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Proprietes mecaniques

des matériaux ceramiques

mis en forme en congelant des

petites suspensions avec des particules

anisotropes et d’autres sphériques mais plus petites et
en congelant le tout, ou bien sinon en pressant les poudres seches, et

puis en pressant le tout a haute température pour avoir des matériaux bien denses ou sinon je peux aussi

faire un poster sur la congélation des émulsions, c’est un chouette sujet aussi, et puis il fait froid a Aussois alors y’a plein de glace

alors ca fait une bonne thémati ique etca changerat un peu de la mecan q e parce q e la je comprends pas grand chose. Enf in bref je reviendrais bien v oIont iers c’est sympa ici.
Non mais vous avez vraiment eu le temps de lire jusqu’ici ? Vous étes vraiment rapides et en plus crit tout petit vous avez de sacrément bons yeu




Natural materials

Structure Self-healing
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Biomaterials and bioinspiration

Functions

Structure

Process
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Strategy

e Find structural biomaterials

* Understand structure/properties relationships in structural
biomaterials

 Get ideas to implement in synthetic materials

e Findawaytodoit
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Chen, P-Y. et al. Structure and mechanical properties
of selected biological materials.

J. Mech. Behav. Biomed. Mater. (2008).
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Nacre: architecture and mechanics







A 220M years old (at least) structure
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Figure 1. Secondary electron images of shell fragments of the Late Triassic Wortheniella coralliophila Kittl, 1891, from the St. Cassian Formation.
* A, B —overall views of broken shell showing its outer layer (left) composed of spherulite sectors and inner nacreous layer (right). » C — detailed view of
the boundary between spherulitic and nacreous layers. * D — view of the inner layer showing the columnar arrangement of nacreous platelets. * E, F — de-
tailed views of nacreous platelets. Localities: A, D and F — Campo, B, C and E — Misurina; both localities near the Cortina d’ Ampezzo, Dolomites. Scale

bars: A,B,D-20um; C- 10 um; E, F— 2 pm.

Fryda, |.,Crystallographic texture of Late Triassic gastropod nacre: evidence of long-term stability of the
mechanism controlling its formation. Bull. Geosci. 747-756 (2009)




Table 1 Classilication

e

R
some mollusk shells that consist of nacre ,

— ————— —
Class Family Genus Species References
Bivalves Meretricinae Meretrix Meretrix fusoria Fleischli et af ™
Mytilidae Bathymodiolus Bathymodiolus azoricus Machado ef af. '
Perna Perna canalicilus Leung and Sinha:'"
{green mussel) Pokroy er al;'"”
Moshe-Drezner et al, e
Madiolus Modiolus madiolis Currey™
Nuculidae Nucwla Nucwla nitidosa Cartwright and C heca;”
Checa ef o™
Pinmdae {pen shell) Atrina Atring pectinata Cartwnght and (hc‘,a
Atrina rigida Nudclman ef al™
Awrinag vexillum Currey™
Pleriidae Pieria Pleria avicula Cartwright and Chcul
Cartwright ef ol Fig, I
Preria hirvado Cartwright and C' heca;”
Cartwnight ef al.’
Preria peniguin Fleischli et af ™
Pincrada Pinctada maxima Stempflé and Brendlé;'"
ipear] oysters) Stempflé et af;''® . Wang ef al’
Pinctada wargaritifera Chateigner ef al.;* Checa et al:™
(urrc:..‘ Currey et al'"”
Jackson et af: ¥ Rousseau ef ol
Pinctada sp. Currey™®
Tellinidae Tellinella Tellinella asperrima Ren et al''®
Unionidae Anodonia Anodonia cygnea Cartwnght :md ( heca:” Currey:”
{swan mussel) Machado u ai
Hyriopsis Hyriopsis sehlegeli Song er af !
Lamiprotla Lamprotuda fibrosa Sun and Tong"”
Gastropods Calliostomatidae Calliostoma C. zizyphinum Cartwright and Checa®
Haliotidae Haliotis {abalone) Haliotis asinina Cartwnight and Checa’
Haliotis fulgens Lin and Meyers;”' Mevers ef ol
{green abalone)
Haliotis genus Heinemann er al
Haliotis iris Song et al 7
Haliotis laevigata Blank ef of ;™ Heinemann e ol **
{greenhp abalone)
Haliotis rufescens Barthelat ef af. ;'™ Bezares ef af ;"1
{red abalone) Flewschli er af io Fritz c! al ™
Lier al "™ Lin er al® Fig. 3,
Fig. &; Lm and Meyers;”"""* i
Katti et al ;"™ Menig ef al ;¥
Mevers ez af ;¥ 2586 Molmm} & al;’
Schitffer ef af.; Verma et al.;’
Wang ef ol 'Yao et al: "2 yourdkhani et af ;*
Zaremba et af”
unkeonwn Mevers and Chawla™
Pleurotomariidae Perotrochus Perotrochus caledonicus Checa ef al™
Strombidae Strorihus Strowhus gigas Menig ef of.' >
Trochidae (ibbada Gihbula pennanii Cartwright and Checa’
Gibbida wumbilicalis C artwnglu :md C hcm
Trochus Trochus niloticus Bruet et al ;" Currey™
{top shell)
Turbinidae Bolma Balma rugosa Cartwnght and (hcul
Turbo Turbo marmoratus Chateigner ef al.;* Currey™
Cephalopods Nautilidae Nawrilus Nautilus pompilivg Currey®
Monoplacophora Neopilinidae Veleropilina Veleropilina zografi Checa et al.™




Nacre is tough

§ Aragonite: J<0.01 ku/m* }

02 04 06 08 -
CraCk grOWth Aa (mm) Crédit: Alfredo Mendez

Barthelat, F, A Review on the Structure and Mechanical Properties of Mollusk Shells —
Perspectives on Synthetic Biomimetic Materials
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A hierarchical material

Briques minérales (500 nm)
o
- . Engrenage des briques
=
5 B Ponts
inéraux
(25 nm)
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: =
- 8 A Colle” Protéine
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g A (10 nm)

I Dimensions



A brick and mortar structure

Crack deflection and platelets pull-out
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Fig. 7 - Schematic diagram showing pull-out of
overlapping tile layers.

Lin,A.Y. M., Interfacial shear strength in abalone nacre.J. Mech. Behav. Biomed. Mater. (2009).



Microbuckling of platelets

Menig, R., Quasi-static and dynamic mechanical response of Strombus gigas (conch) shells.
Mater. Sci. Eng.A 297,203-211 (2001).




Organic membrane
with ion channels
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Crganic residues

|. Sun, J. & Bhushan, B. Hierarchical
structure and mechanical properties
of nacre: A review.

RSCAdv.2,7617-7632 (2012).



Inorganic bridges

Nacre-mimick interface

Interface strength

B

Nanobridge sizes (aspect ratio)

Shao,Y., Zhao, H.-P. & Feng, X.-Q. Optimal characteristic nanosizes of
mineral bridges in mollusk nacre. RSC Adv. 4, 32451 (2014).



Inorganic bridges distribution

Aragcnite platelet
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Song, F, Structural and mechanical properties of the organic matrix layers
of nacre. Biomaterials 24,3623-3631 (2003).



Surface roughness of bricks
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Evans, A. G. et al. Model for
the robust mechanical
behavior of nacre.
J. Mater. Res. (2001).



Surface roughness of bricks
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Barthelat, F, Mechanical properties of nacre constituents and their impact on mechanical
performance. |. Mater. Res. 21, 1977—-1986 (201 1).



An interlocked structure

Stress (MPa)

Interlock —
——-—- No interlock

0.1 0.2 0.3 0.4
Strain (%)

Katti, K. S., Platelet interlocks are the key to

toughness and strength in nacre.
J. Mater. Res. 20, 1097—1100 (2005).




An interlocked structure
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Figure 6. (a) Artificial nacre geometry with dimensions; (b) main
stresses involved when the material 1s loaded in tension

Barthelat, F. Nacre from mollusk shells: a model for high-performance
structural materials. Bioinspir. Biomim. 5,035001 (2010).



Protein glue

short molecule

long molecule 1.0+
long molecule with modules
z Smith, B. L. et al. Molecular
o mechanistic origin of the
S toughness of natural
o adhesives, fibres and
_——" long molecule composites. Nature 399,
, — 0.0 E—= 1 R 761-763 (1999).
long molecule 0 50 100

with modules Extension (nm)



Nanograins

FIG. 3. High-resolution TEM (lace-on view) of a tablet showing
nanograins about 3—-10 nm in size.

Barthelat, F, Mechanical properties of nacre constituents and their impact on mechanical performance.
J. Mater. Res. 21, 1977—-1986 (201 1).



Nanograins

Critere de Griffith

rupture uniforme des propagation de
Y liaisons atomiques a la fissures gouvernée par
contrainte théorique le critére de Griffith
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Gao, H., Materials become insensitive to flaws at nanoscale: lessons from nature.
Proc. Natl.Acad. Sci. U. S.A. 100, 5597—-600 (2003).



Intergranular crack propagatlon
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Huang, Z. & Li, X. Origin of flaw-tolerance in nacre. Sci. Rep. 3, 1693 (201 3).



Nanograins rotation

Surface of a tablet Nacre tablet under tension

Nanograins

Nanograln . Deformed grains
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Li, X., In situ observation of nanograin rotation and deformation in nacre. Nano Lett. (2006).
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Performances

A

J. Bizzie (Flickr) Brian Hefele (Flickr)




Properties of dry nacre
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Barthelat, F, An experimental investigation of deformation and fracture of nacre-mother of pearl.
Experimental mechanics, (2007)



2-4 mm/month

Vince4?2 (Flickr)
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Models without materials



Triangular spring-bead lattice

‘Stff’ phase 'Sofi’ phase
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FIG. 1. (a) Triangular lattice spring-bead material representation to
describe a coarse-grained model of the material. All lines are of identical
length. We present the constitutive relations for stff phase as well as

® triangular spring-bead lattice

® interactions between beads are governed by
springs following a linear- Hookean force
extension law

5 .
—Bulk
—p=064
—p=044.
p=0.02
w
@
o
%)
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Strain

FIG. 2. Stress strain responses for the bulk system and three composite
structures, p — 0.64, 0.44, and 0.02 (recall that p — Ew/Ecuy:). The
strain and the stress are normalized by the maximum strain and stress off
the brutle bulk system. Graphs indicate the rapid change i composile

behavior as the suffness ratio 1s varied.

Dimas, L. S.. Tough and stiff composites with simple building blocks. J. Mater. Res. 28, 1295—-1303 (201 3).



Analytical models
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Discrete Elements
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Froure 5: Representative Yolume Element generated with discrele particles. Red particles mesh interface

and blue particles mesh tablets, L. Ly, ¢ and ¢, are geometrical parameters characlenizing the RYE.
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crack initation and propagation. (a) Interface fracture initiation and propagation (b Interface fracture
initiation and tablet tracture propagaton (¢) Tablet fracture nitiation and propagation.

Crack initiation

Crack propagation

K. Radi, Elasticity and fracture of brick
and mortar materials with discrete
elements simulations (coming soon)



Model materials to understand
nacre’s properties



L aminates

10 / L'/”L
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Deflaction(mm)

Mayer G (2006) New classes of tough composite
materials — lessons from natural rigid biological
systems. Mater Sci Eng C Biomimetic Supramol Syst

Clegg W]/, A simple way to make tough ceramics.
Nature (1990)



Synthetic interlocked structure
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Synthetic interlocked structure

High-speed
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Crack deflection in brittle materials

Cc I ]Traét'on ] ]

T
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Mirkhalaf, M., Overcoming the brittleness of glass through bio-inspiration and micro-architecture.
Nat. Commun. 5, 3166 (2014).



Role of surface roughness

Xia, S. et al. Nanoasperity: Structure Origin of Nacre-Inspired Nanocomposites.
ACS Nano.9,2167-2172 (2015).
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Role of mineral bridges
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Role of mineral bridges
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Grossman, M. et al., Quantifying the role of mineral bridges on the fracture
resistance of nacre-like composites. Proc. Natl. Acad. Sci. (2018)

Mineral Bridge Fraction, y



Platelets alighement

— Evaporation to Doctor-blading
a paste

=

Moving blade
ﬁ

Chitosan solution +
alumina tablets

Mirkhalaf, M. Nacre-like materials using a simple doctor blading technique: Fabrication, testing and modeling.
J. Mech. Behav. Biomed. Mater. 56,23-33 (2016).



Platelets alighement

Mirkhalaf, M., Nacre-like materials using a simple

[ N - v RO S—— doctor blading technique: Fabrication, testing and
X Moving y modeling. J. Mech. Behav. Biomed. Mater. (2016).
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Strain rate hardening!?

Unit cell response
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Chintapalli, R. K., Strain rate hardening: a hidden but critical mechanism for biological composites!?
Acta Biomater. 10,5064-73 (2014).



Nacre-like materials

Google Scholar  nacre-like

Articles ( on. ts)




Brick and mortar
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Films and coatings

e Self-assembly
e Biomineralization

 Evaporation

e EPD

Tang, Z., Nanostructured artificial nacre. Nat. Mater. 2, 413-8 (2003).



Pressure

lce-templating to create bricks
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Deuville, S., Freezing as a path to build complex composites. Science (2006)
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lce-templating to create bricks
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Munch, E. et al. Tough, bio-inspired hybrid materials. Science. 322, 1516—20 (2008).



Ice- templatlng and bridges

Zhao, H. et al. Cloning Nacre’s 3D
Interlocking Skeleton in Engineering
Composites to Achieve Exceptional
Mechanical Properties. Adv. Mater. 28,

5099-5105 (2016).



lce-templating to align bricks
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Crystals, long range order  Local crystals alignment Aligned alumina platelets  Alumina nanoparticles Liquid phase precursaors

Bouville, F., Strong, tough and stiff bioinspired ceramics from brittle constituents. Nat. Mater. (2014).



lce-templating to align bricks

Alumina Nacre-like alumina
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Bouville, F, Strong, tough and stiff bioinspired ceramics from brittle constituents. Nat. Mater. (2014).







lce-templating to create the interface first
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Picot, O.T. et al. Using graphene networks to build bioinspired self-monitoring ceramics. Nat. Commun.(2017).



lce-templating to create the interface first
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Mao, L.-B. et al. Synthetic nacre by predesigned matrix-directed mineralization. Science. 354, 107—110 (2016).



lce-templating to create the interface first
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Mao, L.-B. et al. Synthetic nacre by predesigned matrix-directed mineralization. Science. 354, 107—110 (2016).




Slip casting

Le Ferrand, H., Magnetically assisted slip
casting of bioinspired heterogeneous
composites. Nat. Mater. (2015).
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Slip casting
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Le Ferrand, H., Magnetically assisted slip casting of bioinspired heterogeneous composites.
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Remaining challenges



Remaining challenges

Materials for harsh conditions
corrosion/high temperature

Ballistics

Rational control of interfacial
roperties

.. Materials

Scale up

Reproducibilit

X Processing
Transfer to industry

Statistical description of the
microstructure

Assess relative importance of
toughening mechanisms

~ Models

Crack initiation / crack
propagation




Remaining challenges: control of hierarchy
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Remaining challenges: control of hierarchy
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(2017).




Remaining challenges: control of hierarchy
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Le Ferrand, H., Magnetically assisted slip casting of bioinspired heterogeneous composites. Nat. Mater. (2015)



Remaining challenges: scale up

a b

Platelets + polymer Nacre-mimetic film Film stacking Bulk artificial nacre
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Gao, H.-L. et al. Mass production of bulk

artificial nacre with excellent mechanical
Zhao, H., Nacre-inspired composites with different properties. Nat. Commun. (2017)

macroscopic dimensions: Strategies for improved

mechanical performance and applications. NPG Asia
Mater. 10, 1-22 (2018).



Control of the interface properties

borate interphase instead of aluminosilicate glass
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Pelissari, P. 1. B., Nacre-like ceramic refractories for high
temperature applications. J. Eur. Ceram. Soc. (2018).




Towards more realistic models?

e How realistic do we need to
be?

e Statistical description of the
microstructure

e Platelets orientation

e Platelets size

* Bridges distribution



Towards more realistic models?

e Statistical description of the
microstructure

* Platelets orientation

e Platelets size

* Bridges distribution

e How realistic do we need to be?

e Synergy between reinforcement
mechanism?

Zhang, Z. Q., Mechanical properties of unidirectional

nanocomposites with non-uniformly or randomly staggered
platelet distribution. J. Mech. Phys. Solids (2010).



Relative importance of
toughening mechanisms!?

Do we need to replicate every single feature of nacre?

In a relationship
Engaged
Married

J It’'s complicated
Divorced




+30 years later, still waiting for applications
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Conclusions

Nacre: a very nice model system (could have chosen among thousands others)
Mechanics is just one constraint of the problem
Self-repair would be nice

Do we focus on the most important problem?
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