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Bicpal biopolymers (1990) 2
PEEK. PES. PPS (1083) -\
LLDPE (1980}

Polysuffone, PPO (1965)
Prlyirices (1942)
Acetal, POM, PC (1958)

PP195T)
HOPE (1953) —_]

B (1950

Lyera (1543)

Formica (1845)

PTFE (Teflon) (1043)

PU,PET (1841)

PAMMA, PVC (1833)

Nacprena (1931}

Symihatic nabber (1422}

Bakelte (1908)

Alsrmina cersec (1690}
Colluss ncetate (1872) /' |
Ebonite (1851) ——}

Feietoeced concrate (1840)

‘Vulcantzed rubber (1844)

Callulose ntrate (1835)

Ruabber (1550)

Gutta percha (300) =i

Tortoisashel (400) ——i
Paper (105)
Hoen (50 BC)

Ak (80 BC) =
Lacquer {1000 BC) x
Pagymus (3000 BC) —~ ]

Glass (5000 BC) ——]
Cemert (5000 BC) f

Potlery {5000 BC)

Wood (Frahistony) el

S 0BC/AD o

Latg (1980 - resanty ko
Hano materials age

P 2000 AD =
 (1585) Warm' Age of
1980 AD 9 u . silicon

f {1962) Carbor Rbars. CFRP
[1961) Shapa memary alioys
- Age of
|~ 11957) Amorptous metals polymers
{1647) Tramsistorgrade siicon
4=<C (1047) Super afloys
b 1040 AD SR (1009 - 1001) Actindes®
(142 GFRP
(10400 Plutcnium®
— (1528 - 1543) Lontharides"

1960 AD =

" 192040

(1512) Stainkess siosl Age of
L/ (1690) Asinuan production stool
; {1820) Glass foer

{1856} Bossamer stos!

2

" 1800 AD

(1791) Strontium®, Tiarium®
[1788) Uranium®

(1823) Silcon™
k1850 AD .fnaom Magresium’, Alaminum’”

(1783} Tungsten®, Zevonkum®

1800 AD (1765) Cructie steel
(1751) bocker
(1746) Zrc*
k 1500a0 = (1797 Cobanr
{1735) Platinum*
{1800} Iron smeling
F 1000AD o
Iron age
F so0aD o

-/-U-IOGBCJI'W
1,000 BC -J“ BC)
==

{3500 ) Tin Bronze age
(4000 BC) Sitver Copper age
b 10,000 BC 15000 BC) Smeled
i copper
‘\_ (7000 BE) Native copper

Stone age
(20,000 BC7) Golet

Storse, fint (prehistory) e—)

ke 100,000 BC Mg Ashiy, Campegs, N7

Reinforced concrete (1849) =
Vulcanized rubber (1844)

Cellulose nitrate (1835) k1300

Rubber (1550) —J= 1500

" 1000
Gutta percha (800) ——

" 500
Tortoiseshell (400)  =—

Paper (105)
Horn (50 BC) %
Amber (80 BC) —
Lacquer (1000 BC)

L 0BC

Papyrus (3000 BC) -] F 1,000BC =

Glass (5000 BG) ——
Cement (5000 BC) f

Pottery (6000 BC)

Wood (prehistory)

Stone, flint (prehistory) =—l 100,000 BC

J (1791) Strontium®, Titanium*
(1789) Uranium*
(1783) Tungsten*, Zirconium*
AD A (1765) Crucbile steel
[—— (1751) Nickel*

=N (1746) Zinc*
AD -=\: (1737) Cobalt*
_\- (1735) Platinum*
(1500) Iron smelting
AD =
Iron age

AD =

/AD =
(1400 BE) Iron

_/— (3500 BC) Bronze
L/ — (3500 BC) Tin Bronze age

= (4000 BC) Silver
10,000 BC = Y (5000 BC) Smelted Sl
copper
_\_ (7000 BC) Native copper Stone age

(20,000 BC?) Gold
Mike Ashby, Cambridge, 2007
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- Metres
; H10'®  zetia
Astronomical scale
Nearest galaxy (2 = 10?2 m
galaxy ( ) HOY%  exa-

1 light year (9.5 x 10" m)
Earth—sun distance (1 AU.1.5x 10" m) | 41z

pera—
Earth—-moen distance (3.8 x 108 m)
H0° giga— Infrastructure engineering
Temrestnal scale Road systems
Circumference of the Earth (4.2 x 107 m) Rail systems
Thickness of the Earth's crust (3% 10°m) 0% mega— Water distribution systems
Height of Mt. Everest (8 x 10% m) Sewage systems
Depth of deep oceans (5 x 10° m)
1102 kilo
Conventional engineering
Human scale Shipping
League %3 miles, 4.8 x 1[)251 m; -1 meter— T, Cleri
Eu;lf)ngxa%yards‘ 2x10°m Cars, trucks

- Household products
F107% milli o Precision instruments
Conventicnal electronics

oot | ~' m)
Inch (o) (254 102 m
Diameter of a hair (2 < 107 m)

Molecular and atomic scale F10°  micro Nanoengineering
Microelectronic components

Molecular scale Nanostructured solids

Atomic scale L1092  nano4 Nanoparticles and emulsions

Thin films, multilayers
Carbon nanotubes

gll;.t;?rr%m’c scale L1022 pico] Amorphous materials
Neutron
Praton

10715 jermio
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Multi-walled carbon nanotube (MWCNT)

90 nm wide line created in PMMA with X-ray litography at a gap of 40 microns




Microporous
<2 nm

Mesoporous
2-50 nm

Macroporous
>50 nm

All dimensions at the nanoscale

1-D:  Two dimensions at the nanoscale,
one dimension at the macroscale

2-D:  One dimension at the nanoscale,
two dimensions at the macroscale

3-D:  No dimensions at the nanoscale,
all dimensions at the macroscale
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Quantum confinement: the confinement of electrons in the nanoscale dimensions
result in quantization of energy and momentum, and reduced dimensionality of
electronic states.

W gy O

e

o§° \

(a) OD spheres and clusters,

(b) 1D nanofibers, wires, and rods,

(c) 2D films, plates, and networks,

(d) 3D nanomaterials: nanocrystlline and nanocomposites

0-D
All dimensions (x,y.z) at nanoscale

22,2 | d=<100nm
0 Lo

) o

0'e 40

s Lo C0

. Quantum dots
Nanaoparticles

il oS Ll

1-D
Two dimensions (x,y) at nanoscale,
other dimension (L) is not

/// 1
&% > X
d =100 [~ L

nm
Nanowires, nanorods, and
nanotubes

Quantum wires

sl 5S slgars




2-D
One dimension (f) at nanoscale,
other two dimensions- (“x- -y ) are not

Ly Ly

1< 100 nm
Ta
(< 50 nm)

Nanocoatings and nanofilms

3-D
No bulk dimension at nanoscale
[ Ly

Lz

Nanocrystalline and nanocomposite
materials

Quantum wells
a3 S sla by (alﬁ)

Macro Micro Nano
(mm) (um) (nm)
-
~ 2
5

DNA Synthesis

1950 1970 1990 2010 2030 2050

Year
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1600+
1400+
1200-‘
1000-

800:

600+

US dollars (millions)

4004

200+

2001 2002 2003 2004 2005 2006 2007 2008 2009
Year

5.52% Instrumenta-

o tion, research,
22.1% Nanoscale metrology, and

devices and systems standards

4.2%
Nanomanufac-
turing

10.9% Major
research facilities
and instrument
acquisition

15.4%
Nano-
materials!

5.17%
Environment,
health, and safety

2.76%
Education and
societal issues

33.9% Fundamental
nanoscale phenomena

12/16/2013

11



(VY JLo) 96U (559U anmgi aiomo yo Sl b (5,105 alo

e 9
(0o y9)
\Y (S5 el
£IV Veoo ol
MY AARE ol e ,5iS 4

Increasing Market The
wealth | | need —  environment

Safety, health,

" and liability
i J

Increasing
population |
' )

" New science |

——

ms Natora
\.MJ New or changed
s ~ materials and Market
Increasing processes forc:g; :n q
functionality o
competition
. - - -
Multi- Energy,
functionality | Water, and
) L food
[ Miniaturiza- | New/adapted ( The
tion product individual
Opportunity- Concern-
driven driven
influences influences
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Crystalline _|
structures

Large-Scale Forms
— One layer

Nano-
crystalline

Muttiple layers

_~— Micro-
crystalline

~— Substrate

Microcrystalline

Nanocrystalline structures layars

“— Substrate

Microcrystalline
structure

L -~ Substrate

Crystalline
@ structure
< ey
& dimension)

Micracrystalline and
crystalline structures

Material A

© ©° o6 %% 0°6°0°6°6:0
o) ° o G 0 07070 0f- Material B
o o [© 666666,
Material A
(a) (b (c)
FIGURE 16-1 Comparison of the three types of composite materials. (a) Particulate

composite, [b) fiber-reinforced compaosite, and [c) laminar composite.

W A

FIGURE 16-10 Various morphologies of fiber-reinforced
compasites. ja) Continuous unidirectional fibers, (b} randomly
ariented discontinuous fibers, (c) orthogonal fibers, and (d)
multipie-ply fibers.
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Matrix
reinforced with
nanoparticles

Matrix reinforced with
nanowires/nanotubes

Laminates

Sandwiches

Matrix-reinforced nanocomposites

Layered nanocomposites

Basic
Geometry

Large Scale Forms
(dimensions at micro or macroscale)

d 100 nm

Nanocomposite
thick film

\

N

Nanocomposite
thick film

Thin film
on substrate

 §
N

5

0 Bulk nanocomposites

Bulk nanocomposites

Bulk nanocomposites
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Classes
Class 1 Class 2 Class 3
Discrete nano- Surface nano- Bulk nano-
objects featured materials structured materials
2o
.g §
c : n n
a6 o Nancparticles n Nanocrystalline materials
S _g < (smoke, diesel fumes) Blanccostalinsiine Nanoparticle composites
o
= 0
<
é‘ w 2
g 53
S|l ok, Nanorods and tubes Nano interconnects Nanotube-reinforced
2 < g5 (carbon nano tubes) composites
@ 5 €
£ ~ 5
o
c 2
S8
W W
ago Nanofilms, foils q
d g E (gilding foil) Nano surface layers Multilayer structures
o
c
- o

Tab. 1.1. Examples of nanomaterials.

Size (approx.)

Materials

Nanocrystals and clusters diam. 1-10 nm
{quantum dots)
Other nanoparticles

Nanowires

Nanotubes
Nanoporous solids
2-Dimensional arrays

(of nano particles)
Surfaces and thin films
3-Dimensional structures

(superlattices) dimensions

diam. 1-100 nm
diam. 1-100 nm

diam. 1-100 nm
pore diam. 0.5-10 nm
several nm2—pm?2

thickness 1-1000 nm
Several nm in the three

Metals, semiconductors, magnetic
materials

Ceramic oxides

Metals, semiconductors, oxides,
sulfides, nitrides

Carbon, layered metal chalcogenides

Zeolites, phosphates etc.

Metals, semiconductors, magnetic
malerials

A variety of materials

Metals, semiconductors, magnetic
malerials
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Critical Dimension (nm)
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% of Atoms in Bulk/on Surface

L] T L T T T T \
L] * - u » » »

Particle Size(nm)

Fraction of surface atoms (%)

— — —
s [ = =

=
L

1nm 1um 1 mm
1 1

1 1 | 1 2
1 10  10° 10° 10* 10° 10°
Dimension in nanometers
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Melting Temperature (K)

1800

1600
1200 —
1200 |
1000
800 |

600

400

30 35 40 45
Radius(A)

Size dependence of the melting temperature

50
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