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Industrial Context
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< Specific thermo-mechanical loading:

» T € [1000, 2600] [°C]
» e [107% 1071 [s]72

Industrial context and motivations

Behaviour law of U O is highly

—)-

dependent on the loading

conditions (T, £)




Method
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< Elasto viscoplastic behaviour law
with isotropic strain hardening

Scale of the UO;, pellet

<> Non uniform Transformation Field
Analysis (NTFA) model at each
integration point

<> Access to the local fields Polycrystal: 500 Grains
NTFA & ~ 500 Grains (500 single crystals). calibration

<> Full Field simulation: FFT
< Strain incompatibilities
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Experimental Results

Variation of T'
& =101 [s] ™1 [Salvo et al., JNM (2015)]

— Experimental
[Sal 1

1-T = 1700 [°C)

Strain - &35 [%)

Experimental results

00 25 50 75 100 125 150 175 20.

Variation of &
T = 1500 [° C] [Ben Saada, PhD Thesis (2017)]

100

x

[M Pa]

SS - 033

40

Stre

x 10 ][x]"‘

s (2017)
x 1078 [5]~1

0 x 1076 5]
=170 x 10-° []!

—— Experimental - & = 100 x 10~° [s]

%% 4 6 8 10 12 14 16
Strain - £33 [%)

20




Inverse Calibration Process

Aim: to recover the asymptotic behaviour for all loading conditions

100
801 1AGL(Ts &)« 1T )
- a,(T, &) «~ hi(T, &)
Q? =
-
el f
le) i
1 s
175) kLS
= l ————— Numerical asymptotic elastic behaviour
N —— Asymptotic strain hardening behaviour
Experimental - £ = 1 x 1076 [s]~!
204! [Ben Saada, PhD Thesis (2017)]
N Experimental - £ = 5 x 1076 [s]~!
"""" Experimental - & = 20 x 107 [s]~!
A O Experimental - & = 100 x 107¢ [s] !

2 4 6 8 10
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Process

Calculation of (A&J3, ap) linked to
the local parameters (r?, h;)

s\
AP = 39 % <|T—S|> X sgn(Ts),

T’i(w7 t) = T?(Tv 5) + hi (T7 8_) X pi(wv t)7
=DA% A =137, ™)
sES;
4P evolution law inspired by
with: | [Knezevic et al., IJP (2013)],

(2, h;)(T, ) functions to be calibrated.



Table of contents

Mechanical problem
Constitutive relations
Local problem

Mechanical problem



Single Crystal Scale: Elasto Viscoplastic Behaviour with
Isotropic Strain Hardening
1 IS0 a
w@ﬁmm:gk—%%Lﬂ&wm+w(Lazég@mw%
with: | w local free-energy,

e(xz,t) = ee(x, t) + evp(x, t), evwp(x,t) ny (),

ms Schmid tensor UO; fluorite crystallographic
with: structure [Soulacroix, PhD Thesis (2014)],

~¥®  slip on the considered system (s).

o, —Avi  ([Aps "
—E N 0 TR 1Avp,s|
Yy = - Yup,s, Yup,s(Avp, Api) =i X it 1 X <_-Ap,i> )

_ . |Av,s| |Av,| n;—1

(tvps ¥p) dissipation potentials ~~ (&vp, D),

with:
(Aup, Ap;) thermodynamic forces +— (evp, ps)-

Mechanical problem Constitutive relations

001
*®---
.I,JI,,,, d
®  |® o010
. L Ol
o-@-¢
¥ 100

Fluorite crystallographic
2 structure: oxygen atoms in red,
( ) uranium atoms in green



Local Problem to be Solved for RVEV:
Equation System (3) Coupled with Evolution Laws (4)

o(xz,t) = L(z) : (e(z,t) — evp(x, 1)), ewlx,t) Z’y x,t) ms(x),
divo(z,t) =0, o(z, ) n(z) antiperiodic on aV, 3)
e(z,t) =&(t) + 3(Vu'(z,t) + Vu' " (z,1)), u*(z,t) periodic on IV.

. Oy, s
= ; (AVP,Sv-Ap,i)v 'Yg = aﬁ: (Avp,37-/4p,i)7 s €S,

ey associated with its thermodynamic force Ay (= o),
p = (pi) associated with its thermodynamic force Ap = (Ap,:),

1 € {{100}, {110} } referring to a slip family of the studied
material [Soulacroix, PhD Thesis (2014)], 4)

Ap,i(w,t) = _Ti(mvt)y
ri(x, t) = 13(T, &) + hi(T, &) x pi(x, t),
pbi = Z 'Yg (A’va-Ap)v '73 |'7$ |

sES;

RVE V'

with:

Mechanical problem Local problem 8/22
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Calibration of ©9 (T, é)

Beginning of the iterative process

n{100} = 4, ;Y?IOO} (E_) =0.7x £and nioy = 4, 7?110} (E_) =0.5x gv 250 ‘
. n; deduced from observations, o : ¢ =510
with: | . i ) i . S Nash@ )| nm s
47 (€) determined using numerical tests at the single crystal scale. Tt
(T, &) = Al (&) x exp ( —bf x T) + 0@ B+ e
Al () = Max [afi’o - afl-’l X exp [—a2’2 x logio (5’)] ,O] , 0 } %
cl@ same strain rate dependence as A (£), o010 i T e, o0 T 10
with: (Al,bl,CT)  obtained by minimising error using LM algorithm End of the iterative process
' [Levenberg, QAM (1944)] [Marquardt, JSIAM (1963)],
(T, &) targeted function. 0
T?’(n+1)(T, &:) — T(i)’(n) (T, 5) + fs % (")Aa—g%(’]"’ 5)’ fs =0.5, & 200
with: ’ T?’("“) input data used in the LM algorithm, <
= s .
1 . 52100 : H 1
B = LS |0 AG (T, 2), B — Br ] < x ), JRHE
ith (”)Aﬁgg(T, £) error at given loading conditions, I
witn: {600 1100 1200 1300 1400 1500 1600 1700 1800
(Er(™ §(=103)) relative error and stopping criterion. Y Panpeate - T0C]

Inverse calibration Calibration of <2 (T, £9) 10/22



Calibration of h; (T, EL) End of the iterative process

» *  Data used for the least square
_ _ — R(T) — E=10""[s]*
h{lOO} - h’{llO} =h 300 — h(T) - 5::04[5],.
h(n) ) ~ h(T) — é=10"%[s]"
n+1) _ 9pexp X (n) e
D) = (n) » 18p gimy — @pexp| < & X ap.exp, s
Ap simu =
ap.exp experimental strain hardening slope, <
e (n) . . X 100
with: G simu numerical strain hardening slope, .,
§(=10"%) relative stopping criterion. (6) I
. l‘eJUH 1200 1400 1600 1800 2000 2200 2400 2600
ah X In (bh X € + fh) Temperature - T [°C]

(T, &) =

(" x T + dn)"
h{") input data used in the LM algorithm,

with: | (gh ph ch dh M) M) coefficients determined by using LM
algorithm [Levenberg, QAM (1944)] [Marquardt, JSIAM (1963)].

Inverse calibration Calibration of h; (T, &) 11/22



Results of Inverse Calibration

Variation of T'
&=10""1 [s]~ [Salvo etal., JNM (2015)]
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[Salvo et al., JNA (2015)] ~— Full-field FFT - T = 1350 [*C]

ntal - T = 1350 [°C] ... pylifield FFT - T = 1550 [°C]

Expe ntal - T = 1550 [°C] ~ Full-field FFT - T = 1700 [°C]

- Experimental - T = 1700 [*C]

Strain - &35 [%)

Inverse calibration
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Results of the inverse calibration
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NTFA Decomposition of Internal Variables

evp(@, t) = st 1) (),

I NTFA decompostion [Michel and Suquet, JMPS (2016)],

Z g(”(t #U) - [Decomposed],

pi(x,t) =
Z gé‘?i) (t) x'9) () - [Constant per grain]. Y
g

[Constant per grain] - decomposition [Michel and Suquet, CM (2016)],
ecomposed] - tested decomposition,

[D d] dd iti

ith (u&’f), Méli) modes used for the internal-variables decomposition,
with:

(&vp, &p,0) reduced internal variables.

Model reduction: NTFA-TSO Decomposition of the internal variable 14/22



Local Fields Expressed with Mode Decomposition

My,
> e t) = A(x) e<t>+zpmu<” (@) €D o),

|| induced by NTFA decompostion,

e(x,t) using the superposition principle: solution to the
linear thermoelastic problem[local problem (3)-(4)],
with: | € macroscopic strain tensor,
A(x) strain concentration tensor,
D« “(1)( x) strain influence tensor, (8)

D+ pl (@) = M/Dw ) : pP (a’) da’, D(w,2') = T(z,2") : L(z’),
with: | (D,T) nonlocal and nonlocal Green operators,
> o(z,t) = L(x): A(z): & +Zp"’ e (t
with: | p{) (@) = L(z): ((D*uép))<m>—u$§’<m)).

Model reduction: NTFA-TSO Influence tensors 15/22



Macroscopic State Law

P ®) 5 el)
e =t Z e
00 _ 0B al) = a® 13" <y p® > el

l

oW (k) (k) _ 0 < pgt) > +hy x Z &) < ) > > - [Decomposed],

*85(16_) p,i > “p,i
" — (T? + h; X g{,j?) x ¢(*¥) - [Constant per grain],

85(’“) = Qyp s Qyp

alk) =< y.\gk) L:A>,

with: | 2
L =< L:A>.

Macroscopic state law 16/22
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Evolution of the Reduced Thermodynamic Variables

aa(k) Myp aa(k) . . awhom Ba(k) 8whom
J(F) (= _ % 2 vp D) with £ — Z7vp S(k) _ “Cvp = vp
Qyp (€,6wp) = — €+ § X gvp , with gvp = Ayp” = = )
be T ogy) daly) oe o&ip)

PO = p =< >, <Pp>= 9y < >0,
g s

|| approximation of the effective dissipation potential [Fritzen and Leuschner, CMAME (2013)],

82va,s

C(g) A(g) 7,A(g,)
0 Aup <0 As ; X ( vp, s p,z)

< TR0 (A Ao ) > = g (A AL +
10)
10%%wpis  (g) ( 4(0) 1 0%¢vp,s @) ( 4@ (

+§m x C (-Avp,s) + EW xC <‘Ap,i) - [Decomposed],

Tangent Second Order (TSO) linearisation of the effective dissipation
potential [Castafieda, JMPS (1996)] [Michel and Suquet, CM (2016)].

cO(X,)Y) =< (X _ )’((9)) (y_y(g)) >,
C9)(X) =< (X,){'(g))2 <(9),

» Similar work has to be done on aék), ds,’f) has to be coupled with ag’“).

Model reduction: NTFA-TSO Effective dissipation potential approximation 17/22
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Uniaxial Compressive Strain Test: Macroscopic Comparison between Experimental
Results, Full-Field FFT and NTFA-TSO Model

T = 1100[°C], é = 10~ [s]~ 1 T = 1700 [°C], é =10~ ! [s]~1 T = 1500 [°C], é = 10~ 6 [s]~1
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Uniaxial Compressive Strain Test: Local Comparison between Full-Field FFT and
NTFA-TSO Model

£33 = 20 [%], T = 1700[°C], é = 10~ 1 [s]~1 £33 = 7[%], T = 1500 [°C], & = 10~ % [s]~*
—— NTFA-TSO - Decomposed —— NTFA-TSO - Decomposed
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Full-field FFT 1 Full-field FFT
60000 60000
50000 50000
1 1
240000 2740000
= =
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4 e
= 20000 F~ 20000
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; 3 ! N\ 3
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Conclusion

Mechanical problem
< Behaviour law <= from experimental results
<{ Aim: to recover asymptotic behaviour

Inverse calibration
< Behaviour law parameters impacted by the loading conditions
< lterative calibration process using Levenberg Marquardt algorithm

Model reduction: NTFA-TSO
<& NTFA: 2 different decompositions studied

<{ Reduced-variable evolution laws < effective-dissipation-potential linearisation

Results

<$ [Macroscopic scale] Good agreement between:
e Experimental results e FFT results ¢ NTFA-TSO model

< [Local scale] Almost no error margin between: e FFT results ¢ NTFA-TSO model

Conclusion



Perspectives

Objectives:

& To adapt the NTFA-TSO model to all loading conditions (RIA)

< To keep a low number of internal variables

Method: definition of reference loading conditions

< Temperature: Ty € [|1000, 2600|] [°C] with Tpas = 50 [°C]
<> Macroscopic strain rate: £y = 107" [s] ™"

Future work:
<& [A] Focus on temperature loading conditions

» 1D Lagrange interpolation functions on modes: (7o)
< [B] Focus on macroscopic strain rate loading conditions

» Same modes at (To, &0) and (T, &): pp (T, &)

» Function: Tp = gz, (T, €)

» Macroscopic strain rate domain: & € [107¢, 107*] [s]~*
<& [C] Developing a tri-axial loading NTFA-TSO model

Perspectives
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