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The future of architectured materials

e cham
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Overview

Materials processing
Polymers, (nano)composites, metals

120 people in 2015 :
33 academic staff
- 21 support staff
- 8 adj|. researchers
- 3 assist. professors
- 9 postdocs
- 46 PhD candidates

Properties
32 collaborative projects
between 2009 and 2014

Multiscale
Multiphysics
Modeling

320 papers and 8
patents published
between 2009 and 2014

~1ME€ of direct industrial

. . contracts per year
4 research groups : Laser processing

Structural dynamics, systems and control
Behavior and microstructure of metals and alloys
Polymers and composites
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The future of architectured materials
PIMM is a member of F2M
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The future of architectured materials

Probing all scales within materials

micromechanics

structural
mechanics

microstructures

pm nm um mm m kni
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The future of architectured materials

Architectured materials
In a nutshell
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The future of architectured materials
A given material for a given function

Light, stiff beam:
£172 o

Light, strong tie:
oy/p

Light, stiff column:

EV2

Light, stiff panel:
£ £173
P

oy Ip [Ashby, 2011]

Different function/load = different material optimum
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The future of architectured materials

The materials space J/ Contars V%,

I
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The future of architectured materials

Bridging the scales

Scale

Superstructure

Adapted from [Bouaziz et al., 2008]
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The future of architectured materials
Geometry, not a new idea...

[Ashby, 2011]
Same function =» different structural designs
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The future of architectured materials

Changing the topology — more rigid

Beams Panels

-
ﬂ

S

o >
Same area and
Same

mass/length Ll [AShby & BréChet, 2003]
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The future of architectured materials

Changing the topology — more compliant

Beams Panels !

Same area and
Same mass/area
mass/length

[Ashby & Bréchet, 2003]
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The future of architectured materials
Optimising the topology

. [ Start J
x(0)
Initial desig& l

Structural analysis x(1)
FEM

e

2 _ 9P 9P 9 0 9 v 09 P ® » ® ® ¢ © @ @
lvm .............-....‘ Il 3 1 Pt M T P T e
FE mesh | Change in mass
x(t+1) = Rx(1), y(1) D D @ « 'aAVaVaVaVaVaN
CA lattice anvergen{:e‘? _
‘ 2 KX XXX XXX X OO X
- [ End ] -----------------
Mass update Final design - 5 mm - 5 mm

[Tovar et al., 2006] [Laszczyk, 2011]
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The future of architectured materials

In summary

* Architectured materials are a rising class of materials that bring new
possibilities in terms of functional properties, filling the gaps within the materials
performance space.

« They include any material that has been morphologically engineered such
that some of its properties have been enhanced in comparison to the bulk
monolithic material, due to both structure and composite effects, which depend
on the multiphase morphology, i.e. the topological arrangement of each phase.

« The development of architectured materials is intrinsically transdisciplinary,
on the fringes of physics, chemistry, and mechanical engineering, but also
biology, computer science, architecture, design, etc.
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The future of architectured materials

Some examples
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The future of architectured materials

Lattices with negative Poisson’s ratio

Computational homogenization

Elastoplasticity
flg) =c*"—-R

ol — \/quev : qde‘l‘

R=R,+ Hp

Young’s modulus (GPa) 210
Poisson’s ratio 0.3
Yield stress (MPa) 100
Isotropic hardening (MPa) | 1000
9 Volume fraction 2.0% Unit-cell for the hexachiral lattice.
Cubic auxetic microstructure proposed by —
[Dirrenberger et al., 2013].

Experimental validation
Elastic moduli are computed using FEM. i

3PP = —0.6 &+ 0.4 (min-max)

- o
ebulon| .
|

307 81 81

0 0 0
81 307 81 0 0 0 ]

(c) |8 8 307 0 0 0

~1=1 0 0 0 11342 0 0 [
0 0 0 0 11342 0
0 0 0 0 0 11342J

I_o Cubic elasticity e Initial state

Deformed state

[Dirrenberger et al., 2011, 2012, 2013]
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The future of architectured materials
Architectured stochastic fibrous materials

Microstructural model definition Computational experiments
aVOL" oul
/ v
0 *
1
0

—

<

@ S
| RVE size determination ; 8

” 2 7

— . : D2(V) =KV~ Vour — A° [ 3Pz -
Statistical analysis and size effects RE =68l 2 —
\nlnnu of ¢ mnll ation (I ’) Wlth K DZA rel cs

000.20°30° 40° 50°  60*  70° 80* 90* 100° 10” : - 40—5
S R —KuC ,_

< 6000 — KUBC e e )

Z5 .. MBC =773

g ) N <107 _7=3(MBC) 9

f 1000 | I 1 ; : 3 )

E 3000 | | 1 1 T ! SR O
Too00f | v 0 T c

I% 1000 | 1| TL - t - } - w0 Ty S G:
O%"100 200 300 400 500 600 700 S00 Lo % =

e Number of fibers O 1()1“_. T Tik TS T D

Volume

ET METIERS le cham 29/11/2017 — EDTAS AM&M 18

ParisTech




The future of architectured materials

Large-scale additive manufacturing

Computational design Geometry slicing & tool-path finding || 3D-printed concrete structures
& shape optimisation s

« 1st additively manufactured structural element in France
« Spin-off company created : XtreeE

[Gosselin et al., 2016; Dirrenberger, 2016; Duballet et al., 2017; Duballet et al., 2018]
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The future of architectured materials

3D printed architectured wall
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The future of architectured materials

Architectured lattice metamaterials

« Multiaxial mechanical loading
* Non-homogeneous boundary conditions
* Architectured materials necessitate new methods of characterisation

[Auffray et al., 2015; Rosi & Auffray, 2016]
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The future of architectured materials

Laser-architectured metal sheets

P
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Laser heat-treatment
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The future of architectured materials

Laser-architectured metal sheets
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The future of architectured materials

Prospective topics of interest
for International collaboration

VA N ET METIERS % le cham 29/11/2017 — EDTAS AM&M 24




The future of architectured materials

Prospective research topics

« Hybrid architectured materials

« Multiphysics computationally-efficient modelling tools

* Innovative material processing (not just additive manufacturing!)
» Materials science through machine learning

 Cradle-to-cradle design of structures
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The future of architectured materials

M

Hybrid architectured materials

« Mitigating the surface defects of lattice structures
« Stabilising the lattice, delaying the collapse
« Hyperelastic/viscoelastic behaviour for dissipation

Ti64 initial configuration  Localisation and fracture (13%)

Displacement - Load (Ti64 lattice)

Hybrid initial configuration Localisation and fracture (10%)

Displacement - Load (hybrid lattice)

[Dirrenberger & Molotnikov, 2017]
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Durability of polymers and composites £ .

iaux
'''''''''''''''''
iorie en Mé

procédés et Ingé"

« How to predict lifetime of polymers in Oxidized Layer Progress
use conditions? | |

« Main ageing mechanism: oxidation

« How to simulate the stress-strain state in
the oxidized layer in order to assess the <
time when spontaneous cracking occurs

0, 0,

. Oxidized layer shrinkage Local mechanical
METHODOLOGY: E0s properties changes
1. Kinetic modelling molecular tracer by 2. Assessment of 3. Simulation of oxidation-induced
coupling oxidation mechanism et oxygen relationships between tracer strain
y diffusion and shrinkage/mechanical
al behaviour changes
121k : i
1.0 -
SO T T
£ o8f 0,8 mol/l 0,3 moll/l
é 06 -\\ -
£ < 0 molll
o4t E
0.2 §
0.0 0 L 7 . s 1
sample thickness (um) e o [ErnaU|t et al, 2017]
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The future of architectured materials

Multilayer coextrusion

~ -
=
=

« Nanocomposites processing

« Confined polymer systems 1
e Forced-assembly / self-assembly materials /| |
Flow direction
Feedblock :
Convergent - Divergent
Extruder A Split Merge
—.-—>
I
ABA ABABA ABABABABA
Multiplying elements --__ 3 layers 5 layers 9 layers
(ME)
» Section area: 10 x 10 mm?2 =
* Upto 13 ME in series -
=2n1 41 n =10 — 2049 layers

n : number of ME n =11 — 4097 layers
n=12 - 8193 layers

> n =13 - 16385 layers

il
11

I—

[Messin et al., 2017; Bironeau et al., 2017; Bironeau et al., 2016]
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The future of architectured materials
Outlook

« Many scientific questions remain (durability,
processing, modelling...)

» Most industrial sectors have applications for
architectured materials: biomedical, aerospace,
energy, automotive, defence...

* We need more international collaboration in order to
tackle the scientific challenges involved in materials
engineering, and foster innovation.
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The future of architectured materials

Thank you!

Dr. Justin DIRRENBERGER
Contact: justin.dirrenberger@ensam.eu
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