeneous
strain stress and rotation fieldéthin the grainsas well as sulgrain boundary formatiorRiles up
dislocationagainst the grain boundariean be reltedto theobservestrainlocalization Such
heterogeneities generate straindmpatibilities and extra stresshe nonlocal approactcancompute
the straingradient between two adjacent poinishin the materiaDeduced from the strain

gradient heextraGNDsreducesuch incompatibilities.

The incompatibility of the plastic straismeasuredn the current configuratioconnectedo the lattice

configurationwith an inverse elastic transformation ten§fr1by curl F¢ ! The ijcomponent is
given by

el

curl( F& 1), @\Ejs (13)
i i w

where H is the alternating symboturl F° 1)”- is thederivative of the elastic transformation tensor

vectorwith respect to the vect@osition X%X ;t)in the current configuration. The Burgers vediSiof
the GNDsin the current configurationorresponds to thelosure failure associatédthe continuous
lattice circuit Benclosing area S on a slipsystem witdimal r .
(&2 ~ & ~
b°  Felak 3aurl Fel .rds (14)
8 S
The Burgers vector can be expressed fasiction of the dislocation tensoEdefined by Nyd12]and
Kréner[15]:
b° 3rds (15)
S
For each slip system (8)¢ identification of the 9 componertf the tensor Dfrom experiments is not
yet solvedRather thamntroducingsuchadislocation tensointo the dislocation densigvolution
lawas Busso et al B and Ma et a[2],we usethescheme proposed Beirce et al [28,23he
incompatibility for slip system (3% definedoby onescalar °via a third orértensor . The relation

between andthe Burgers vector of theNDsn the curert configuration is defined from the elastic
transformation
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b oFe i 33:rds 3Ids(s)

8 S S
With
—e 1 |
/ sﬂ&— ,.or /. F&Y Re! (17)
© W i ijk ij K ik,j
A

Accordingto Acharyaet al[19], the third order tensor/ represents the existenceadislocation
nework threading the slip plane (s) with a unit nornn%l.
The Oscalaris given by:

Oy /in” /in” 19

Thetwelve *scalarscorrespondo GND densites Theyaredeterminedat each computation time
increment.

Accordingto Needlemarand Sevillandg51], theaddition of new parametemmund to GNDsequiresa
reformulationof the constitutive laws. Some authasMeissonnier et a[22],Bussoet al[35], Evers
et al[24] andKadkhodapouwet al[52] describethedislocation densiésevolutionby two equations
one for the statistally stored dislocations and a seconéfor GNDs. In our norlocal model, we
introducearextraparametek,, into the dislocation density evoluti@yuationsvia the definition of
the mean free path of these GNB4]:

L 1k € 19)
kois a material parametghich will be determinedrom our experimentatensile curves
Acharyaet al[20] mentioredthat this mean free patly, is associated tthe pile up on the grain
boundaries and to the calhll patternsWe haveextended this mean free path to-gwhin boundaries
due to deformation.
Using the continuum theory of dislocations, $iatisticallystoreddislocation densitiesdy and the

GNDs Oon each slip systeareadded andonsidered as internal variablefsour model

3.3 Single crystal plasticity laws

Our polycrystal model is developed for face centered cubic structure (fcc) as feelbadycentered
cubic structure(bccandfor two-phase material@vhich is the case d@he austenitic stainless steel
316LN).

In this paper, theisgle crystal plasticity lawasproposed by Tabourot et [@3]andissued fronthe
worksof Kocks et a[54], Kocks[55] and ofEstrin and Mecking56, 57],ardheremodified to take into
account the GNDsThey areapplied toeach grairmssumed tbave the behaviour @ingle crystals.
For fcc, the Schmidcriterion rules the activation of thelisystems {110} <111>For bccphasthe
Schmictriterion[58] is applied to the 24 slip systems {111} <110> and {111} <112>

The criterion is given by:
L (20

where IV ”Wg g@ is the reduced sheatress on the glide plane (acomputed from E®. is the

critical shear stress.

The GNDs play the role of obstaskendareadded tdhe statisticallystoreddislocation densitied=or

each time increment of the computatioaagsumehat the critical shear stress is given by:
IZI/IgV/B\/:aS”H & 1h¥y 1)

uliz u

wheraul is the isotropic shear modulusthe norm of the Burgers vectdfthe lattice friction stress,

h® the component of the hardening matferthelocal approach ® 0 , the h®™ matrix
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describsan anisotropic hardening, which depends on the activated dislocations (i.e loadinggrath).

thenonlocal approach ® z0 , we assume thaéte h* matrix describeboth anisotropic and

kinematic hardenirg

The critical shear stresgiven by Eql5 and Eql6, is a function of the components" of the

interaction matrix (forest hardening) between the systems (s) an@ih@ne is noeviderce that the

interactions between statisticaliyoreddislocationswith the forest obstacles are simitarinteractions
betweenthesedislocations and the otagles created by GNDs. But, in this first approaete have
usedthe samenteractionmatrix. Moreover, thismatrix is an asymptoticvaluewhencompared to the
one proposed bRevincre et a[59], Queyreau et §60] and Monnet et di61]

For afcc singlecrystal, the 12x12 interaction matrix is composedsiaf different termswhich are

computedin section4.The glide velocity Jis expressed with a classical viscoplagtitential based
on the resolved shear stress and the critical shear stress for glide activating on system (s):

J J%Q sign( W) if | Wt
©C

1 (22
J 0 otherwise

Where J is a reference shear rate andthésate exponent.

The dislocation density evolution (Et), is governed by alislocationproduction termbased on
Orowan relationship anid balanced by an annihilation dislocati@mm which takes into account the
dynamic recovery during deformation.

(0]

Iy
5 [ ko Y= o) 23)
_ yc 2
b « K ;
- :

2y. is a material parameter related to an annihilation distance of dislocations.fifdheterm
corresponds to the inverse of the average mean free Igatof GNDs, whereaghe secondterm

correspondsatthe inverse of the average mean free pathof the statisticallystoreddislocations on
the systemd). The third term corresponds to annihilation of dislocatidhaterial parameteks and
Karerelated to thewo average mean free path on eatip systenlg, and L. The evolution ofLg
comes from the evolution of the dislocation deasibn the other glide systenis) which intersect the
glide plang(s), through:

LS K/ Ly (24)

The equations are solved thanksatechemeusing the forward gradient approximation close to the
schemeproposed by Peirce et [@8] andTeodosiu et g62].

4. Aggregate, meshing, boundary conditionsmodel parameter identification
4.1 Aggregate

A representative volume of the material is required to analyse the effect of the actual material
microstructurg(containing a large amount of twin boundayien the local dress and strain fieldJ.o

avoid artefacts due to boundary conditions and free surfadasgesaggregatevolumeis used. To
obtainsuch aRepresentative Volume (RV) of the 316LN material, a 600 x 600 x150aggregate

was builtcomposed of 30 layers, each one corresponding to an EldtadaScatteringDiffraction
(EBSD) map extruded over 5um (each layer thicknesing then 5um). The EBSD step aysis

within a layer was 1um. The mechanical technique consisted in successiv&ipgt and in

7
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crystallographic orientation measurements by EBSD. An experimental technique and specific software
were developed for the reconstruction of guents meshing element, need large memory space and a
large computing time. In this paper, alinsilations are actually performed on a quarter of the aggregate
(300 x300 x150 pr}) named AG2 (Fig.4c) containing 1,029 grains. The FE meshing is 4 x 4 X.5 pm
For such an aggregate, the resolution is weak, compared to those obtained by Zaefferer],et al [63
through Orientation Microscopy in a Focused lon Besganning Electron Microscopy (FHBEM).
However, our mechanical technique enables the investigation of a large amount of large grains.
aggregate from the successive layj@d]. The 3D aggregate (AGXpontaired 4,363 austenitic grains

and 319 ferritic grain&ig.4). Computations on such a large aggre@ate4a and 4h)presenting small
meshing (1 x 1 x 5 uM with eight Gauss

Fig4. (a) 316N 3dimensional aggregatd,363austenitic grains)b) ferritic phase, (c) aggregatsed
for the simulationél,029 austenitic grains)

4.2 Numerical scheme, eshingand boundary conditions

The polycrystal model is implemented in Abaqus software packagei®g a User Subroutine
(UMAT). The numerical scheme is an explicit forward gradient procedure which delivers a good
accuracyas well as aigh integration speed.hbugh his method presents the drawbackusevery

small time incrementst has the advaage to detect a progressive lattice reorientation (very small for
fatigue tests) and the occurrence of new active glide systems. Fosmatlitime increments, our
small elastic strain assumption is valighcal stress and strain fielddislocation denisies, cumulated

glide on the glide systems, total cumulated glide magnitude are respectively coifgpigadhtime
incrementand for each Gauss poilnt this first approachthe elastic transformation tensor is assumed

equal to the latticeotation F® | R®.

Via a posttreatment routine, the gradient of the lattice rotation is explicitly compotedach time

increment.

As shown in Fig.5ahear cubic elements (total integratioaje usedwith eight gaiss points

(referenced as C3D8Aaqus codeThe computation is divided in four stepise first step is devoted

to the computation of F® |§eat the gauss points of each meshing element, the second step

extrapolates thé=® values at the node of each rekent, the third step computes the gradient between
the nodes, the fourth step inserts the new values of the gradient at the involved Gauss points.

The /tensoris thencomputed at each Gauss pamiwell aghe GND densities €on the slip systems

(s)

2y
¥ 1/

oA o .

ol 1ol | = ! -

latpe F b

- v N,
Face 1 N Face 2

a (o}

)LJ D OHVKLQJ HOHPHQW *DXVV SRLQWY DUH UHSUHVHQWHG E\ h V\F

represented by X symbols), (b) aggregate used for the identification of the model parameters, (c) boundary
conditions.
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4.3 Identification of the model parameters

Theidentificationis performed bpn LQYHUVH PHWKRG RQ D *PRGHO"™ DJJUHJDWE
presenting the isotropic texture of the 316LN steghich meshing is composed of 4,096 square

elements BD8. On the base of the tensile test® tmodel parameteese determinegdvia an interface

[47, 48 between Sidol® [64] and Abaqud. The aggregatesed for the identificatioris given in

Fig.5band the boundary conditiofBig.5c)are suppliedn table 2.

Boundary conditions Face 1 Face2 1RGHV 1L 1RGHV 1M L

ul=0 ul=U(t) u2(Ni)=0 u2(Nj)=0

Table 2.Boundary conditions.

Some parametgi®uchas dastic constarstand the interaction matrizoefficient3have been founih
the literatureThe studie816LN polycrystal was found to belastically isotropicBut eachgrainbeing
considered as a single cryspaksensananisotropic elasticityldentification of the parameterstisus
performedwith anisotrop¢ valuesFor a 316LN single crystalwe usethe anisotropicvalues obtained
by Huntington[65] (C11=198GPa, C12= 125 GRadC44=122GPpa

For austeitic phase, weusthe interaction matrixproposed byDevincre et a[66]. Accordingto these
authors, e a®‘componentslepend on the applied strain, W dislocation density magnitude. this
work,we haveusel the a®asymptotic value$he marix is composed of six termrepresenting several
types of dislocation interactionsforself interaction, g@orcollinear interactionsafor Lomer Caditrell
locks, afor Hirthjunctions asforglissile dislocationinteradions agfor sessile dislocatiomteractiors.
For. L L& componentswerebtainedby dislocationdynamicsimulatiorsby Monnegt al[61]. In
this paper, the/aratio given by Monng67]ischosen butasis deduced froman inverse methodror
austenitic steel,he obtained value$a,=0.1236,a,;=0.6330,a,=0.1236, a;=0.0709, a,=0.1388 and
a=0.123 DUH FORVH WR ORQQHWITV RQHV

Threeidentifications are presenteshe corresponding tihielocal approach (LA) K=0), performed on
the tensile curve corresponding to a grain size of 2@hetwo others, corresponding to nelocal
approacks(NLA), are performed on the three grain sizes

The Burgers vector normralue was determinedoy Robertson et d68]. For our 316LN, initial total
dislocation density {fis measured by TEM.

The parameters independent of the type of approachttegd Burgers vector norithe {finitial

dislocation densitythe J reference shear rate and the rate exponent n. These parametgveraia
tables:

b (m) { (M n J (Y
2.5410" 1.7716° 73.50 4.00 10"
Table 3.Physical parameters independent of the type of approach

From the identification performed thanks ttensile tests, two sebf (K, ko and 2y.) parametersare
found for small and moderate strairThe evolution of these parameters at different stages of the
tensile curvesould have been determinedjtibsuch inverse computatidreing time consumingwe
have reduced owstudy to the twostrain ranges giviertable 4

In the following the nonlocal approach corresponding to small and moderate s@agnamed NLAL

and NLAZ2 respectisly. The local approach ¢O0) is named LA.

i (MPa) ko(-) K() Ye(m)
LA 22.30 0 59.97 1.29 10°
NLA1 HNY% 22.30 150 88 9.14 10°
NLA2 1% d Hd15% 22.30 8.25 47.00 4.45 10°

Table 4. Material parameters identified from experimental.data
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Being an intrinsic valuehe friction shear streddis taken constant for the thriientifications2y, is a

material parameter related to an annihilation distance of dislocations ecpralatoplitude of a few
Burgers vectab. Table4 shows that 2y, variatiorsare rangindrom9b to 7. The material parameter

K is relatedto thedislocationmean free path bydF19.For LA, the values ofLg areabout 48um For

NLA1 and NLA2, they aret0 pmand53 pnrespectivelySuch valuesslightly larger than the grain
size are relevantvalues for the initial stat®f an annealed materialAccording to Acharya and
Beaudoifl6], the parametek, is bound to theinean free path Its valueis 150 for smallstrairs and
8.3for larger strain. The 316LN steel used in this papéd dot present residual stresses, theGND
initial density is assumed equal to zero.

The identification process gives 3 sets of parameters/,( k) which values depend on the strain
amplitude. This means that B8.should take into account this fact. In this first approach, we have
successivelysedthe relevant values for eastage of the simulations.

4.4 Validationof the local and nofocal approachélroughtensile curves

In Fig.6a, gmulatiors of the tensile test performedith LA on AG2 aggregate are compared to
experimental test (grain size 26 pmkig.6b,c,d shows thathe nontlocal approachNLA2 (
1% d HALB%), gives a good description of the grain size effect on tensile(té$td0 ®s ! ).The
numerical curve fit with experimental ong except for themicro-plasticity stage. Tis slight misfit
comesfrom anhardening matrixassumed constant wigitrain amplitude.

700 700
= AISI316LN tensile curve
00 r."’ Loeal approach S0
d=26 um

500 500

400 400

——. Exp,d=26pm

300 300

" Stress [Pa)
Stress [MPa]

—— Exp,d=17um
200 . 200
s = Experimental == Lxp,d=13um
100 100

—e— Simulation —m— Sim ML, d=13pm |

< 3 10 15 0 H 10 13

(@)  Stiain [%] (b) Strain [%]

o

600 f

300 - ——- Bxp,d=26pun — — Exp,d=26pm

— — Esp,d=17pm

Stress [MPa]
1)
Stress [MPa]

—— Exp.,d=17pm
——. Exp,d=13pm 200

—s— Sim. ML, d=17pm 100

——. Bxp,d=13pm
—e— Sim. ML, d=26um |

0 5 10 15 5 10 5

(c) Steain [%] ’ {d) Steain [%]
Fig.6. Comparison of gperimental and numerical tensile stragmin curvega) Local approach(b, c, d)
Nortlocal approach (4 10 3s 1)

For smalldeformation§0.3% d AHd1%), the computedtensile curves obtained with the rlmtal

approachl (NLAjt with the experimentalones(Fig.7a), but as shownn Fig.7h NLA1 cannot be
extendedo anapplied deformatiobeyondl%.

Thismacroscopicahresholdstrain of 1%gcorresponds to an average strain value beyond which all
grains are plastically deformelgading to dislocation patterns.curpolycrystalmodel, the grains are
considered as single atals with different crystalline orientations. The constitutive laivhe model
correspond to single crystal laws. The first set of parameters (strain less than 1%) is bound to single
crystal stage [single slip) whereasthe second setorresponddo dage Il (hardening stage). For
polycrystas in micro-plasticity stage, most grains aegtherin elastic stage or in stagevherethe
dislocation pattern is ngtet developedAt about 1%nacroscopical strajithe change on the hardening
slope of the tengdl curve corresponds to a plastic deformation of all grains anddiandening.

10
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Fig.7. Experimental and numerical tensile stregin curves for thBlon-local Approachl. (apmall
deformations, (bModerate deformations

5. Results:Hall-Petch lawandfatigue behaviour
5.1 Grain sze effectfor monotonic loading

For moderate applied strain (FBg)NLA2 simulatiors of the Hall-Petch curvesare in very good
agreementvith experimentaturves Fig.8b shows the predicted hardening slopes for small grain sizes
ranging between d=5 pm and d=500 pnlargehardenings observed for very small grain sizes.

Fig.8. (a) Comparisonof experimental and streggain size curvesimulation. (b)Simulation of the
tensile test for polycrystalsresenting several small grain sizes with éwar-local Approact? (NLA2) for
ko=8.25(moderatestraining)

5.2 Fatigue loading

5.2.1 Comparison of Local anNonlocal approaches

Computed fatigue curesbtained for 20 cycle§ < r0.5%)with LA and NLAlarecompared t@n
experimental oneAs it can be seen on Fgj.LAidentified from tensile testddoes not fit with the
fatigue life curve By contrast,NLA1 gives a good description of the hardenstggeof the fatigue
curveNevertheless he latternonlocal approacttannotdescribe the whole fatigue curve. This means
that the dislocation microstructure evolution towards a {tase material composed walls, cells
and persistent bandi§9,70]cannot be predicted mur modelwithout introducingoackstresss.

Fig.9. Comparison of the fatigue curves in the hardening stage compiitethe Local Approachl(A) and
Nortlocal Appoach 1 (small straingk150)and the experimental one.
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Fig.10. Comparison of the fatigue stressain curves in the hardening stage compwiti the Local
Approach (LA) andNon-local Appoach 1 (small strain,&150) and the experimental one5{" and 10"
fatigue cycles).

As shown in FidlO, the nonrlocal approach gives a better descriptiorited hysteresis loops of the
hardening fatigue stagdyy comparison withthe local approach. Nevertheless, there is a slight
discrepancy at the transition between elastic and plastic stages. Thipatisgrenay be explained by
the absence of back stress, generally introduced in the constitutive |8\6) (g fatigue description.

NLA mappings, as well as the distribution curves, show that introduction of GNDs densities lower the
local equivalenstress values, when compared to LA (Filg.lnd Fig.1b). GNDs rehx the internal
stresses at grain boundaries but alsaxiiem within the grains. The decrease of therage stress is
about 100 MPa.

12
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Fig.11. Comparison of the equivalent stress field computed witth.tleal approach (R) andthenon-
localapproachNLAL corresponding temall strain kK;,=150and grformed on the A@ aggregate
submitted to fatigue test (I@ycle)(a) Distribution curves of the equivalent stress amplit(ijenapsof
equivalent stress fieldithin the £'and 1%' layers of the aggregate.

The maps(Fig.11) show that thdocal intragranulastress fieldspresent heterogeneitie¥he strain
fields,not given herealso showheterogeneities-or the polycrystalmodel, amore accurat¢hreshold
mightbe applied to each Gauss point, but such a refinewmult leadto a more complex simulation.
Schwartz et al [40] shozdthat polycrystal modelauld describe accurately the PSBs pattern at end of
the hardening stage. In this paper, the meshing is too ladgstoibe such a pattern.

5.2.2 Grain size effect in fatigueading

Grain size effectin fatigueis studiedfor AG2 and AG2D10 aggregatester 10 cycles (fatigue
hardening stage). At the vicinity of the grain boundaries,the stresses are increasaa ksd
homogeneously distributed in small grain siwben compared to large grain siz€bkig.12a and
Fig.12b).

Fig.12. Comparison of the equivalent stress field computed witth.dloal Approachi(A) andthe Non-

local Approach 1 corresponding tg#150 (NLA1) performed on the 2AG aggregate submitted to fatigue
test (10" cycle). (a) Distribution curves of the equivalent stress amplitude, (b) maps of equivalent stress
field within the £'and 18ayersof the aggregate.

6. Discussion

A simplenonlocal modelhas bendesigned to predict tHeardening stage¢he cyclic stressstrain
response anthedistribution of the internal stress field within the grains of an actual 316LN
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aggregateontainingl,029 grains.For the macroscopical and microscopical mechanical behaviour of a

316LN steel, theontribution of GNDswhich take into account all local deformation incompatibilities,
hasbeen studiethy comparing the numerical resultslotal and nodocal models to experimental
ones.The GND densities on the slip systehave beelntroduced in the evolution law of thetab

dislocation density and inthe Schmidriterion( 9. Instead of using 9components dhslip systems

for the dislocation tenssr , we haverepresented the GND densiby 12 scalas °, according
toAcharya and Beaudoin L. Thus only one parametégkj,)has beemdded to the material parameters
of our local polycrystal model.

A set of three material parametds, y. and ky) is determinedthroughan inverse methogdsing
experimentaltensile testsperformed on polycrystalpresenting three grain skeTwo sets of
parameterdhave beerobtained for small and moderate strainififpe koparametetboundto GNDs

mean free pathrdpsfrom 150 for small strains 0  to 8 for moderate strains ( 0 . For
moderate strains, ouesult is of the same order of magnitude as those obtairkéakist al[71] who
foundkg IRU SXUH QLFNHO ko= DR.0Y¢0r B1Y-100 aftéhsite

The existence of two sets ifentified parametesfor two different straingsaises somepenquestions.

For standardhodeling K and 2yc are related respectivelyp the mean free path of the statistically
stored dislocations arh an annihilation distance of dislocations. These two parametersaaty
consideed as physical parametersntrinsic to the material.Forthe local approach (LA) andon
localapproach for small and moderate strains (NLA1 and NLAQ)is of the same order of
magnitude.B contrasy. preserasomevariations:9b for LA, 70b for NLAL1 and34b for NLA2 (b is

the norm of the Burgers vector). Though these data are not clearly defined in literature, the
2y discrepancy i®o large Last but not the leasthe k, parameteris decreased by a factor 20 from the
micro-plasticity stage to the hardening stayethis paper, theisedmean free path expressiés °) is

very close to the one proposedKyk et al[71]. Accordingto our resultsthek, °term of Eql8(which
physical meanindpas not yet ben clarified)must takeinto account the evolution of the microstructure
(total dislocation densiti¢sin this firstnumericalapproach, we have kept thiassicalexpressiorof a

mean free patlbut we haveseparated thease of small and moderate stralimfirst k, value is
obtained from micreplasticity stageof tensilecurve where only few grains are plastically deformed
and where the dislocation microstructure is close to the initial Binis valuecarbe used talescibe

the cyclic stress strain curvas the hardening stagd@he secondk, value can describe Hall Petch
curves for moderate strainut cannot describe fatigue behaviolir.corresponds to alislocation
microstructure differenfrom the fatigue one.This salt shows that the expression of the mean free
path of GNDs (Eqg. 23) is not intrinsic for the material and must be replaced by a function. Eq. 23 is
composed of two hardening terms (sources of dislocations) and a recovery term.

In our approach, the hamiag and recovery terms are needed to describe the non linear hardening of
tensile curves. This recovery term describes the annihilation of two dislocations. However, this term is
not suitable to describe a softening due to a different mechanism, suwh rastton of dislocations
within the channels of the dislocation pattern. Compared to the local approach (without kinematic
hardening), thenonlocal investigation brings a significant improvement on the description of the
Bauschingeeffect. Nevertheless, it has to be upgraded to completely describe the Bauschinger effect
due to the back stress. The batiess (or kinematic hardening) corresponds to the elastic reaction of
the dislocation lattice against the imposed strain at theotrnehch cycle: glide dislocations are
gradually trapped into the loop patches, and into the grain boundaries and TRSBsgoid the
introduction of an empirical nelinear back stress to describe softening, we have to modify the second
term of Eq. 23.

This first approachof the hardening in low cycle fatigue provides some important resuliisd
hardening stage (Y0cycle), the NLA1 approach predicts a decrease of the equivalent local stress,
when compared to the LA approach. By contrast to the LA magppithe NLALl stress pattern
mappings show that the equivalent stresses are more concentrated close to the grain boundaries than
within the grain bulkd'he computingprocesseing time consuming and needing large memory space,
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the GND densities computedrfeach time increment aret saved independently, but added to the
statistically stored dislocations. To obtan order ofmagnitude ofthe GNDs density forsmall
strain, it is assumdthan the GNDsmean free patis of the same ordehat the grain size (d=26gm

With and weobtain °=2,500mZand =6.210°.m?2 Suchalow value

of is relevanfor an annealed material

A NLA approach givanformation about the grain size effect in fatigue loading.For two studied grain
sizes (d=26um and d=2.6 umgomputations point out larger stress distribution for small grains
(average stress shifted about 150 MRaganing alarger non uniform stress petn and a large
concentration of stresses near some grain.

For AG2 aggregate, the meshing (4um x 4um x 5um)used fopatation is too large to capawvery
small lattice misorietations betweemeighboringpoints. Accordingo Kadkhodapouet al[52], GNDs
measurements related to small misorientationsmust be recorded5@itin step sizeThe obtained
local stress and strain field in the real 316LN aggrecrmtde used to test damage criteria.

7. Summary

To check the validity of the laws, we hawemerically tested these equations on tensile and low cycle
fatigue loadingd he main advantage of our straightforwandnlocal approachis to only need sven
physical parametersg( n,a,, &, ko, K andy,) which can beexperimentallyidentified from tesile tests
performed on different grain sidgolycrystals.When ©mpared tothe local approach, the nen
localapproachjdentified on the micrgplasticity stage of tensile tesis a very efficient tool to predict
the hardening stage of fatigueyclic stressstrain curvesand the related local stress€ur results
show that abetter formulation of the GND mean free path musinbestigatedo describe the baek
stressphenomenonThe proposecdhortlocal approach gives also a first hint of the grain sifiect
during fatigue.
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