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Introduction

ENABLE H2020 project

This European Training Network actively involves academics and industrial partners in training a
new generation of young researchers for the future of manufacturing. By developing new
solutions for metallic alloys, ENABLE proposes a complete rethink of the usual process
simulation methods. Innovative multiscale (from microscopic to macroscopic scales), and
multi-physics (strong thermomechanical and microstructural couplings) are addressed.
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Cosserat Media - Motivation

- Development of an Adiabatic Shear Band

- Localization phenomena & prediction of
characteristic length and size effect

- aim to regularize the model and avoid mesh
dependency

Chip

241.728
167.735
93.742

Workpiece Cutting Tool

Fig.1 2D machining of Ti-6Al-4V - using Third Wave

Systems AdvantEdge - Temperature

=
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Fig.2 Chip formation during the machining of grade 316L
stainless steel - using Third Wave Systems AdvantEdge -
Temperature, courtesy of Sgndvik Coromgant


https://docs.google.com/file/d/14FdGZLO8pFzIUvoUXqCceON1gf11vK9t/preview

Cosserat Media in small deformation - model

¥ the model was initially introduced in 1909 by the Cosserat brothers [Cosserat 1909]

% Raffaele Russo has been working on formulating a thermodynamically consistent model for small deformation
and large deformation [Russo et al. 2020]

Displacement ~_ Extra degrees of freedom - the rotation of the microstructure
{uia 92}7 1= 17273

1, it (L)) = (1.2.3).(2.3:1) oF (3.1.2);

Deformation measures, where €ijk = —1, if (i,j,k) = (3,2,1),(2,1,3) or (1,3,2);

0, otherwise.
e=u® YV + €.0 — Cosserat deformation tensor

k=0®V —» Cosserat wryness tensor

Balance/equilibrium equation:

/Sg:énﬂu:l;{)dv u+0k/ tu+m®&
Q - o9

classical stress couple stress y force / couple external surface / couple fraction

Cosserat, Eugene, and Francois Cosserat. Theorie des corps dédormables. A. Hermann et fils, 1909.

Russo, Raffaele, Samuel Forest, and Franck Andrés Girot Mata. "Thermomechanics of Cosserat medium: modeling adiabatic shear bands in metals."

Work Package

Continuum Mechanics and Thermodynamics (2020): 1-20.
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Cosserat Media in small deformation - model

Material model for elasto-plasticity

From the Helmholtz free energy and the Clausius-Duhem inequality (2"® thermodynamic law)

we can verify the compatibility and derive the following:

assuming single plastic multiplier we calculate using the consistency condition and the

normality rule: n:Ad:e+n.:C:k

P=%4 ~ :- ) 3 ay0' + ay 0’7
()—-I-Ll(;:!}:p—l-n(;rgrp ‘(_f:n:l_a.lg + a0
(}p = = ()g - 2 Oeq
. . ) 3 by + bopT
Normals to the yield surface in the stress and couple stress spaces ;)—Z: = = 3 s - 2k ;
o _ o
Equivalent Stress as in [Borst 1991; Lippmann 1969; Muhlhaus and Vardoulakis 1987]
3 / / / 3 T ¢
Tea =1/ 5 (a10": 0" +a20": 0T + by pHipt+bap:p ); Characteristic length: ] e @
P =47
)

De Borst, R. E. N. E. "Simulation of strain localization: a reappraisal of the Cosserat continuum." Engineering computations (1991).
Lippmann, H. "Eine Cosserat-Theorie des plastischen Fliessens." Acta Mechanica 8.3 (1969): 255-284.

Muhlhaus, Hans-Bernd and . Vardoulakis (1987). “The thickness of shear bands in granular”. In:

Géotechnique
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Cosserat Media Implementation - Glide test

: 83
E (top)

80 —e— ZSet Stress_12
—e— /Set Couple Stress_32

y % % S« FEnics Stress_12
’ 5 FENiCS Couple Stress_32
X = « Analytical Stress_12
*z 20 -+ Analytical Couple Stress_32
Boundary Conditions B %
us = 0 (whole) ©
o 0
=
84 = 0 (whole) n
8, = 0 (whole) Q -20
83 = 0.001 (top) 3
N -40
-60
lterations to converge - equilibrium: -2 1 0 1 2
- FENICS: Y

[1,1,1,1,1,1,3,7,8,8,9,10,10,11,12,13,15,16,18]

. Zset:111111,4,56,6,6,7,7,8,910,10,9] Fig.3 Comparison MFront+FEnICS with ZSet and the analytical solution

[S.Forest et al]

Forest, S. and R. Sievert (Jan. 2003). “Elastoviscoplastic constitutive frameworks for generalized continua”. In: Acta Mechanica 160.1-2, pp. 71-111.




Cosserat Media Implementation

Fig. 4 Explicit Implementation MFront

// Note @InitLocalVariables is called before @PredictionOperator and

// @TangentOperator and @erivative, so we can define the elastic operator dere
// to factorize the code a little bit
@InitLocalVariables {

90/aAeto = lambda * t2tot2<N, real>::IxI() +
(mu + mu c) * t2tot2<N, real>::Id() +
(mu - mu c) * t2tot2<N, real>::transpose derivative();
dux /30K = alpha * t2tot2<N, real>::IxI() +
(beta + gamma) * t2tot2<N, real>::Id() +
(beta - gamma) * t2tot2<N, real>::transpose derivative();

}

@ComputeThermodynamicForces {
o = lambda * trace(e=') * Tensor::Id() + 2 * mu * syme(e=') +
mu ¢ * (e=' - transpose(gc'));
ux = alpha * trace(k=') * Tensor::Id() + 2 * beta * syme(k=') +
gamma * (k' - transpose(k®'));

Fig.4 .mfront file for the Cosserat glide test

A+20) A )

A (A2 A

A A (A +2p)
(a+28) ! «@

@ (a+28) «

« ! (a+28)

o = Atrace(e)

p = actrace (k)

(1 + pe
(e + g

I+
I+
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) (1= pe)

D (= pe)

(h+pe) (k= pe)

(,U + /l-c) (,“ ik /l(,)
(et pe) (0= pe)
(At pe) (0= pe)

2,“ (g(f)s?/m 4 2/lp (96 ).S‘Ii‘(_"llv
23 (ke)sym + 2~ (kc )skmu
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Cosserat Media Implementation

3
Fig. 5 Explicit Implementation MFront Oeq = \/‘ (a10": 0"+ a0 : 0 +byp: pt+byp: pt):

@erivative {

const auto se = 2 * mu * deviator(syme(ec')) + mu c * (g=!
const

- transpose(ec'));
auto seq = sqrt(3 * (a1 * (se | se) + a 2 * (se | transpose(se)) +

b1* (ux | px) + b 2 * (px | transpose(px))) /

dege!
deke? . .
if (seq - RO - H * { ‘ 0_f g o 3 (1'19'/‘}'(1-29"71.
const auto (a1 * se+ a2 * transpose(se)) / (2 * seq)); oo & 2 Teq
const auto * (b 1 * ux + b 2 * transpose(px)) / (2 * seq)); - ‘
auto H+ (n |d0/afeto | n) + (n c |apx/aBk | n c)); af

‘ 3 bip+ bopT
reto) + (n c |aux/adk | dik)) * cste; E = De D) ;

O

Fig.5 .mfront file for the Cosserat glide test - continuation P=7 -
Optimization: converting to an implicit implementation




Cosserat Media Implementation

FENICS + MFront

Zset

Fig.6
Glide test - Result
for the stress, 019

Stress 3

-17 -15 -12 -9.5 -6.8

-2

sig12 map:18.0000 time:

-4.; -1, . X X A .

min:-20.0845 max:11.7450




Cosserat Media Implementation

FEnIiCS + MFront

™

Zset

Fig.7
Glide test - Result
for the couple

stress, 432
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Performance
Scaling of the Cossearat glide test in small deformation o L o L e e e e e e e i i e
o scaling - 1.2M quadrature points, 600K dofs X -ATLAS EDR @ Donostia International Physics :
—@®— Scaled weak scalfng-4K dofs per core I Center .
—@— Scaled weak scaling - 8K dofs per core I
a0 HiZeiRefelico . - Infiniband EDR network !
. - 37 nodes with Intel Xeon Platinum 8168 (24 !
g ! cores per node x 2 threads) :
§30 ' - 8 nodeswith Intel Xeon Platinum 8280 (28
i 5 : cores per node x 2 threads) i
@;20 - - 2x NVIDIA Tesla P40, 1x NVIDIA Tesla P40 :
5 >< : Current setup: :
e —e - using Singularity container g
i - using MPICH using the UCX network !
0 ! framework !
0 25 50 75 100 125 150 175 200 ! !

Processes

Fig.8 Strong and weak scaling plot for the glide test
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Conclusions
- From the profiling and scaling results we can conclude that the major bottleneck is the resolution of
the system of nonlinear equations (quasi Newton line search) using MUMPS as a linear solver

Weak scaling of application components for 4K per core dofs . I .
100 9 PP P P Strong scaling of application components for 135K dof / 263K quadrature points
—8— 4K - Wall clock time .
4K - Solver - Dolfin re 12 WAl dock e X
—@— 4K - Assemble system /S\:'s‘;er;;ﬂ[e)(;'f';’tem .
4K - Update constitutive law y' .
80 1 —®~— Update constitutive law
4K - Local project 10 Lot Dbt
=% Rolelence X:- Reference
60 8
Q
= R S
3 WX S
& 2 6
40 2
4
20
2
0
0 20 40 60 80 100 10 20 30 40 50

Cores Cores

Fig.9 Strong and weak scaling plot for various routines part of the simulation
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Next steps

% Increase problem size

% Native installation of the software stack on ATLAS-EDR

% Profiling with EXTRAE for MPI statistics, DCRAB for node statistics
% Exploring other linear solvers (and nonlinear)

% Implicit scheme implementation

% Porting to dolfin-x

%  Further HPC analysis and code optimizations

% Implementation of the full thermodynamically consistent Cosserat model in Large

deformation - elasto viscoplasticity




Questions

Thank you for your
attention!




