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Nanocomposites

Properties:

*Flame resistance

sImproved gas permeability

*Higher stiffness

*Scratch resistance

*Higher glass transition

sImproved thermo-mechanical response

Materials:
Nano-particle, organic modifier, polymer matrix

Processing Techniques:
*Solution mixing and film casting
*Melt mixing (extrusion)

*In situ polymerization

Zammarano et al Polym Adv Tech, 2008 Usuki et al. 2001, Nano Letters



BARRIERS TO SUCCESS

e Lack of tools for characterization of
dispersion of clay in polymer

e Limited processing window due to low
thermal stability of organo-clays

e Incomplete mechanistic understanding of
property enhancements

J. W. Gilman, T. Kashiwagi, A. B. Morgan, R. Harris, Jr., L. Brassell, M.
Vanlandingham, and C. L. Jackson., "Flammability of Polymer Clay
Nanocomposites Consortium: Year One Report,” , July 2000, NISTIR 6531.



BARRIERS TO SUCCESS

e Sustainability

“To meet the needs of the present without

compromising the ability of future generations to
meet their own needs.”

As nanotechnology slowly matures from lab scale to
iIndustry disruptor, large global companies are taking
Increasingly selective approaches to innovation and R&D*,

Corporations Are Adopting a More Discerning Approach to
Nanotechnology

* Lux Research Nanomaterials Intelligence 1; Nanotechnology Corporate Strategies



OPPORTUNITY

Fig. 2: Corporation Have High Awareness of Nanotech, But Don't Make it Priority

2-1: "How high a priority is nanotechnology 2-2: *“What level of awareness do senior
at your company?” executives at your company have
of your nanotechnology activities?”

Fig. 3: Corporations Face Diverse Challenges in Exploiting Nanotech

“What are the challenges facing nanotech development and commercialization today?”




LIFE CYCLE ASSESSMENT (LCA)
A TECHNICAL DECISION-MAKING
TOOL

Product Life Cycle

raw material material
acquisition processing manufacturing management

recycle remanufacture reuse

Source: Lloyd and Lave, ES&T, Vol. 37, No. 15, pp. 3458-3466, 2003



LIFE CYCLE ASSESSMENT

(one year’s fleet of vehicles)
Relative Change in Supply Chain Environmental Impacts
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LIFE CYCLE SUPPLY CHAIN
EFFECTS

“U.S. consumers have little interest in
greater fuel economy, and so this
technology is unlikely to be developed
and employed in this application
without government intervention.”

Source: Lloyd and Lave, ES&T, Vol. 37, No. 15, pp. 3458-3466, 2003



BARRIERS TO SUCCESS

e Lack of tools for characterization of
dispersion of clay in polymer

e Limited processing window due to low
thermal stability of organo-clays

e Incomplete mechanistic understanding of
property enhancements

e Sustainability



CONFOCAL CHARACTERIZATION OF NANOCOMPOSITES

Laser Scanning Confocal Microscope

Laser - Dichroic Mirror

Pinhole
Detector

Laser Scanning Confocal Microscope;
100s of images, 200-1000 nm slices

Marc Cicerone, Lipiin Sung

ly Scanne

The Confocal Principle
Optical sectioning [ e
p g scanner through the objective. Reflected

light emanating from the focal plane (sofid
bfack line} and the planes above and below
(red and green lines) is directed to the ;
dichroic mirror where it is redirected toward
the detector and focused to pass through a
pinhole. As depicted, light emanating frﬂ-n‘j
ihe focal plane passes the pinhole, while light
irom other planes is effectively suppressed.

Focal Plane

sample




CONFOCAL CHARACTERIZATION OF NANOCOMPOSITES

| J‘th.f"w'f'w Wulﬂ-\aj.lm i)

» Intensity {a.u

Distance (um)

PS + 0.5% MWNT (NB) 1 min




CONFOCAL MICROSCOPY OF PS-MWNT

PS +0.5% MWNT+ 0.5%
DMHDIm-TFB 10 min 200 RPM
195°C

PS + DMHDIm-TFB 10 min 200
RPM 195°C

PS+0.5% MWNT 1 min PS + 0.5% MWNT 10 min
200 RPM 195°C 200 RPM 195°C
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Bellayer, S. Gilman, J. et al. Adv. Funct. Mater. 2005



Image Analysis of TEM

- (Adobe photoshop +
Fovea Pro plug-in)

- convert into binary
1mage

- Locate features

- nearest neighbor
distance

TEM picture : PS/IMWNT TEM picture : PS/IMWNT (1:1)
binary image DMHDIm TFB binary image



Quantitative Measurement of Dispersion

PS/MWNT PS/MWNT (1:1) DMHDIm TFB
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Nearest neighbor distance (nm) Nearest neighbor distance (nm)

Nearest MWNT distance Nearest MWNT distance
- Median =38 + 13 nm -Median= 109 £ 6 nm
Calculated Calculated

- Random =120 nm =15 nm - Random = 132 nm £ 20 nm,



Confocal

Processing samples : 0-1 Hour

Scanning and image analysis : 72 day

TEM
Processing samples : 1 Hour

Microtoming : '2 day
TEM Analysis : /2 day
Developing and scanning : 72 day

Image analysis : 1 days

Total = ~3 days

PS/MWNT PS/MWNT (1:1)
DMHDIm TFB

Bellayer, S. Gilman, J. et al. Adv. Funct. Mater. 2005



Fluorescence of NB-MMT Clay
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OPTICAL MONITORING OF
EXFOLIATION

Macromolecular
Rapid
Communications

Disordered exfoliated

Micro/intercalated
PA-6 2% IM/NB MMT extruded- PA-6 2% IM/NB MMT extruded-

Maupin, et al, Macromol. Rapid Comm. April, 2004
Gilman et al, PMSE, 2004, and 2005




>
S,
>,
=
(2]
c
3
2
£

NANO-DISPERSION USING
FLUORESCENT DYE LABELED
MONTMORILLONITE

— 6-OH IM/NB MMT in Voranol 220-056
—— HDIM/NB MMT in Voranol 220-056

Integration time: 3 s

HDIM-NB/MMT 60H IM-NB/MMT

in Voranol 220-  in Voranol 220-
Wavelenght [nm] 056 056

600



Organo Modified Layered Double
Hydroxides

o OH-
® DBS
O MO

Nominal Formula:
Mg,Al(OH),o(DBS); 45(MO), o5 - nH,0

Matrix (polyurea) quenching,
Weak aggregate fluorescence




Confocal Imaging of LDH
Nanocomposites




CONFOCAL CHARACTERIZATION OF EVA /OM-

LDH a) Sample dried in air at 25°C, 12 h

IMAGE ANALYSIS x=0.32; 6=2.0

b) Sample dried in vacuo at 25°C, 12 h

«DBS-MO-LDH is
fluorescent

« EVA quenches Methyl

x=0.57; 6=2.9
Orange fluorescence

¢) Sample dried in vacuo at 90 °C, 12 h

X = mean fluorescence intensity

o = std. dev. Noise

x=1.75; 6=5.0




METHODOLOGIES TO DETERMINE HEALTH
AND ENVIRONMENTAL EFFECTS OF NANO-

PARTICLES
i y
L I
e Dimitri D. Deheyn, Ph.D. g Y
Marine Biology Research Division, B ,.l" :
Scripps Institution of Oceanography, ___||'
o

University of California, San Diego

Bioluminescence of Starfish
Used for Nano-particle Toxicity




TIME VARIATION OF THE SPONTANEOUS LIGHT
NANOTUBES
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TIME VARIATION OF THE BRITTLESTAR
BIOLUMINESCENCE FROM
NANOPARTICLES
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VARIATIONS OF LIGHT STIMULATED BY ACH —
DAY 6
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Marine Biology Research Division,
Scripps Institution of Oceanography




BARRIERS TO SUCCESS

e Lack of tools for characterization of
dispersion of clay in polymer

e Limited processing window due to low
thermal stability of organo-clays

e Incomplete mechanistic understanding of
property enhancements

e Sustainability



Improved Thermal Stability via Extraction

SM-fet (255°C)
SM-ft (240°C)
SM-fe (215°C)

Derivative mass {%/°C)

0 104 200 300 40 300 600 760 800

Temperature {°C)

Figure 3. Thermograms of DMDODA-SM samples SM-fe,
SM-ft and SM-fet. Exothermic peaks above 500°C represent
the decomposition ol aromaltized pre-char formed rom degra-
dation of the DMDODA. Note that the two-solvent-extraction
approach increases the thermal stability of the ionically bound
organic modifier by ~407C.

Davis RD, Gilman JW, Sutto TW, et al., Improved thermal stability of organically modified layered silicates, Clays and Clay Minerals, 52 (2): 171-179, 2004.



Organic Cations for Clays

CH;3(CH,), (CH,);,CH,

N S
N* Bror BF,

/ \
H,.C CH,

+ Cl-, Br-, BF,, or PFg

1,2-Dimethyl-3-(benzyl ethyl iso-butyl POSS)imidazolium Chloride

BB = /\/O/\NO
oL

(<g\s j + " Tdec = 350° C

~—0o

R (ol

R = i-butyl

Gilman, Awad, Davis, Shields, Harris, Davis, Morgan, Sutto, Calahan, Trulove and De Long, Chem. Mater. 2002.
Awad, W.; Gilman, J.; Harris, R.; Sutto, T.; Calahan, J.; Trulove, P.; De Long, H. Thermocmem. Acta, 2003
Fox, DM; Gilman, JW; De Long, HC; Trulove, P. C., Journal of Chemical Thermodynamics, 2005.

Langat, J., Bellayer, S., Hudrlik, P., Hudrlik , A., Maupin, P.H., Gilman J.W. Sr., Raghavan, D., Polymer, 2006.



BARRIERS TO SUCCESS

e Lack of tools for characterization of
dispersion of clay in polymer

e Limited processing window due to low
thermal stability of organo-clays

e Incomplete mechanistic understanding of
property enhancements

e Sustainability



NON-NEWTONIAN FLUIDS

e http://www.youtube.com/watch?v=f2XQ97
XHjVw



http://www.youtube.com/watch?v=f2XQ97XHjVw
http://www.youtube.com/watch?v=f2XQ97XHjVw

EFFECT OF NETWORK FORMATION ON POLYMER NANOCOMPOSITES
FLAMMABILITY

» Formation of network of nanoparticles significant reduction
melt dripping during degradation, heat and mass release
rate during burning

* The critical network formations and hence the flame
resistance changes with the type of particles eg.
0.5wt% for SWCNT and 9 wt% for carbon black.

O SWNTs(0.1%0) Iy

LA LA ARAALALAAL

™ Solid-like
behavior

PMMA+ 0.5 wt%MWCNTS

1 |:| o
Frequency (rad s-1)




Shear induced flocculation

After waiting for 1hour
without applying shear

100 pum

After applying low shear rate

Shear Induced flocculation



NANOCOMPOSITE + CONVENTIONAL FLAME
RETARDANT ENABLED
A LOWER COST APPROACH

e Nanocomposites + additional flame retardants have resulted in
final materials that pass regulatory tests and have superior
balance of properties.

e Successful commercial approaches* remove some of
existing FR package, replace with nanocomposite.

*Kabelwerk Eupen: EVA + Organomontmorillonite +
Al(OH),. — cable insulation, passes UL1666

*PolyOne: (polyolefin nanocomposite — UL-94 V-0 @
3.0mm)

*Albemarle — ATH or MgOH and OMC
*Nanocor — Phos. Clay - UL94 VO



BARRIERS TO SUCCESS

e Lack of tools for characterization of
dispersion of clay in polymer

e Limited processing window due to low
thermal stability of organo-clays

e Incomplete mechanistic understanding of
property enhancements

e Sustainability



BIOPOLYMER NANOCOMPOSITES

Carbon Dioxide B
Ll wmwBEES 4.0 Model
| Methane | Acidification

Ninous Ovi] [ Butophication |
Fossil Fuel Depletion
Indoor Air Quality

Habitat Alterati Environmental
abitat Alteration o S——
Water Intake Score

Criteria Air Pollutants

> Human Health
Noncancer |

Economic

First Cost Performance
Future Costs Score




CHALLENGES FOR BIO-BASED
POLYMERS

e Poly lactide —PLA

e Narrow processing window

e Difficult to flame retard Innovation Takes Root Conference 2008:

e Blends cannot be easily e Dr. Masatoshi Matsuda of the Toyota
recycled Motor Corporation laid out Toyota's
ambitious vision of establishing
technology for 20 weight % usage of
ecoplastics and recycled plastics by
2015

e But PLA limitations include: the low
HDT, impact strength, and hydrolytic
stability, and in process, the relatively
higher molding cycle times
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Natural Polymer Nanocomposites
PLA, Cellulose, NOP...

e Goals
Characterize effects of aspect ratio, surface
chemistry and processing on nanoparticle/,

network formation in natural polymer
nanocomposites.

-

Use ionic liquids, natural surfactants, to

prepare and process sustainable nanoparticle networks
R Rahatekar ct al. Adv. Mat. 2008
Develop high throughput methods for POSS-IM

preparation and characterization of natural functionalized

polymer nanocomposites graphene

2-(benzoxazolyl)-stilbene
Schmidt. al., J Sol-Gel Sci Techn 2006



Natural Polymer Nanocomposites

e Goals

1) Characterize effects of aspect ratio, surface
chemistry and processing on nanoparticle E
network formation in natural polymer
nanocomposites.
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Fagan et al. Advanced Materials, 20, 1609, 2008

+ MWCNTSs (average aspect ratio 1290)
m MWCNTSs (average aspect ratio 625)
A Carbon Black (average particle diameter 101 nm)

Pure Epoxy

10
Shear Rate (s-1)

Graphene
Cellulose NF/whiskers
LDH

In PLA, Cellulose, ...



Natural Polymer Nanocomposites

e Goals

1) Characterize effects of aspect ratio, surface
chemistry and processing on nanoparticle
network formation in natural polymer

nanocomposites, - =+~ 0.08 % MWCNTSs + 8% Cellulose
" - 0.24 % MWCNTSs + 8 % Cellulose

0.4% MWCNTs + 8% Cellulose
-+ 0.56% MWCNTs + 8% Cellulose

1
Angular Frequency (rad/s)

\ N\

Cellulose MWCNT composite fibers wet spun from ionic liquid solution, S. Kumar Ga Tech




3)

Natural Polymer Nanocomposites: Plans

Natural Cellulose Fibers

® Goals & Macrogcopie

Characterize effects of aspect ratio, surface Method 1

Strong acid

chemistry and processing on nanoparticle \ rycrolss |

fibers
Method 2
Multiple

non -crystalline

Method 3

Enzymatic hydrolysis

mechanical combined with

. + sonication “ shearing mechanical shearing
network formation in natural polymer 1onic | Nenoscopic fibis \ l
c . . 4 Mi talli 3
nanocomposites. \Whiskers ﬁ‘éﬁiﬂi?@?e Microfibrilated cellulose
427 |

Use ionic liquids, natural surfactants, to
prepare and process sustainable
nanoparticles. L =100 rm-300 rm

Develop high throughput methods for
preparation and characterization of natural
polymer nanocomposites

L = several um
» very high aspect ratio
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Natural Polymer Nanocomposites: Plans

e Goals

Characterize effects of aspect ratio, surface

chemistry and processing on nanoparticle
network formation in natural polymer
nanocomposites.

Use ionic liquids, natural surfactants, to
prepare and process sustainable
nanoparticles.

Macromolecular
Rapid
Communications

www.mte journal.de

ORI
functionalized
cell-NF

Doug Fox — American University

Lignin

Layered Double Hydroxide A & LA
P. Mather; U. Conn




Natural Polymer Nanocomposites: Plans

e Goals

1) Characterize effects of aspect ratio, surface
chemistry and processing on nanoparticle
network formation in natural polymer
nanocomposites.

= j<hagtyl

2)  Use ionic liquids, natural surfactants, to

prepare and process sustainable POSS-IM
nanoparticles. : :
functionalized
Paul Trulove- US Naval Academy graphene
POSS-IM+
)&
electro
chem

Z. Zhang and M. M. Lerner, Chem. Mater. (1996) 8, 257-263.
T. E. Sutto, P. C. Trulove and H. C. DeLong, Electrochem. Solid-State Lett., (2003) 6, AS0-A52.
N. Liu, F. Luo, H. Wu, Y Liu, C. Zang and J. Chen, Adv. Funct. Mater. (2008) 18, 1518-1525.



Natural Polymer Nanocomposites: Plans

2-propanol
content [wt.-%]

e Goals

1) Characterize effects of aspect ratio, surface
chemistry and processing on nanoparticle
network formation in natural polymer
nanocomposites.

2)  Useionic liquids, natural surfactants, to
prepare and process sustainable
nanoparticles.

3) Develop high throughput methods for
preparation and characterization of natural
polymer nanocompositeg

Maupin et al., Macro. Rapid Comm.

2-(benZOX820|y| )'Sti Ibene Schmidt. al., J Sol-Gel Sci Tech. 2006
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