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Seven orders of magnitude in length scale.
How can the structure be parameterized?
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o L Bragg’'s Law and the scattering vector, g

X-ray source d 27 X-ray detector
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1. Ordered Structures give peaks in “reciprocal” space
g0 L 2. Large structures scatter at small angles
3. The relevant size scale is determined by 2z/q.
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“““&;"‘;;;’g{,}ﬁ‘gﬂ Hierarchical Structure from Scattering
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S— Why Reciprocal Space?
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Ultra-small-angle neutron scattering: a new tool for materials research. Cur. Opinion Sol. State & Mat Sci, 2004. 8(1): p. 39-47.
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Cincinnati

Electron Density Distribution
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aewdos  Throw out phase information

In(r)

Depends on latitude and longitude.
Too much information to be useful.

Characterizing Disorder in Real Space

Correlation Function of the
Electron Density Distribution

Lo (r)= | n(unu+r)du

<n2Z>

Real space

Depends on separation distance.
Retains statistically significant info.

Resolution problems at small r
Opacity problems for large r




W Imaging vs Scattering

Cincinnati

L (r)= J n(u)n(u +r)du <N*> " Real space

In(r)

Reciprocal space




il Generalized Bragg’s Law
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Scattering from 2 electrons
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W Intensity from Amplitude
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wg;;;;,}ggﬁ Small-Angle Scattering from Spheres

sin @ = d>>2 .9

Large object scatter at small angles
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Sncinnat Scattering from a Spherical Particle
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UN.E:";;?{}%& Guinier Radius

Initial curvature is a measure of length 1(q) :J' r
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------------ « Guinier Fits (PS 13)

Cincinnati
) I I e T I
300 —
.5 "._g
z >
00 - =
c W
o o
= =
100
100 . 7
.....'.-
|
Ok I | I ' = 5H | | | | E
0.0 02 04 _?-6 0.81.0x10 00 02 04 06 0.81.0x10
(g (A (g (AP
1
I(q){l——qué +LJ I(q)~exp{—}q2Ré +LJ
m L3 l X

RG dilute Rg

6/16/2010
ANL-ORNL 13



o L Correlated Particles
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Cincinnat Porod’s Law for N Spheres (QR>>1)
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"~-g;g*g;,}§£i Fractal description of disordered objects

Real Space
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wg;;gg}ggﬂ Rough and Diffuse Interfaces

Sharp interface

Diffuse Interface
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6/16/2010
ANL-ORNL 17

-«



UUUUUUUUUUUU (0

Cincinnati Scattering from Fractal Objects

d = Mass Fractal Dimension d, = Surface Fractal Dimension

M ~v~R> solid particle S =R? solid particle

M ~v~ Ny, ~ Ro'vu mass fractal S ~ RUs surface fractal

1000 -~ \ = \
SN 1(@=0) ~v? ~ (Ny,)? ~ R*

-1
cm)
=
=

o
e

: MatchatgR =1
% | OR=1 > d
S 1l X _p2d
..E 1 Assume a power law for large g R%™ ~R
S R R
0.1 Ip(qR >>1) » vi el v

| Q") 9" (aR)"
0.01 - 2 3 456 2

0.01 0.1

a (&) I(q) ~ g~ 2979

6/16/2010
ANL-ORNL 18




Cincinnati

vz (L Porod Slope for Fractals 1(q) ~ g~ (29-ds)

Structure Scaling Relation Porod Slope = ds_— 2d
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wg;;g;,}ggﬂ Scattering from colloidal aggregates
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wg;;g;,}gg Hierarchical Structure from Scattering
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@ Nanoscale Reinforcing Fillers for
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Cincinnati Nanocomposites
1-d -d 2.5-d 3-d
Tubes Sheets Aggregates Spheres
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Carbon Nanotubes Layered Silicates Precipitated Silica Colloidal Silica
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How valid are the cartoons?
What are the implications of morphology for reinforcement?

3-d Colloidal Silica in epoxy
2.5-d Precipitated silica in rubber
1-d Carbon nanofibers in epoxy and PU thermoplastic elastomer
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umg;;;(;;}g‘_gﬁ Colloidal Silica in Epoxy
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Mechanical Properties are “normal”
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o L The Promise of Nanotube Reinforcement

Es=1+2.54
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Cmc"}got' 0.01% Loadlng CNTs in Bismaleimide Resin
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el 0.05% Carbon in Bismaleimide Resin

Worm-like branched
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oo L TEM of Nanocomposites

Hyperion MWNT in Polycarbonate

Pegel et al. Polymer (2009) vol. 50 (9) pp. 2123-2132
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oo L Morphology and Mechanical Properties

- — 3
YR A s .. .my ‘-
2“8 =N Short Fiber - J § e 3
'0‘\.' i' ’ - '~‘ -
P\ - -
[ “>~0’[ -1 1 "s
>
.4" S i= 0

No better than spheres

6/16/2010
ANL-ORNL 29 29



o— .
Cincinnati CNTs In Epoxy
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Cincinnat Layered Silicates
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o L Flexible Sheet Model
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onpine Simplified Disk Model
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Crumpled Surfaces and the Flexible Sheet Model

Intensity (ecm)™
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o L Flexible Sheet Model

Es =1+ap=1+20¢
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o L Conclusions

1.

2
3
4.
S

Aggregation is ubiquitous in nanocomposites.

Large aggregates don’t reinforce hard materials.

Large enhancements are due to impact of filler on matrix.
Abusive dispersion may be counterproductive.

Skipping research in favor of “breakthrough materials” is wasteful.
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