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Materials for sustainable energy, edited by
V. Dusastre, world scientific, 2010







MR (Materials by Design)
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Meeting 2012 TMS Annual Meeting & Exhibition

Symposium Computational Thermodynamics and Kinetics

Sponsorship The Minerals, Metals and Materials Society
TMS Electronic, Magnetic, and Photonic Materials Division
TMS Materials Processing and Manufacturing Division
TMS Structural Materials Division
TMS: Alloy Phases Committee
TMS: Chemistry and Physics of Materials Committee
TMS/ASM: Computational Materials Science and Engineering Committee
TMS: Integrated Computational Materials Engineering Committee
TMS/ASM: Phase Transformations Committes
TMS: Process Technology and Modeling Committee
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Strength and toughness are usually exclusive in single phase materials

O 4715

toughness
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Nacre as a prime example holding optimal strength and toughness
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mortar
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Longitudinal Strain

Song F,, et al, Phys. Rev. Lett., 100,245502 (2008)
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Mechanisms for optimal strength and toughness of nacre

Size effect: flaw tolerance state
* 2
‘“N b, ol h =~ yEb /Gth
GI-':

. ' |
I

Theoretical strength
tor a perlect crystal

l ““"-h-1:_ Ciriffith criterion

G E tor a cracked crystal

\ = =
*

Gao H.J., et al, PNAS, 100,5597(2003)



Mechanisms for optimal strength and toughness of nacre

Tension-shear chain: optimal size ratio

i *hb . L

- sk - [ Brick Tencion

h | [ Mortar

ﬂm # Shear
—l — o
f > > > >
o) «= NN
:.___'____'____'____’_.,: l
l,

l, 050, h /7" |o! =0.50

Jager ., and Fratzl P., Biophys. J. 79, 1737(2000)
Gao H.J., et al, PNAS, 100,5597(2003)
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Mechanisms for optimal strength and toughness of nacre

High toughness via controlled interface feature

v Weak organic interface sliding
v" Interlocking of nano-asperities
v Inter-lamellar mineral bridges
v' Plastic deformation of individual tile

v Multiple cracking and large-scale crack
bridging

Chen P.Y., et al, Prog. Mater. Sci.,57,1492(2012)
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Data of nacreous composites

Vaterials E,(GPa) G,(MPa) | r,(MPa) y o’ (GPa) o, (MPa) "— ‘;—ﬁ y; lys
Nacre[3,8] 30 30 25 0.9 1 100~150 5.5 5

PVA/MTM[23,24] 270 70 1.5 0.3 9 90~110 63 5~6
PVA/ MTM + AI*[28] 270 600 25 0.5 9 200~300 17 <4
PVA/MTM + Cu? [28] 270 600 25 0.5 9 280~360 17 <4
PVA/MTM-+borate[28] | 270 600 25 0.5 9 229~267 17 <4
PVA/MTM+GA[24] 270 600 25 0.5 9 151~187 17 1~2
MTM/chitosan[28] 270 1000 40 0.7 9 86~112 21 2~3
Al O, / Chitosan [28] | 370 1000 40 0.2 12 | 220~410 6.3 2~3
Bone[4] 120 480 173 | 05 4 500~600 1.3 3~4

Optimal nacreous composites:

€ component selection
€ size and arrangement tailoring of building blocks

@ interface design

f f
o, <0.50,
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Nonlinear shear-lag model
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Map for optimal strength and toughness of nacreous composites

10

/
5,

<1
IS infinite

_%

0 Nacre [3,8]
" OPVA/MTM [23,24]
APVAIMTM+GA [24]

[V PVA/MTM +Cu? [28]

PVA/MTM + AlI* [28]
PVA/MTM+borate [28]
= O MTM/chitosan [28]

4 AL,O,/Chitosan [28]
[ > Bone [4]
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Effect of staggering randomness

Increase staggering randomness

_ ____{__._ Al ____ _____= __:

:—_ _______. ,

_____ _

—— —_______—-__ ..,._;_.__._._H-_.—_._.—




& R 7 S AE AR

2. HREA BT )52 88 € 15 75 a0 A 25 1)



O
==
2

LSS T E 1%

_— I T T TR T—

Q
Q
L Q
/ \ o)
collector )
collector — 59
q cathode
anode separator |ayer 0 ®
layer

Recharge

—

-
<
5
-
2
O
a

+«—— Charge/Discharge ——

55



O fl e

gye==i

Active layer o

o o0 o0 o o
@ @ 0 O 9

LS 2 A 1%

Insertion

N

Q Q@ ﬂ (#] Q@
Q Q@ Q Q@ Q

Current collector /*

)
\ 1 [
° o| [Extraction )<—I:I—> \
Q2 Q : ">
Y | =< |\
370 300 300 Volume

expansion (%)

56



Lpot Mogn Dot WD M/ 200 nm
500 nm auv JO000M 1L B Dpom 9 en

(b) LiCoO, particle (c) LiFePO, particle
Beaulieu et al, ESSL (2012) Wang HF et al, JES (1999) Wang DY et al, JPS ¢2005)
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Complimentary Metal-Oxide-Semiconductor Transistor

Copper and low-k interconnect structures
in IBM CMOS microprocessor (Edelstein et al.,

Maanetic Head-Disk Interactions

/‘m‘\/‘“"@k

Metal
Polyerystalline Si
Thermal Oxide

Semiconductors

2um

n and p

o S, S
Fine Particle Media ( _H| I‘S—D Magnetic Head Lubricant
~03pum ) Y * /
—— 4
p—— U \\/ —_— 0.2 pm
I — -

B AL E Oy Rty A
00N Aeminum Disk 4400000050000 70 7 ~90-100 mph
IS LA EE A I ES A S

Alumina Particle ¥ Iron Oxide
AR
P . ,—N-| ,-5—| Magnetic Head .
Thin Film Media ( ) g Carbon Coating
~031 m (25 nm)
Co-Cr M‘1 netic Thin Film .

15um  Amorphous Nickel-Phosphorus nm) ~50-100 mph
N Ty
777 A Disk 047470
e B N NSy

From Prof. W. D. Nix’s lecture

2004).

Thin Films in Technology

Microelectronic IC’s
Magnetic Storage

’ Optical Filters

Wear Resistant Coatings

Corrosion Resistant Coatings
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Coherent multilayer
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Film 1 1s biaxially stretched, and Film 2 biaxially compressed.

From Prof. W. D. Nix’s lecture
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Stress Evolution for a sputtered Pt film on a thin glass substrate

n
= T T T I I I I I I I I I I I
1
0 ]
-1 [ 160 AW film on glass
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E 7 s W 1
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v 6 [ CYTYTITTY L ]
7L Gue = U4 GPa | Vet .
8 | g =-12GPa {1 i
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0 20 40 60 &0 100 120 140 160
Thickness (A)

From Prof. W. D. Nix’s lecture




Mechanics of Thin Films:
Stretch and Compress

glass film

— T
Wmmmm
metal film -
(<) RS rcking
U T

Li et al, 2005 Suo, 1995



O Flexible Electronics

" Tensile failure and
y delamination

Compressive
buckling and
delamination
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Euler Buckling

LAgbuck ~L” i
mm)®® ¢ The role of pre-strain  wémmm C & o

Substrate

) N <

€ The role of interfacial adhesion
and substrate compliance

Mode Il
Buckle
ode | B:Ode 1+ delamination
Wrinkle
A
@ (b)
soft elastic substrate soft elastic substrate soft elastic substrate
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Hard Machines

2008
“Bfenep - PIXAR

R2-D2 From Professor Suo’s lecture
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Soft Machines

Angelina Jolie Octopus

http://www.seas.harvard.edu/suo/ 72
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Mathger, Denton, Marshall, Hanlon, J. R. Soc. Interface 6, S149 (2009)



Elastomeric Optics
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Wilbur, Jackman, Whitesides, Cheung, Lee, Prentiss
Chem. Mater. 8, 1380 (1996)

*Many stimuli cause deformation.

Deformation affects optics.

George Whitesides

Aschwanden, Stemmer
Optics letters 31, 2610 (2006)
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elastomer = network
gel = network + solvent

reversible

network % <=
—

http://www.seas.harvard.edu/suo/
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Super absorbent diaper

Sodium polyacrylate

H H
| |
__(|: C
|
C
= / — ]
O/ }O_
Na
Dry

Masuda, Trends in the development of superabsorbent polymers for diapers, pp. 88-89,

Superabsorbent polymers: science and technology (1994).

in Water
H H H H
R=J e = =
“Ho O 0" H0 O o
HeO e HxO . HaO gt HO pa* K0
4o Na* o HeO o
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Oil Spill...Hair

*Hair adsorbs oil (~3g oil/1g hair)
*Polypropylene fibers absorb oil (~10g oil/1g polypropylene)

Phil McCrory, Inventor of the hairmats
Lisa Gautier, Founder of Matter of Trust



Swelling packers in oil wells

Packers

S
%? ot

Cai, Lou, Ganguly, Robisson, Suo
Forces generated by a swelling elastomer subject to constraint
Journal of Applied Physics, in press



David Beebe

Responsive to
Physiological variables:

opH

«Salt
*Temperature
«light

*Many stimuli cause deformation.
*Deformation regulates flow.

80
Beebe, Moore, Bauer, Yu, Liu, Devadoss, Jo, Nature 404, 588 (2000)



Soft Active Materials

Soft: capable of large and reversible deformation
(rubbers, gels,...)

Active: response to diverse stimuli
(electric field, temperature, pH, salt,...)

A stimulus causes deformation. Deformation provides a function.

- -

http://www.seas.harvard.edu/suo/

Better life through deformation -




Dielectric elastomer

Reference State

Dielectric
A Elastomer
I—v : \ |
Compliant
Electrode

Pelrine, Kornbluh, Pei, Joseph
High-speed electrically actuated elastomers with strain greater than 100%.
Science 287, 836 (2000).

Current State

sLarge strain
*Noise-less
*Cheap

82



Programmable deformation

Elastomer Frame

Design:
Kofod, Wirges, Paajanen, Bauer
APL 90, 081916 (2007)

Simulation:
Zhao, Suo
APL 93, 251902 (2008)



From Professor Yu’s lab
http://staff.ustc.edu.cn/~yulab/

—— Heartbeat after exercise

—— Normal Heartbeat
0 4 6 8 10 12 14
Time (s)
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