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What is “Materials Science”?

B Materials science is the interface between :
— “Basic” Science (physics, chemistry, ....)
— Engineering applications (how do make this into the product)
* Develops & studies complex, multiscale, engineering materials

B Typically done in academia, national labs, government institutes, and less in
industry (US state of affairs)

B Typically relatively shorter cycles (at most few years, not decades) but much
longer than industry cycles (weeks/months)

B Suitable for application of synchrotrons (access time is months)

B Develops relations models (even “Edisonian way” = aka: trial and error) which can
be applied in engineering

Builds on “basic” science results

Synergetic and complex — crosses boundaries among all fields, interdisciplinary,
usually is justification : “WHY DO YOU DO IT?” & “WHAT IS THIS GOOD FOR?”

B Seems to get funding reasonably well in the US (DOE< NSF). Easier to justify,
more financially efficient (in our lifetime), often more satisfying.

B Primary purpose of National Laboratory System (ANL, LLNL, ORNL,...) in the US.




Why small-angle scattering?

Premier method for size characterization
of nano- to micro-scale density
inhomogeneities

B Applicable to wide variety of technologically important materials
B Easy experiment, harder analysis

B Sample in transmission, t=1/u

B Monochromatic radiation (AA/A up to 25% is acceptable, common
in SANS)




Why use small-angle x-ray scattering?
« Complement microscopy, diffraction, NMR, spectroscopy techniques.

 Statistical description of structure is needed, mean particle size, size distribution
(polydispersity), etc.

» Quantitative (if done correctly) measure of volume of scatterers, surface areas...
 Statistically representative (quantification) of structural features

* In situ measurements are needed. Especially for biological and chemical
systems, stop-flow or flow through experiments, processing studies, deformation
studies etc.

« Pump-probe experiments at big synchrotrons can get down to ~100 fs time
resolutions.

» Disordered structures and transitions between disorder and order, i.e. folding
processes, aggregation, polymer chain structure.

« Measure thermodynamics, interaction parameter, critical phenomena.

* Quantify nanoscale orientation.




Few warnings for future small-angle scatterers

B Know your material
— SAS will not uniquely solve microstructure — SAS should complement other methods
— It is nearly impossible to get really useful data without microstructure model
— Indirect measure of size, amount, or shape

B Know what to expect The more you know
— Scattering signal strength the more yOU cah Iearn_

— Size range of interest
— Appropriate technique needed (is it anisotropic?)
— Sample transmission t = 1/u (Easy to calculate!)
B Select appropriate “probe”
— X-rays (tube-based or synchrotron-based)
* know energy needed (~7keV — 100 keV available)
— Neutrons (Monochromatic radiation - AA/A up to 25% is acceptable)
— Light
B Easy experiment, harder analysis




What can be learned from
a Small-Angle Scattering Experiment?

M Size of scatterer

B Amount of scatterers

M Polydispersity

B Distribution of scatterers
B Shape of scatterers

B Morphology of scatterers
B Composition of scatterers

Intensity [cm’]
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*There is strong dependence between some of these terms.
*SAS experiments, complemented by other measurements,

can yield rich information about the microstructure.




Need for complementary methods

The richness of an integrated approach to materials characterization is
dependent on the availability of complementary methods.

The more you know
the more you can learn.




Nanostructure from Small Angle X-ray Scattering

3-Techinques are similar

SALS/LS, SANS, SAXS

A=0.5um A=0.01-2nm
For light For x-ray/neutron

Contrast: index of refraction, electron density,
neutron cross section




Time Resolution (at APS/ESRF)

Time Resolution using detector speed : 10 ms (Synchrotron

Facility, X-ray flux not limit, may be pink beam)

For Flow Through Experiment (Flame/Liquid/Gas Flow) can
be 10 us (using flow reaction cell)

Using bunch pattern with pump-probe (laser) method: ~100
ps time resolution, better with current/future development

Size Resolution 1 Ato 1 um




Instrumentation




Small- and Wide-Angle X-ray
Scattering Measurements

X-ray Source SAXS : pinhole camera : 2-d detector at Im from the sample

v

‘:{'5 WAXS : pinhole geometry camera : image plate detector at
| 5cm from the Sample Wide Angle X-ray Diffraction

Scattering angle, 26, is typically 5-90°
Info :Crystal structure,orientation, amount.

Size probed is 0.05 to 2.0nm
%XQ

0 2D measurements are useful in S
1ni I ' X-ray Scatteri
determining both size and relative ray Scattering

(TD)

26 WAXS

(MD)

. Scattering angle,2 is typically < 3°
Incident x-rays Info: Crystal size, aggregate stiucture

orientation of various structural wavelength \ Maifietss Al o) iy i creatton
components

Size probed is 2nm to100nm




Typical(?) synchrotron SAXS instrument = pinhole camera

Typically 10 — 35 keV

High flux, small beam
(200 micron x 200 micron)

Fast data collection
(<1sec standard, 30Hz
common, 100 Hz possible?)

High sensitivity (very dilute
systems)

Q range coverage up to 2
decades

Intensity up to 3.5 decades




Alternative Geometftries Offer
Improvement in Flux
or Improvement in Angular
Resolution with Smearing of
Scattering Pattern




USAXS instrument (Bonse-Hart camera)

B Unique instruments (two available — APS & ESRF).
B My is APS 151D beamline

® Currently unique intensity and Q range:
— Up to 9 decades of intensity range
— 0.00015 A'to 1 A'Q range (0.5 nm ----> >1 micron)

— Both 1-D (slit smeared) and 2-D collimated (“2D-USAXS")
geometries available

— 10 min/scan (shortest scans down to 3 minutes)
— Flexible beam size (1 x2mm ---> 0.02 x 0.2 mm)

B Measurement methods:
— At fixed sample orientation — Intensity vs Q (1D and 2D collimated)
— At fixed Q vector — Intensity vs sample orientation (2D collimated)
— USAXS-XPCS for slow materials dynamics
— USAXS-Imaging (imaging materials at various q vectors)




2-D collimated Bonse-Hart Camera

sample ion side view
chamber
detector §
(photodiods S 1970 Si (220) Si (220) l
i (220) side- reﬂectlng collimatin 2D slits
or CCD) | J
analyzer crystals \ crystals
crystals / | |—|
| W . |
sample top view

1-D collimated Bonse-Hart Camera (slit smeared)

photodiode |
detector ion " L
or CCD _ chamber  g; (220) |
Si (220) collimating _
analyzer crystals 2D slits
crystals




Compared with pinhole SAXS, USAXS offers:

Wider range of scattering vectors (= 1 x104A'to=1A") | -
Better angular resolution (= 1 x10 A"). Scattering features ¢ |

are better resolved.

Absolute calibration of scattering intensity: scattering
volume is readily quantified.

Measurements of equilibrium and non-equilibrum dynamics
with recently-developed USAXS X-ray Photon Correlation
Spectroscopy.

Some degree of measurement for anisotropic scattering
samples.

A worse time-resolution. Not suitable for study of fast
Kinetics.

Radiation damage can be avoided for most soft materials
when operating with care.

‘UE‘W

Ultra-Small Angle X-ray Scattering (USAXS)

Wider Q Range

ey e
T

0.01 4
q[A7]

High Q Resolution

Slit-Smeared Intensity d¥/dQ




Kratky camera

Commercially available, e.g. http://www.hecus.at/

Sample - Detector = 41.4 cm

|

Block collimation system

L T f/\
S x P, 1. l.
Entrance sllil
Sample holder

www.chemie.uni-bayreuth.de/pci/de/forschung/22427/saxs1.gif




Real World materials — mono sized distribution of
spheres, powder
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Instrument q range selection:

Aerogels - this is what pinhole camera is likely going to

look like:
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Aerogels - this is how USAXS data look like:
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Example of small angle scattering from Ta aerogels. Slit smeared data left graph, same
data desmeared right graph. Aerogels are unique materials with very low density which
are considered for many applications in aerospace industry. Graphs from work by Ted
Baumann, Joe Satcher, Trevor Willey, and Tony Van Buuren, LLNL.




Liquid crystals dispersed in polymers

USAXS data from Polymer-

, dispersed liquid crystals. The
10 "\ 50% 3 loading of liquid crystals in
W G=1.4622e+05 olymer changes the structure
6 40%
10 \ Eo00ootomos| le=zsore | over wide size range accessible
2y P=3.1516 393%5016;2%% only by USAXS. Polymer-
10° . P=2.8757 dispersed liquid crystals (PDLCs)
30% are of technological importance
10 G=265.24 for electro-optic applications such
' g gg;i,‘i,%;gﬁﬁ“ as privacy windows, electro-optic
=10 P=2.5552 shutters, and large area flat-
= panel displays. Graph from
S ‘ 20% current work by Ryan S. Justice,
10 R - ) :
= S =1g7-847331[A] Dale Schaefer, Richard Vaia,
— A ] g - . . .
1 B=0.0021548 David Tomlin, and Timothy
10 P=2.2612 Bunning, “Interface morphology
and phase separationin polymer-
10’ 10% dispersed liquid crystal
G =1.2758 ! composites”, accepted to
Rg = 57.11[A] "
10" B = 0.044252 RS e s Polymer. Authors are from
P = 0.74376 ’ University of Cincinnati, Air Force
10> i research Lab, and UES
10'4 10‘3 10'2 10'1 I nCO rpO rated .

Yellow box is estimate of pinhole camera range

A

Argonne

NATIONAL LABORATORY




2-Closely related Techniques:

ASAXS- Anomalous x-ray scattering, vary wavelength leads

to change in contrast due to the complex absorption spectra,
requires synchrotron source.

GISAXS- Promise of high resolution spectra for surface
structures but there are technical issues with data interpretation.

1000 ¢ e
I . 0.58% Gold on Zirconia
100 E —— Zirconia Particles E
—— Gold Particles
r — Minimized Fit
10 &
—_ E
=) E
= r
[
L 3
Z [
2 0.1 3
& E
= r
=
0.01 3 E
0.001 £ GISAXS from the polymer film
E shown on the left.
r AFM image of a diblock copolymer film [Smilgics]
et ] e Y 4 isplayi i h2
0.0001 2 3 4 6789 2 3 4 6789 displaying vertical lamellac [Busch2]
0.01 0.1
q(A)’ . o
http://staff.chess.cornell.edu/~smilgies/gisaxs/GISAXS.php




Theory & Analysis




X-ray source X-ray detector

Instruments /
theory Il ‘
Bragg angle = # P
® SANS instruments — 9 20 = diffraction angle
B Pinhole SAXS cameras Sample
B USAXS
B Other geometries
(Kratky...)
. 1 0.6
sin(6) 01 .
q - 4” 0.01 60
)\' 0.001 600
0.0002 3000 (3 um)

Detector dynamic range is important —

q Intensity ~ g*




Four Methods of SAXS Modeling

|) Calculate the amplitude for specific structures.
Viable for simple structures, spheres, rods, core/shell models
Intensity for some cases Gaussian coil.

2) Develop general laws for scattering.
Viable for all structures, analysis depends on specific models. Most useful for

systems with low degrees of structural regularity (unfolded states or aggregates).

3) Calculate the pair distance distribution function PDDF from the scattered
intensity. Analyze the PDDF using models and general rules.
Viable when a wide range of scattering vector, q, is available or valid -
extrapolations can be made to high and low q. A direct link between calculated = ‘=
structural features and the observed features in the data is lost. -

4) Calculate the PDDF using structural models (spheres).
Use an inverse Fourier transform to calculate the scattered intensity and a least-
squares or other method to iterate the model parameters for a best fit.
Most useful for systems with a high degree of structural regularity (native state).

A
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Debye Function

I(q)=<F2<q)>:vP3]: 1) s

Assumptions:

) Centro-symmetric Particle

e "M =cos(geOM,)

2) Random Orientation (translational & rotational symmetry)

<cos(cj o7 )> =




Debye Function

singr
I(q) = <F2(q)> = sz ]H Y% (r) qrq 47rr2dr
0
P, Electron Density

Yo (r) Characteristic Function, Correlation Function

Probability that at a distance “r” from a point in a
particle another particle can be found




Debye Function

g

I(q)= <F 2(q)> =Vp? ;r % (7) Si;l:]r 47r’dr

Yo (r) Characteristic Function, Correlation Function

For simple objects such as a sphere we
can calculate the characteristic function

V(r)= %(2R—r)2(4R+r)




Debye Function @

Ha)=(F(@)=Ve: [ () "o arar

Yo (r) Characteristic Function, Correlation Function

For simple objects such as a sphere we
can calculate the characteristic function

yo(r)=‘7(r)=1— 3r 1 (rj

vV 4R 16\ R

7 (q) — Nn? singR — qR3cos gR




—s— Sold sphere
Ig I(s), relative —+— Longrod
Flat disk
0 —a— Hollow sphere
~—a— Dumbbell

Figure 5. Scattering intensities and distance distribution functions of geometrical bodies.
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Other direct calculations are possible for simple objects  1(g)= Nn F*(q)S(q)
singR—qgRcosgR

Sphere F . (q)=3
Si(gL)  sin*(qL/2)
F*(q)=2 —4
Rod @)=2= %
2 J,(2gR
Disk Fz(q)zquz[l_ (qR ):|

(VShe(l (p Shell — p Solvent )F‘Spherc (RSheIl ) - VCure (p Shell — p Core )FSphere (RCure ))

Core and Shell Sphere £, . ()= (Vewe —Vape)
Core ~ " Shell

exp(—qu; ) +¢°R’ -1
(@'R:)

Gaussian Polymer Chain F? (q) =2

Core and Shell with Gaussian Chain
Attached

Pedersen S, Chapter 16 in Neutrons, X-rays and Light: Scattering Methods Applied to Soft Condensed Matter, Linder F, Zemb Th editors
North Holland Press (2002).




Scattering Function for Monodisperse Spheres

Rayleigh, 1914 f(q)zgglsqu(‘ j:;qﬂ G = Nn 2
q

100 = LA | 1 1 1 IIIII LA | 1 1 1 Illl:
10 E
- ]
= 1L i
L = 3
2 ]
oa -
=

& 0.1} =
= -
bt ]
0.01 =
L gl 1 1 1 lIlII 1 1 1 1 1 1 1 L1 111

0.001 >3 456 56 2 3 456

g 2 3 4 - g
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The Debye (1947) Scattering Function for a Polymer Coil

2
1(0) = —(Q-1+exp(-0))
0
O=qR, :
105—
E 1L
:
S O01F
E -
0.01;—
R S e
0.00 0.01 0.1 1




Basic measures from a
Small-Angle Scattering experiment

Guinier law %irgl [(Q)=1(0)exp (—% (2; ?

Porod law IQ_,im [(Q)=27S, ‘A,O‘z o

invariant 27 V, (1 -V, )‘Ap‘z =‘7'Q2 1(0)dO




Advantages of Quantitative SAS

B Sampling volume large compared to features
investigated: Statistically Significant Sampling

« Sample volume typically 102 - 10-70 m3
 Scatterer size typically 10° - 10° m
« 103 - 1073 scatterers in a single sample volume

B SAS probes through bulk material,
not limited to surface or open porosity

B X-ray or neutron radiation sources
can probe optically opaque substances

B Can separate different components in multi-component
system (in some cases)

B SAS can often address anisotropy
M Local SAS can address inhomogeneites




Information Obtained from
Quantitative Small-Angle Scattering

volume fraction numbe;(g)eﬂr)msity
V, = f(D)aD, N, -
? AT
Radius 0{ gyration specific surface mean spacing
Ry - | (v S, =63 (D) A=(N,)"
volume-weighted number-weighted
. _1 fAD)aD,
mean diameter =W D,»fi(DMDz-] Dy =N/| },D, ;
? 20 ot
standard deviation o(Bv)=\/VV‘1 EDEL(D)wi]—(Bv)Z O(BN)-\/N 2D2 ](:%Z? -(Dv)




General Laws for Scattering

Unified Function

I(q) = Gexp (—¢°R%/3) + Blerf (qR,/6'*))’ /a) One Structural Level

I(g) ~ Gexp(—¢°R2/3)
+ Bexp (—¢* R /3)[erf (gR,/6') /)"

3 12 133 s o Two Structural Levels
+ G, exp(—¢’R?/3) + B, (lerf (qR,/6")] /q)"

1g) = 3 (Giexp (~q*R. /3) + B, exp (—°RZ,. /3)

= “n” Structural Levels

x {[erf (gkR,, /6")] /q}"").

Beaucage G J.Appl. Cryst. 28 717-728 (1995).




General Laws for Scattering

Unified Function

100

Calculated Intensity

0.01 0.1 1

ad)!

Fig. 11. Calculated scattering (O) from polydisperse spheres with Porod
surfaces (power law — 4). The solid line follows equation (24) with
R, =39.495 A as calculated and P=4, G=100 cm ~ ' (fixed in the
sphere calculation) and B =0.000 127 52 from Porod’s law.

0.001

100

L
10 |
E
E
E

Calculated Intensity

0.1
0.001 0.01 0.1
241
q(A)

Fig. 10. Log-log plot of Debye equation (Q) and equation (24) (solid
line). For the Debye equation, R;=50 A and A =100 cm ~'. For
the unified equation, (24), all parameters are fixed. R,=50 A,
G=100 cm™', P=2 (the Debye e?uation represents a mass fractal
with d; = 2) and B=0.08 =2G/R; from equation (30).

Beaucage G J.Appl. Cryst. 28 717-728 (1995).

Argonne

NATIONAL LABORATORY




Unified Function

Calculated Intensity
5
'S

m-‘
10? gt gt g paga?
2001 o1 a1 1
-1
q A)

Fig. 12. Calculated scattering curve for an ellipsoid of revolution with a
sphenical shell of Jower electron density, 036 of core, with
major : minor axis ratio of 4:1 and minor axis of R=50 A and
60 A for the core and shell, respectively. Equation (24) is calculated
using Ry =879, G=100cm ™', P=491 and B=199 x 10~ %
The mismatch at g=0.07 A ~ ' is due to a residual Founer peak that
has not been averaged out and that would normally not appear in
experimental data for a diffuse interface.
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Calculated Intensity
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General Laws for Scattering

T

TYTI YT

AR SRR |

FEPEPTTTTY BT
10°* ) - s - ~ .
10° 10 10 10

—
1
[N

Fig. 13. Calculated scattering curve [Guinier & Foumet, 1955, K 19,
and

equation (33)] from randomly oriented rods of diameter 40

length 800 A (+). A0) is fixed at 100, The calculated scattering curve
using equation (28) is shown by the bold line, and G=100,
R,=2314 A, P=1, B=0393, Rew=R;=173 A, G,=0.111,
B,=6.25x 10~ % and P,=4 as discussed in the text. High-g
oscillations in the + curve are due to poor averaging in the
calculation.’

T YT,

3
10— erery

10%]
10'

YT, T

YTy

2 -
10°
10" -
10°
10° -

Calculated Intensity

104}

10% -

aasanul PEPEPTTTY B

lo‘ aa sl
10 10”? 10? 10! 10°
q(A)"

Fig. 14. Calculated scattering curve [Guinier & Foumet, 1955, p. 19,
equation (33)] from randomly oriented disc-like lamellae of thickness
40 A and diameter 800 A (+). A0) is fixed at 100, The calculated
scattering curve using equation (28) is shown bx the bold line, and
G=100, R,=283.1 A, P=2, B=125x 10 ’, Rap=R,=20 A,
G,=278 x 10 * B,=156 x 10 “and P, =4 as discussed in the
text. High-¢ oscillations in the + curve are due 10 poor averaging in
the calculation,




Construction of a
somehow complicated
scattering curve
(hierarchical system)




Complex Scattering Pattern (Unified Calculation)
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Guinier s Law
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Guinier and Porod Scattering

Spherical Particle
] With Interface (Porod)
10 ."""I I LU L | I T TTTI L | I T TTTI AL | I T TTTI
10° F _
10* - N 4
H.g eyl _ I(q) = BPq
N 2 _ — 2
. 10 B, =27aNp:; <S>
Z 10 . ,
L ~yY
= 10'F 7 <S> <R >
10" - L 2 2/ 13
2 — Dilute Spheres (no peaks) Q =fq I(q)dq = NIOe <R >
10 [~ —— Guinier Scattering
P Branched Aggregate R
10 R3
10-4 P S S S B A W PPN S S A S NI 1 AU S R B S W N1 B d Q
0.000 0.001 0.01 0.1 1 p = = o)
.\ 278, (R*)
q (A) g

le X-ray Scattering

Langmuir 2004 20_



Polydispersity Index, PDI

107 - - Polydisperse Particles
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Branched Aggregates
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For Particles with Correlations
(Concentrated non-fractal)

1
1+ pA(q,‘S)
3(sing& - g&cosqé&)

I(Q) = Idilute (Q)S(Q) = Idilute (q)

p = packing factor, A(q.&) = (4 5)3

10’

-
------

R(cm")

No Correlation
Effect at High-q

i1y Increasing k

| Fit of Figure 4, Vary k
[ Kk = 1.9 (Original)

- =k = 5§92 (Mavimum)
wee k = 1) (No Correlations))

o A b aaaal alk

.
10 ]  FPT R W KT )
0.001 0.0

qA™h

A
3 4 5 67383
0.1

Figure 6. Demonstration of the effect of varying the packing factor "k” on

the scattering pattern for the data of figure 4. Packing of the domains does
not affect the power-law scaling regime at high-q.
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Size distribution?




Particle Size Distribution Curves From SAXS _’ﬂél

0.06
10" .
f")A
0.04
g 10° . <
o )
8 » =
S 107 E 0.02+
2 &
Z 1074
S
=0 0.04)
E ]06— T T T
0 40 30 120
r(A)
Fiz. 8. Nomalized mckel number particle size distibutions of catalysts
L . } smtered at 650°C obtamned by ASAXS a: descrbed m the text. The
Fig. 7. ASAXS scattering curve measured at 8308 eV on the fresh catalyst

nickel particles are azsumed to be sphencal with radius 7, but otherwise
no assumption on the shape of the distnbution 15 made. The full line iz
the distibution of the fresh catalyst The short dash (longz dash) 15 the
distnbution after sintering for 5h (100h).

(full line). The circles represent the separated scattering curve (KI(q))
obtained by subtracting the normalized scattering curves measured at 8308
and 8326 eV. The dashed line represent the best fit to the data using the
approach described in the text.

Assumption Method
i) Assume a distribution function.
ii) Assume a scattering function (sphere)
ili) Minimize calculation

singqR —qRcosqR

(4R)’

I(q)=9G

A
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Particle Size Distribution Curves From SAXS

Maximum Entropy Method
i) Assume sphere or other ol
scattering function
ii) Assume most random solution h

107} Guinier Component

iii) Use algorithm to ) R A

10 5
0.0001 0.001 0.01 0l 1

guess/compare/calculate o
iv) Iterate till maximum “entropy”

== TEM
First Measmremen 1
DI andl Rg
s Maximum Entropy
Secomd Measurment
PDI anel Rg
Maximum Entrepy

T T T TTI"T

| | 1 1 1

Intensity, a.u

—
n

Advantages
No assumption concerning
distribution function
No assumption for number of modes I of |
Matches detail PSD’ s well | @R \

Scaled Volume Fraction
L]

=
n

Related Alternatives b0l el
: : 10’ 10’ w 10*
Reg U Ia rlzatl O n Particle Diameter, A
2]

Particle size distributions from small-angle scattering Figure 5

* ) * 3.1 gh~" titania. {a) Repeat USAXS runs on a non-aggregated titania
uSlng gIObal scatterlngfunCtlons’ Beaucage’ Kammler’ powder (Fg. 1). (b) Particle size distributions from TEM (circles;

T117 _ Kammler et al., 2003), equations (1), (2), (17) and (18) wsing PDI and R

PratSlnlS J Appl' CWSt' 3—7523 535 (2004)' and using the maximum-entropy program of Jemian (Jemian eral., l‘)‘)li

Distribution curves are shifted vertically for clarity. dy,¢ =34.9nm, PDI =
‘ 144 (o, = 1.60), R, =442 nm.
AAAAAAAAAAAAAAAAAA :



Absolute Intensity
calibration

B Need to put intensity on absolute scale
— Absolute volume of scatterers [cm3/cm3]
— Specific surface areas [cm2/cm3]
— Contrast, density analysis




Glassy Carbon as Absolute Intensity Standard

B Glassy carbon samples were considered previously :

— G.D. Wignall & F.S. Bates, J. Appl. Cryst., 1987, vol. 20, pp. 28 — 40.
— R. Perret & W. Ruland, J. Appl. Cryst., 1972, vol. 5, pp. 116 —19.
— And probably few others...

B Porous structure can be customized to match the needs (W.S. Rothwell: J.
Appl. Phys., 1968, vol. 39, pp. 1840-45, G.D. Wignall and C.J. Ping: Carbon, 1974, vol. 12, pp.
51-55).

B We use USAXS instrument with primary absolute intensity calibration (J.
llavsky, P.R. Jemian, A.J. Allen, F. Zhang, L.E. Levine, and G.G. Long: J. Appl. Cryst., 2009,
vol. 42, pp. 469-79) to characterize commercial product (Alpha Aesar Stock
#38021) — 1mm thick Glassy carbon plate, “type 2”.

B Provided free of charge to SAS users on request (send e-mail to :
llavsky@aps.anl.qgov or just ask me here).

B Atleast 65 samples shipped in last ~ 4 years.




USAXS/SAXS data comparison

100

- O USAXS data
. —— SAXS data

SAXS scaled to
USAXS using “area
4 under the curve” in
overlapping Q range

[u—
(e

; : 1 -1
Scattering cross section [cm sr ]

L (0]
- 3( S N B oO -
(@]
(e]
R > _
[e]
28 o
= [e) -
[e]
(0]
10)
OO
©
— Oo
26
1
= OOO -
- L Cb =
= 3 4 5 6 7 8 9 %, 4
= ™ -
| 0.1 %




Round Robin... Comparison of SAXS facilities

T T T T T T T T T-|—— ESRF ID1 SAXS C14(N)
. ESRF ID2 USAXS C14(N)
- ESRF 2BM SAXS C14(N)

_ ~ APS USAXS C4(N)
B Note: scaled to - APS USAXS C14(N) Il

neutron contrast... ok A ~+- Diamond 22 SAXS C14

. C . f Diamond arbitrary scale, scaled by 2.6e3
Worth noting: f T

B 20% difference
between min & max

B ESRF USAXS in 2D
collimated mode

B APS USAXS in slit
smeared mode

B ESRF ID1 &
2BM ?7?? 31
0.1
. Sge_ms ag_r_'eement Comparison of all synchrotron X-ray
Wlthln faCIlIty . variation @ 0.025[1/A] +~ 20%
® ... whythe
differences? 2 3 4 567 2 3 4567 2 3 4567
0.01 0.1 1
q [A_1] Mon, Sep 14, 2009, 5:40:51 AM

A
A rggﬂrO]N':L] EORATORV

T
P

Intensity [cm'1 ster'1]

3x10%F

' 1 1 1 1 1 Ll
2 3 4 5 6 7 8 9

\
i |




SANS (reactor based)

B Calibration ~ o
wavelength (ILL T
D22, NIST) T
Interestingly: T |
NIST increases with , .
wavelength T -
q) -
ILL D22 decreases @ T
D11 is wavelength 5 7
independent >
m Difference ~10% 5 ..
B Good agreements: = o
ILL D11, NIST 10A, & ' : : S+ 5 & 7 ® 9 | A ILLD22C4 6A
D22 6A (with APS e Comparison of ILL and NIST SANS = ILLC4 D11 10A
5 . 0 -54- ILLC4 D11 6A
USAXS) 4k Total difference @ 0.025A ~ 10% % NIST C4 SA
5l ~4- NISTC4 6A
-49-- NIST C4 10A
oL USAXS C4(N) -
1 1 1 L1 1.1 1 1 1 1 L1 1 II 1 1 1 1 L1 1
3 4 567 2 3 4 567 . 2 3 4 567
A q ) Mon, Sep 14, 2009, 4:13:1
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And spallation sources...

Least
agreement...

Clearly issues

Even background
subtraction

Total variation ~
75%

Intensity [cm'1 ster'1]

A
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0.01

Comparison

Total difference

of Spalation sources
2 @ 0.025 ~ 75%

—5— SANS LQD LosAlamos
- SANS LQD LosAlamos
-3 SANS ISIS C4 LongSD
-54- SANS ISIS C4 ShortSD
--#-- USAXS C4(N)

data |
data |l

L1
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Comparison with one desktop user...

® Prof. Joseph E. Spruiell,
Materials Science and
Engineering dept., 2
University of Tennessee 3 AL

w
1

36

34 Pox

(@

B Uses secondary
polyethylene standard
(Lupolen sample S2907)

B pinhole SAXS system
was developed by

Molecular Metrology 20
(Rigaku) with two ; :

28

ster'1]

—

26

24

w Ho1 OO N
1 LI L L L L)

22

Intensity [cm’

sample-detector
distances

—6— UTK desktopSAXS
----- A-- UTK desktopSAXS
-{3- APS USAXS

H U1 OO N
1T 1T T1T'1T71

T N T |
2 3 4 5678

Clearly does a very good job...




SAXS Data reduction...
What is that funny 2D
Image good for?




Basic SAS data types collected

B 2-D data — area detectors,
most common currently

® 1-D data — step scans
— Narrow lineout
— Slit smeared

Wanted (usually):
I(Q) — for isotropic samples

(Q,a) — for anisotropic samples




2-D (area) detectors

B Most common for both desktop & synchrotron based instruments
B Many different types available
— Image plate
- CCD
— Wire detectors...
B Each different dynamic range, dark current, offset, readout speed, pixel size, pixel bleeding,

B Require:
— Corrections
 Flat-fielding (pixel sensitivity)
» Dark field subtraction (readout offset and dark noise)
o Unwarping (pixel positions)

— Masking (beam stop, bad detector areas, shadows of instrumental parts...)

B Needed corrections vary detector from detector (e.g., MarCCD has dark field subtraction
and unwarping built in the data collection software)




Data reduction and calibration schematics

B Number of different approaches, often specific to the used area detector &
instrument design

Instrumental

background Mask Calibration factor

2D image

Measured Reduce 2D )

2D image | Correct 0 1D Calibrate

A
A
biitegg:] d Geometrical parameters
.g wavelength, distance etc.
2D image

Data2D = (Sa2D — Dark2D) — C * (Bckg2D — Dark2D)

C ~ sample transmission, measurement times, incoming
intensity etc.

N
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Tools to convert 2D data to 1D data

B [deally — tools should be provided with instrument
— Like ESRF (software is mostly specific for their data)
o hitp://www.sztucki.de/SAXSuftilities/ (Michael Sztucki, processing of SAXS
data)

o hitp:.//www.esrf.eu/computing/scientific/SAXS/ (Peter Boesecke, manipulation
of 2D data)

B Fit2D - hitp://www.esrf.fr/computing/scientific/EIT2D/ free, in use for very long time (=
debugged), large user base, very capable

— However, not very user friendly and cumbersome for data analysis of large
number of data sets — need to learn how to write scripts.

— Ideal for processing large sets of samples (scripting).

— Auvailable for many platforms

B Datasqueeze - hitp://www.datasqueezesoftware.com/, $100/$50 for user license,
Windows/Linux/MacOS.

B Nika - Igor Pro (6.0, Mac & Windows) based package (http://usaxs.xor.aps.anl.gov/)
— free but need Igor Pro license (http://www.wavemetrics.com/), $550/$395 for user
license.

— lgor Pro scripts are open source and can be modified by anyone..— Open source




Data reduction package “Nika” — for SAXS, WAXS,
GISAXS/ GIWAXS

B Tools for following tasks:

Display & average 2D image(s)
e Circular average (SAXS/WAXS)
e Sector average (SAXS/WAXS)

o Arbitrary line/circle/ellipse average (SAXS/WAXS, GISAXS/GIWAXS)

Design mask, Create flood field
Load & average 2D image(s) and convert them to “lineouts”
» Use dark field/empty field
e Calibrate, correct for thickness
e Correct with various combinations of parameters
— Transmission
— 10, exposure time
* Lookup these parameters using user designed Igor function
Graph & export resulting line-outs (ASCII data)
Easily integrates with Irena package




Nika example

NOBUGS text code - Igor Pro 5.05A

File Edit Data Analysis Macros Windows Graph Misc Help SAS 2D

Il Main 2D to 1D conversion panel g
2D to 1D data conversion panel

( Select data path | magetype [ 1 v]
D:Ex dhdra 2 devele 2D CCD code develop Data:

Selectinput data here [ Invert 0, 0 comer?
Amask_mask tif - Refresh
Beam center no sample tif [(SaveLoad Confie |
DarkCurrent_5um_10aug03_00001 tif : Export i \
EmptyBeam_5um_10aug03_00001 tif = <
GCO_40mm_5um_10aug03_00001 £ LT

GCO_40mm_5um_1 0au03_00001_mask Aif
Main mask_mask tif ﬂ

oAre or nn nnnanax

S~ 5]
[~ =]

Select contiguous range:

Catibration \ / Mask i LUT method \ /” Sector
Use Mask?
[ Select mask data path ]
Amask_mask tif ;]

_40mm_5um_10
Main mask_mask tif
TestMask_mask tif
test_mask tif

( Create new mask ] | Load mask |
( Add mask to image ] [ Remove mask fromimage |

Mad(colorl arey Vl

Cumert mask name : GCQ_40mm_Sum_10aug03_00001_mask
Ave & Display sel. file(s) Ave & Convert N files ] N=E
(o aior) ] it
] ety e e
[ Display sectors?

Q_@“‘"l Teran =] 4 Log n dsplay?

SquareMap of intensity vs pixel

1100

=lolx|

1200

Azimuthal angle [degrees]

[ [

i LineuotDisplayPlot_Q

— r_GlassyCarbon_0_10
—— r_GlassyCarbon_60_10
—— r_GlassyCarbon_120_10

Intensity

mlmage Line Profile

F I Horizontal 'I [ x axis log scale?

QO Usepides? ® g2 O d2

Q 2theta?

(ol x|

width [ @]  posttion [79.8516 |&]

Quector [A”]

a[1/A]
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Have 1D data...

Can you tell me how to get
(Rg, Size distribution,...)
from them?




Data analysis tools....

Know what are you doing!

N

Small-angle scattering (~F(q)) Small-angle diffraction (~S(q))
(dilute limit)
(NIST, Irena)

Same size & shape Size &/or shape variations

GNOM, NIST /\

Same type particles Multiple types of particles

Irena, Gnom, NIST... Irena, ...




Available tools

B Some of the common packages :
— ATSAS 2.1 - Gnom, Crysol & Cryson,... Dimitri Svergun et. al.
— SmolX (solution scattering)
— NIST SAS routines
— lIrena package
— SASFit

B See: http://small-angle.aps.anl.gov/software/




ATSAS 2.1 - Gnom, Crysol, Cryson, ...

Dmitri Svergun, http://www.embl-hamburg.de/Externalinfo/Research/Sax/
Suite of program for analysis of SAS from biological macromolecules

Contains programs for Data reduction, computation of solution scattering
from atomic models, Modeling, Ab initio structure analysis etc...

Well established package
Available for free for wide range of platforms (Windows/Linux/OSX,)

Example : Gnom, currently works as command line program with GUI for
graphing capabilities (on Windows).




SmolX- A coordinate-based computer simulation program for Solution
molecular X-ray Scattering

B Authors and Contact:
— X. Zuo, A. Goshe, R. Zhang, and D. M. Tiede
— Chemistry Division, Argonne National Laboratory; Email: tiede@anl.gov
B Goals:
— Wide applications: synthetic supramolecules and biomolecules
— Synchrotron based wide-angle X-ray scattering technique
* High spatial resolution scattering
* New X-ray techniques, e.g., anomalous scattering
B Major Functions and Features:
— Solution X-ray scattering/Diffraction Pattern (WAXS / SAXS)
— Pair Distance Distribution Function (PDDF) with “Infinity Spatial Resolution”
» to validate experimental PDDF via direct / indirect Fourier transform
* to identify required experimental resolution
— Anomalous Solution X-ray Scattering & PDDF
* to help new experimental design and data analysis
— [Easy User Controls on Molecular Type, X-ray Parameters, and etc




Graphic User Interface & Functions of SmolX

| t Molecule types: proteins, nucleic acids, generic
M «q range, WAXS/SAXS type, user-defined molecules (e.g., supramolecules );
SmolX parameter files: -Solvent, etc recognize mixed-complex, e.g., protein-DNA-

*Molecule & atom types 1 porphyrin adducts

*Atomic volumes ~

*X-ray form factors ¢ » SmolX: Solution Molecalar X-Ray Scattering

Anomalous X-ray data File CalcParameter MoleculeType SmoIXC?Ic\.llation Anomalous, SmalX  Help  Quit
. Y
Easy to add & modify / \ \

\ \

molecular pdb

Somuneing o
B

,
3
H
o .
;
-~
T ITITTITTIEI LA
g
g
’
X
g Ll
3 Il
R
i%:
3

Single / Multiple Calc .

| 4l sinihetYLamia (4°-1)

/

A Calc Statistics:
_Cancel ) _Use Specified PDB Format _Close ) ® Com pOSition
SelectFile } _ReadFile } Convert to Standard PDB File } ° P a ra m ete rs

1.0E+5-
0.0E+0-
° AdESS o
y 0 2 4 6 8 1 12 14 B 18 2 2
Distance. A

AARAANEAL L
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NIST SANS data evaluation package

Ilgor Pro (Wavemetrics Inc., www.wavemetrics.com) based package

"Reduction and Analysis of SANS and USANS Data using lgor Pro",
Kline, S. R. J Appl. Cryst. 39(6), 895 (2006)

http://www.ncnr.nist.gov/programs/sans/data/data_anal.html
Very good package containing number of :
— Form factors
— Structure factors
— And some other tools for SAS data analysis.
Useful for “simpler” systems than Irena package (to be discussed later)
Requires some lgor proficiency.

Well suited for SANS and USANS calculations as can handle smearing
by pixel size (less important for SAXS)

Well established, tested and reliable.
Supported and backed by NIST SANS group.
Good manual & even “How to use” movies (Quicktime).




NIST package structure

o Finder File Edit View Go Window Help

= @D $ B W= 4 & 033 E

Thu 21:07

ilavsky Q

™ O O Graph0:MonoSphere_dat_i vs MonoSphere_dat_g;...

DO O

Curve Fit Setup

Procedure_List

"IN N\

MonoSphere_dat_i
wave_sf

"0 \\ |~

B

Data Set|[MonoSphere_dat 9‘

(7] Use Cursors?

Load 1D Data

(7] Use Epsilon?

[C) 20 Functions?

PolyHardSpherelnten.ipf
PolyRectSphere.ipf
PolyRectSphere_Sq.ipf
Power_Law_model.ipf

Function Help

Function |SphereForm B‘ Plot 1D Function

D Use Constraints? ProlateCoreShell.ipf

~
: m ] Report? ProlateCoreShell_Sq.ipf
N A - Append 1D _ﬁ Save it? Do 1D Fit SchulzSpheres.ipf

SchulzSpheres_Sq.ipf

SmearedRP A.ipf Select model functions
Sphere_Sq.ipf

A

v

a
10 No Fit

Feedback

to include

16q)

StackedDiscs.ipf

o

StickyHardSphereStruct.ipf

IUZ R1 | | |ZOOO | |E Teubner.ipf
parame!ers_sf| coef_sf | Hold_sf LoLim_sf HiLim_sf epsilon_sf | R

1 scale 1 1] 0.0001 O Sphere.ipf
10 Radius {(A) 2000 0 0.006 SquarewellStruct.ipf

a SLD sphere (A- 1e-06 0 2e-10
10 i : —— SLD solvent (A- 6.3e-06 0 7.3e-10

10° 10° 19° 107 [ s 22 4 1.0001e-06 Remove File(s)
q 4 /

Data Browser Plot Manager

2Porod-AKglass2.dat

» |root: |
Display | root - ' || | AluminaOSum dat New Folder
Waves < n Alurninaland0Sum dat
WA Hold_sf a | Aluminatum.dat
X B
i er.llonJv' C el MonoSphere.dat
[ strings HiLim_sf
B Info LoLim_sf
Plot = 95t Shift-click to load
= [ Packages U OO0 0 Graph2:ywave_sf vs xwave_sf multiple files
3 %2Porod_AKglass2_dat
02 i r
E Alumina0Sumn_dat Load File(s)
Browse Expt... 3 Alumninalum_dat -
3 MonoSphere_dat —'E
5
[ Preferences... | b
Cereferences . ] z Data in Memory [MonoSphere_dat |+
Execute Crnd.. - & =
A =
=
v = (New Graph) ( Append Data )
(&) 4>
( Remove Selection From Memory)
Y (" Remove All Data From Memory )
7,
a:1D data:”
Select a wave icon to see a plot

A
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“Irena” data analysis package based on Igor Pro

B Combines number of tools to one suit :

Import & export data (ASCII)

Modify & manipulate (subtract/divide/scale...)

Graph SAS data (save graphs, graph styles, some basic fitting, export graphics)
Model data using various models:

 Size distribution (dilute limit) using Maximum entropy, TNNLS, or
regularization

* Direct modeling with fitting (with selected structure factors)
» Unified Fit model (Rg/Power law slopes)
e Fractals

* Debye-Bueche (gels)

X-ray and neutron reflectivity tool (simple systems for up to 8 layers and no
relationships between the layers)

Other tools:

e Calculate contrast (X-ray & neutron) incl. anomalous effects (cromer-Liberman}
» Desmear data for slit smeared instruments (USAXS, uses Lake method)
e Etc...

B Free for download - link from http://usaxs.xor.aps.anl.gov/

B Manual has about 120 pages, please READ IT.




Data import tool

B Import ASCII data
— Preview

— Select
columns

® Modify

— Scale

— Create errors
B Organize data

/N
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File Edit Data A&nalysis Macros Windows Panel Misc Help SAS

Import Data in Igor

( Select dita path |

_ ||:]|1]| i FilePreview:Alumina05um.dat

# Kfactor=3.0412e-17

# Transmission=0.70123

# TransmissionError=0.0050862
# KFactorError=1.8525e-19

# DataDesmeared=yes

Data path : [\\.PSFA\OId Programs:\Workshop CD: Test data:

| | #DataFolderName=root: USAXS:alumina:'57_AI203 0.05um?

# IntensityVWaveName=SMR_Int
# QWavename=SMR_Qvec

# ErrorWaveName=SMR_Error
# BackgroundFunction=Flat

Dataestension: [ |
List of availahle files -
[ Skip lines?
Alumina05um. dat -
Aluminaland05um.dat [ Test ] [ Preview

| # NumberOfiterations=7

Aluminalum.dat

# BckgExtrapolationStartQ=0.23429

Qvec Int  Emr QErr # DataSmoothedBeforeDesmearing=No
Sl O O O # DataSmoothedAfterDesmearing=No
22:32: g g g g B 0.000158154225814399  801428455134264  1928679.64071719
Colurnn & 0.000184682552920646  63200451.0505088  3036436.33306614
—— 0.000202283867427646  44081909.0819638  3502394.09223149
Column 5 0.000219969438836502  29098482.9406966  3688875.90274821
Column & 0.000255340541652145  23395135.6613064  3413772.60723892
O 0.000272941876147365  13311160.1484128  2568539.12601009
o 0.000299470203255809  9543500.32739068  1534251.98175549
Qvec units [4™1] 0.000343599864853778  6082019.31604638  753188.690661673
- [ Gvec units [rm™1] 0.000370128191956336  5133767.18217926  361417.386051556
0.000396572302144926  4245378.11946332  241366.398734755
([ saaan | [ Desekasn | 0.000440786180638817  3472844.86791236  218037.369626041
0.000458387515122662  2713247.4569122 186177.331140783
Use File Nms As Fldr Nms? [ Include Extension in fidr nm? 0.000493758617908916  2298279.53693653  136036.545217472
L] Use Indra 2 wave "amgs? [ Scale Imported data? 0.000529045503777763  1830900.56877828  100400.984457551
Use QRS wave names? 0.000564416606551536  1614866.97740737  B6365.9625767482
Select detafoider [ —— =] 0.000599703492407071  1205846.47781998  73726.3481579092
0.000643833153944015  1010366.41912858  53207.8509629736
New data folder: |root: SAS:ImportedD ata:<fileN ame>: CaRp ﬂ

0 wave names |0Q_<fileName>

=10l

Intensity names [F_<fileName>

Error wy names |S_<fileName>




=10l x|

Il Data Manipulation

Manipulate data Data manipulation input panel
First set data input 0l D B e st

Data folder:l vl
Wave with O I vI

= LI X] . ) I__l
1 1 11 11 lll 1 1 ;ll llll 1 1 L1 1 llll 1 1 L 1111l Wavewnhlntens'ty o i
Wave with Eror I vl

Second set data input [ Use Indra 2 data structure
[J Use QRS data structure
D ata folder I vl

Wave with I vI
Wave with Intensity I vl

B=
(=]
= Wave with Error I vl
@
g [ AdddsaandGrsph | | ResetModify | [ AmtoScale |
Modify data 1 Modify Data 2
Multiply It by Muliply Int by

Sbtrct bckg D Sbtrct bekg D
Qshit [0 ] ashit [T ]
Error multiplier @ Error multiplier

< Datal

10-2 _ 4 Data2
((Rmg<Ca®) | (_Remca® | (_Rmo-ca@
T T IIIIIII T T IIIIIII T T IIIIIII T T T T TTTT
0.001 0.01 0.1 O Combinedata ~ [J Datal +Data2 [ Datal /Data2
| QA ' O Datal -Data2 [ Datal using@2 [ (Datal-Data2)/Data2
X: T [ Data2 - Datal [JDatal [JData2 [ ReduceNopntsby[T_|[S)]

O A 1] pnt: 2 A

: = = - A [J Smocth (o) L Smooth(in] _ Smoathing window? 2|16

I (L Smooth Spine (e
Pick new data folder I vI

New data folder: |

New O wave nm | |

A New Intensity nm | | L
Argonne New Error name | || save
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Example plotting tool

ol x]
Plotting tool input panel

: Uselndra2data [ Uselrena 1 results
Data InPUt [ Use GRS data

Data folder: I root:US&XS:'01_31%'518_FC Si02 pHS.3 20" j

Wave with O data I BKG_Qvec 'I
Wave with Intensity data I BKG_Int 'I
Wave with Error data I BKG_Error 'I

[ addaes || Removedwa |[ Redorph || Kill Graph, Rese |

- 3
( Modify data | g e
Graph style I NewlserStyle 'I —
ICTETTT T ) 102
[ Save nevr graph style ] ( Fitting J %
: Mage Craph styles 1| € 1
X axis data I ® 'I I -
( Store and recall graphs | 10

Y axis datal Y 'I 100

B Log axis? [ Log axis? [ Errors bars?
[ Major Grid X axis? Major Grid ¥ axis? 1 0-1
; ; e . : e ]
[ Minor Grid % axis? [ Minor Grid Y axis? 1 0_2 ...... o 555 7102 Gel 1 C
Mirror X axis? Mirror Y axis? ~&~ "318_FC 5102 pHI3.3 20°
" 3 ? : :
xaxlsll“elq[A\S'.l'\M] I 10 1 L] 1 ||||li 1 1 LI} ||l|i I L] 1 ||||li
Y ais title | Intensity [cmh\S-14M] | 0001 001 01
[M &ppend Legend? 8| [A-1]
M Use symbols? Symboal size [T_][5) O A o | et X: Y
4 Use lines? Line width [T} L& Bk = e
M Vary colors? M Vary Symbols? B Vary lines?
[M X axis autoscale? Y axis autoscale?
Min: |1.6686e-04 | Min: [8.7326e-04 |
Max: |7.4428e-01 | Max: |2.8654e+07 |

Argonne
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Scattering contrast calculator

Create & save “compounds”

Calculate X-ray scattering length density
(free el. approx.)

Calculate neutron scat. length density

Number of elements

Modify element:
| |

Element Y

03

k!

Molecular weight 225.81
‘Weight of 1 mol [g] 3.74966e-22
Num of mol in 1cm3 1.65348e+22
Number of electrons per mol 102

Number of el per 1cm3 1.68655e+24
Xray scat length dens (tha) [10"10cm-2]  47.22

Volume of 1 mol [cm3] 6.04784e-23
Total b of the molecule [cm] 3.29090e-12
Neut. scat length dens (tho) [10°10 cm-2]  5.441

Substance editor and scattering contrast calculator
Density [a/cm3]
_
|

1.0 i 20

|sotope I natural 'l

[ weight fraction?

Neub: 0775
Incohb: 015
AbsXsec: 1.31

Electrons: 39
Atom wt: 88,9059

Saved substances: [ Within this experiment (or on the computer)?

Al | Swwe dita J
Al203

v203

ﬂ Load 15 second phase

Use Vacuum?
X ray scatt length dens second phase (tha) [10M0em-2] [0
Neutrons scatt length dens second phase (tho) [10M0em2] [0 |

Second phase:  vacuum

X 1ays delta-tho squared [10°20 cm-4] 2230
Neutrons delta-tho squared  [10°20cm-4]  29.61 Anomalous calculator ]
Ratio Xrays/Neutrons delta rho-squared 75.32
{1gor Pro 6.01 Al (O] x
File Edit Data Analysis Macros Windows Panel Misc Help SANSModels SAS
P . Scatterine C e 1 1 1 1 1
Select ONE ';'wo d compounds - T 2 i C L.b d f
t sto b i L -
T YTV i o Y romer-Liberman code for
Compounds within experiment ? EnegystatkeVE [T 18] Qi) g~ —A-p203 | R
o B LS e - [ Anomalous effects:
Number ofsteps i eneray: (1001 i B e B o
Thekress o) [TT———T6} Erergy o Calculate contrast
N:M 203 {MpeltaRhoSquaredGrph:DeltaRhoSq =10l x|
AL £ | 1 L I 1
f/» at one energy
2 100+ - 1
/ in energy range
( Display £ ] (s J[[ swmr | 2 80 o ) -
5 m —m = N —A- A203vs Y203 [ H
e r— o [ | g . \ ey il Calculate X-ray scattering length
( Displey 04t ) [Comme J[ swener | 10 12 14 16 18keV . , .
i 5¢ 4w Del st Energy [kev]
) == density (f, T, 1)
PO e e e “'| Calculate transmission
( Disply epchirn) | [ swenetswn) | [Swe cpcane) | B
[ Second phase is Vacuum
STRTR_SCatCont2y 024 —A— 2203
A —»- Y203
v T T T T T
10 12 14 16 18keV
Energy [keV]

A

Argonne
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Unified fit method
Small angle scattering — dilute limit...

B Represent “populations” or “levels” of structures in the sample by Rg (and
pre-factor) & Power law slope (with pre-factor)

— See references to Greg Beaucage work (
http://www.eng.uc.edu/~gbeaucag/BeaucageResearchGroup.html )

B Structure factor “interferences” (~Hard sphere model)
B Very generic, very little knowledge about internal structure needed
B But only limited information is obtained.
— Based on microstructure model can get details
 Fractals

» Size distributions (e.q., parameters for assumed log normal size
distribution)

» Various shapes (form factors)...
B Great tool for first look at the sample, sometimes the only tool really useful
B Fails for very narrow size distributions




Unified fit

_(o] x|
File Edit Data Analysis Macros Windows Graph Misc Help SAS
B [=] P3N ™ LogLogPlot =10] x|
1 1 1 11 111 1 1 1 11 1 11 1 1 11
Unified modeling input panel I I
Datai [ Indra 2 data [ Model root: SAS:ImportedData: Aluminalum:R_Aluminalum
atainput [ ooc oo o + Experimental intensity
Data folder: I root:545:ImportedD ata:Aluminalum: ;I 10 — Unified C?ICU|ateq Intensity — 4
. . \ ‘ © Standardized residual
Wave with X axis data I Q_Aluminalum 'I N
Wave with Y axis data I R_Aluminalum vI 1 07 N Unified Fit for level 2
; N G=0 0
‘Wave with Error data I S_Aluminalum 'I :&h\ Rg=1e+l0[A] O
m ) 5 . : B=21082e-05  44199e+6
_ Subtract background D 10 %, - P =3 5627 606,96 5
. . i . 1{\\ . . RgCO=0[A] 0,K=1
Unified model input ) Numbe{ of levels : I 2 'I . : Invariant [em™(-4)] = 6.9847e+24
[ Update Unified automatically? 5 . - L
Display local (Parod & Guinier) fits? 10 . ()
/1. Level \ /2 Level \/ 3. Level \/ 4. Level \ /5. Level \ — ¢ B .ot 2
Fit?: Low limit: High Limit: e . . g
G [277232e+08 Bl &4 [337255 ] [T1782Ted 210 : g.
Ra [678.788 |§] 133.417 3335.42 ‘U—% ______ ' — 0 8
Rgstep G step (_Fit Refo e cusers_| 5 10 ) I
= R . 23
[ Is this mass fractal from lower level? Surf / Vol | 73.7758 - . g.
B [286282e-05 "6] [233526e-] [7.33814e(] 5 &
P[4 [ 10 . oo
Psep 10 Bsep [0} [_rermwmomm | - \ : -
RgCutoff [0 ] OO 10" —|Unified Fit for level |
k factor : I 1 vl G=21129e+)6 9.3533e-05
Rg=67879[A] 067125
[ Is this correlated system? B=28628e-05  42261eH)6
10" =4 o 3
RgCO=0[A] 0,K=1 ,
SAS Background = 019207+ 32294 S\ .
4 [|Invatiant [em™(-4)] =1.2191e+22  Surface to Volume ratio = 73.776 m"2/cm"3 B4
10" :
SAS Background [0.192065 ||©)] step [Te:06 | [ Fit Bekg? :
Fit using least square fitting ? I Fit _I I Rewvert back ] T T T T T T T T T T IIIII T T T T T — T T
(i) e —
[ resetwnif? | . [ Store local (Porod & Guinier) fits 0.001 0.0 0.1
Results: | StninDuaFoldr || Bpoasen | Reubsogghe | root: SAS:Imported Data: Aumina fum:R_Auminatum Q [A-1] Thu, Jun 21, 2007, 6:29:09 PM
K1 =2.9721 +0.0211 A: Originallntensity ED pnt: 1 X:0.00018794 Y: 3.0399e+08 | dX: 052415 ﬂ
B: Originallntensity pnt: 113 X: 0.52434 Y:0.185 ] dY: -3.0399e+08 I 2
TSREITp yard. TTTT TS TanT TTA T T, o £ T, 2007, 6:29:09 PM
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Size distribution example

f #Modeling example - Igor Pro 6.01 ;Igﬁl
File Edit Data Analysis Macros Windows Graph Misc Help SAS
-||:|lﬁl ?\‘ R1R_SizesInputGraph:ModelIntensity ¥s Q_vec;... -||:||ﬁ|
Sizes input panel (window ) (__Removeptwicah ) [ LogPatticle size asis?  Chisquared reached [53.0342
——— [ Inda2data Resetwindow ] [ Retum Al deleted poirts | [ Log Particle Volume axis? Number of fitted points
Data M 0RS data
Data folder: | root:SAS: ImportedD ata:Aluminalum: :I
W, ith X axis dat I i vl : :
ave with X axis data | (_aAluminalum Particle diameter [A]
Wave with Y axis data I R_Aluminalum 'I Method used: MaxEnt
Wave with Error data | S_Aluminalum ¥ 1 ?0 2 3 4 5 B 7 8 goloo 2 3 N”rﬂbe' Sf ltesrah?o "3 =J 1?00
1 1 1 1 1 1 1! 1 1 1 1 1 1 1 1
[ Diagnostics? [ slit smeared data? % [The sample evaluated is. R_Aluminatum
10° - 1= -_
A -6
Distribution parameters 107 — 10x10
Minimumn diameter Maximum diameter [ 10000 . ;\)U
=
Bins in diameter Logaritmic binning ? I ves VI . 10 -8 %
— = 5 <
Fitting parameters @ 10 =
Subtract Background 0138 ® Use user enors? g 1 04 L5 2
Contrast (drha2)[10°20, 1/cmd] [T058 g e 2
. % enars? 3 =
Multiply Errors by : LEIBCIES 10 1=
Q Use No ermors? 5 —4 &
. 10 =
Particle model S
Select particle shape modell Spheroid 'I 101 2 -
Aspect Ratio 100
— © 2 - - o S0 - =0
Method: O IPG/TNNLS  ® MasEnt O Regularization F T |Medelintensty  Units: S e
w @ Cument Result Size Distribution  Units» A NSRS
Sizes precision param ] 0 0 —{intensity  Unis: Harerrrrege,, —
— SlzesFitlntensi Units:
MaxEnt max Num of Iterations o -2 Bazceks ,:u'ﬁ\mfe J::s a
+ Tnﬁgitybrigihal' Unh}?l ] T T T T T 117 I T T T T T 1171 I T T T 171
MaxEnt sky backg 1.11498e-07 Suggested: 1.07133e-07 » NormalizedResidual nits
C =) 0601 001 0.1
Set range of data to fit with cursors!! root:SAS:ImportedData: Aumina fum:R_Auminaum Q [A-1] Fri, Jun 22, 2007, 7:54:21 PM
( Store in Data Folder ] | R Fitting J A: IntensityOriginal | 1 et 2 X:00019628  Y:1.2110e+06 | dX: 0.043536
Youneed fo store the resultsior they arellostll B: IntensityOriginal | pnt: 88 X: 0.045998 Y:6.9246 | dY:-1.2119e+06 _]

I 1t autosave Zl
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SAS modeling
Dilute limit with some structure factors included

B Modeling Il (new tool)
Up to 10 input data sets
(Q-Int-error)
— 6 populations of scatterers
e Contrast
o Shape (~10 F(Q) available)
» Gauss/Log-normal/LSW/
power law distributions
Dilute limit with optional 5
different S(Q)

Least square or Genetic
optimization fitting of parameters

B Modeling | (old tool)
— Single input data set (Q-Int-error) -

— 5 populations of scatterers

e Contrast
* Shape (~10 F(Q) available)
» Gauss/Log-normal/LSW/power
law distributions
— Dilute limit with optional of
“interferences” (~ Hard sphere) -

— Least square or Genetic
optimization fitting of parameters —

Genetic optimization: semi-Monte-Carlo method.
Particularly useful for narrow size distributions and reflectivity.

See manual for important details.




Modeling Il - Data input controls

Ei\gModeling example - Igor Pro 6.01 = ||:||5]
File Edit Data Analysis Macros Windows Graph Misc Help SAS
Il Modeling II main panel -0 x| M1LSQF2 main data window _l_l- m] 5]

Modeling 1T

[ Indra 2 data
0ORS data

Data folderzl root:SAS: ImportedD ata:Aluminalum: LI

Data input L1 bodel

Min g= [0.000161408
Max q= |0.770527

Min Int = [0.18243

Read duds |
Max Int = [5.4563e+08 Atoset Axdis |

[ Display Ind. Pop. Ints.?

Wave with X axis data I O_Aluminalum vl 103 DS UL SO SO SO S 1 SUSUUUUE SORSO
Wave with Y axis data I R_Aluminalum 'I 107 J U AN 5 S S O AN UUUE
w
‘Wave with Error data I S_Aluminalum 'l T &
= ampeccsfoccccsdocsschbosclocfscbodochdocccccccs
| Remore all l mUse all Il Corfig Graph l Graph (Re Graph) I = 10
A —— fud
= 5
® Data controls O Model controls Different contrasts for data sets? SN0 T
Multiple Input Data sets? [ Number Dist? M Auto Recalc? «© 4
s S N S A S S U 06 - U S
IAVFAVEAVEAVAAVIAAVEAVEAAVEAAVAIAN TE L
3
(OEEEEE) M Use? [ Slit Smeared? B Q7 et be e b
o)
B 2 | i b i i diiEE o b
User Name: | I E 10
c
Scale data by: = 0 e
® Userenors? O SORT enors? O User % ermors? 0 Poow sett : :
Scaleemorsby: [T | 10 __ Miodeil for setl o
0 min: [0.00778629 0 max: [03 | (9 from cursars | T T T T y
0.001 0.0 01
Bekg: [0782326 I Fitz :
i size distributions -0 x|
[ LogX axis? [ Display Vol Dist? [ LogVol Dist?  Pop 1 Mean = [752.955 Pop 1 Median = [714.947
[ Display Num Dist? [ Log Num Dist? Pop 1 Mode = [635.345 Pop 1 PwHM = [361.747
= | L | L ! 1
= omdn® - —— TotalVolumeDist L
55_» ~—— YolumeDist_Pop1
S 150 - -
>
=
£ 100 — —
;8 /
[ Genetic Dptimization? Use LSQF? 2 50 . — -
[ Cacubwetodel | [ FeModel | [ RevesseRr | s T _
= T T T T T T
(_swemsur ] [ swemWares ] 400 600 800 1000 1200 1400
k Radius [A]
|Fleady |

A
onne
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Size distribution — maximum entropy, regularization, or TNNLS/IPG
What is size distribution?

Particle diameter [A] Nemoar o seratora 13
. T 100 1000 10000
B Size distribution | i A A A A i A T G A i o
_ Volume distribution o EI“%; The sample ?valuated is: 'S5 _AI203 1um'
— Number distribution |  axio®
® How much volume -or- number 5
of scatterers - is between . §
R—-dr & R+dr g 2
where 2*dr is width of the binin £ 2
'L . - 4 c
radii (diameter) =
B Total volume of particles —or- G
number of particles = area -2
under the curve (between R, .
and R2) % — 0
B In SAS often convenient to have B
Iog distribution Of radii bins! E ) T T LI I_I‘ >I T T 17 I\‘ T T LI II| T LI I_
0.001 0.01 0.1
oot I SAXES5_MPA3 Tum T Sh_int Q [A_1] Fri, Jul 08, 2005, #0811 P
B Number of available particle shapes (F(Q)) including user defined F(Q) function
B Fast, easy — but all scatterers have to be same shape & contrast

B Uniqueness is achieved by use of the Maximum entropy method, TNNLS/IPG, or
Regularization

/N

Argonne
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Examples of science




Binary colloidal dispersion with large size asymmetry.

. Silica USAXS

dz/docem’'ster”)
S

QA

10
- Zirconia USAXS
LSq fit

dz/dQ(cm'1ster'1)

0.01 0.1

Q@A™

N . .
N . ’
N . .

: particIes\fo;r:ﬁ:quoose-Jrayje':fr:ﬁéér the surf@ice of the

- MixtureUSAXS

10°k
e s close to
g Debye length. k==
Mic ~ Nanoparticle concentration in the loose layer is much
16"

10° hi,‘%her than that in the solution.
. (2001) Proc. Natl. Acad. Sci. USA 98, 8950-8954

' Q(A-“)E"z
A Zhang, et al., Langmuir, 2 -

Argonne
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Arrangement of nanoparticles in the halo

1. Number of nanoparticles in the halo

4
(phalo - psolv )3‘75 (1333 - R23 )
N =L [L = ~1935.

nano nano 4 ;
(pnano - psolv )3'717Rnano

2. 2D volume fraction of nanoparticles in the halo

2
¢area — Nnanoanano — 0039

) 4 ((R2 + R, )/2 )2

3. Nanoparticle separation distance with the halo

R 2 1/2
D= (”—) = 22.9nm ~8.9R

nano
area

4. Absolute intensity—> 93% nanoparticles in the solution, 7% in the halo.
- weak interaction between nanoparticles and microsphere.

N
Argoro] n eo i -




Materials for
Enerqy Generation

Solid Oxide
Fuel Cell
Electron =
Flow
1\
Hydrogen |@ Oxygen
L T Y
O
Water

Anode

Electrolyte

e e

Environment friendly, efficient electric

Most of the internal (hot environment) energy source.

parts in jet engines are coated. Functional ceramic layers.

Trends - prime reliant coatings while Trends — lower operating temperatures &
increasing operating temperatures. increase life. Electrolyte reliability is very
Plasma sprayed or EBPVD (DVD). important.

ttp://fuelcells.si.edu/images/s-




Thermal barrier Coatings (TBC’s) —

Temperature / C

1300

1200

1100

1000

800

never ending story?

thermal barrier coatings

Y-PSZ TBC limit

TBC benefit
I L L) S S
B single crystal
- conventionally cast alloys alloys

-

L - directionally solidified

I alloys

" / wrought alloys

1950 1960 1970 1980 1990 2000 2010

Year



Complex designer
void systems

EBPVD

Complex sizes

APS nano - micro

micrometer-sized

SPS

nanometer
-sized 7
8YSZ - dg,

~ 50 nm




Porosity in these complex
coatings

Argonne
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94



Application needs...

B Design the “best” microstructure for given application

— Compromise among mechanical, thermal, ... properties,
SAFETY, and cost

— Prefer development by modeling (“in computer process
design”)
— Need to understand the manufacturing - microstructure —
properties relationships
* As manufactured (kind of possible)
e During application (difficult)
— Increase reliability and efficiency in application
— Predict failure

B Need basic scientific understanding to guide us...




Thermal diffusivity measurement

8YSZ - void content: 15 to 20%

__ 05

:

€ 04—

E

2 0.3 o

S

7)) ¢ M/o

-

% 0.2 — ———

©

£ 0.1

|

S

S | | | |
0 400 600 800 1000

temperature [°C]

@ ¢ & o & O O

Wang
(Thin Sol. Films, 2006)

Zhou
(Scripta Mat., 2004)

Huang
(J. Europ. Cer. Soc., 2003)

Zhou
(Scripta Mat., 2004)

Huang
(J. Europ. Cer. Soc., 2003)

Lima
(Mat. Sc. Eng., 2008)

New SPS
coatings




<0.d.>=0.039um

Population 4:
Nano-

Globular
Voids

8.7%

Population 3:
Fine
Intracolumnar 7
Voids
<0.d.>=0.033 um
3.8%

Population 2:

Coarse =

Intracolumnar
Voids
<0.d.>=0.19 um
3.9%

Population 1:
Intercolumnar-
Voids
<0.d.>=0.72 pm
6.1%

AAAAAAAAAAAAAAAAAA

Example of
ex-situ

analysis:
*Full
characterization of

| void system

2D collimated
USAXS

*About 1 day of
measurement

+4 <About 1 month of

analysis
*Single/few
conditions

97



In-situ analysis — SPS coatings

B Can study various

outside view

parameters reflecting real-
world conditions

= Time

= Temperature

Chemistry (e.qg., effect of Si, S,

and various fuel compositions)

Real profiles with combination of

above parameters

free-standing sample

- -~
.-
. A
\ y »
» T » -
£ _ - r i
- - - .
’
:
AAAAAAAAAAAAAAAAAA




Modeled in-service microstructure changes

1200 1
? 1000
Q
= 800 7
100x10° - % 500 -
g
_ 5 400
E,_, — 200 7/ 30 K.min?
:U T T T T
...:L' 0 4000 8000 12000 16000
RO Time [s]
52
U
€S
S a
O¢E
> o
|—

{

0 4000 8000 12000
[s]
/

Time
T T TTTT1 I I

A -
A rgngrO]NEL] EORATORV



Specific surface area vs. void volume
1200
% 1000 e
g o These are important results for industry
s ol This work is ongoing and scheduled next
= 200] .mint
0 4000 8000 12000 timel[s] CyC|e densification
2.5x10° - 19
2.0 Orevmrmroer s S —— 18
P Mmoo <
S 1.5- %
& - 17 E
o S
Y 1.07 >
o= 5=
3 6 S
g 05
o
Q
@ 15

0.1




High explosives
USAXS data from in situ

measurements of highly insensitive
energetic materials based on 1,3,5-
triamino-2,4,6-trinitrobenzene (TATB).
Various TATB formulations experience
an irreversible volume growth event
that is a function of both temperature
and time, generally referred to as
ratchet growth. This affects
significantly the detonation velocity of
these highly insensitive explosives. Of
| \ | | particular concern are the voids in the
210° 4 N . R nanometer to micron size scale
| | | intrinsically associated with the
c 10°14 \N e —  detonation process. Such small
—— ah | porosity in bulk material is not easily
70, first scan S\ T investigated using various techniques,
— 70, 2nd scan' | | however, ultra small angle scattering
10 1 —— '70, 3rd scan' (USAXS) technique is ideally suited for
' ' characterization of structure on this
04 70, 4th scan scale in energetic materials.

3 Presented data are from in situ
experiment, each scan represents one
0.001 0.01 0.1 thermal cycle between -30C and 80C.

q [A-1] Wt Mar 22,2006, 3360 P Graph is from work preformed by
Trevor M. Willey, Tony van Buuren, and
Jonathan R. |. Lee, LLNL.

A ]
A rgngrO]NEL] EORATOR‘(




High explosives

1 1 ;’ DI L1 11 I 1 1 1 L1 L 1.1 ! 30X1 0'6 [l 1 1 1 L1 1 1 I [l [l 1
;1 |Volume size distribution of small voids

— —_ 25 - E/@#ﬁ%'\‘;\ """
@x10" - — Q Iy \
= b £ /”Ew 2 kﬂ
S S uFD/ Ly ) r\\
&= 520 B
S a {4y \
'-9 - ag s v
s 7 B © 1.5 Y S
N N %4
-a w \’b‘??
() o By
E E 'ﬂ“g*
S 2 1.0 o
B : g % PRy
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Quantitative results for large voids are very important for ratchet growth
modeling efforts by LLNL. Nano voids were not known before...
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In situ ultrasmall-angle X-ray scattering study of solution-mediated
precipitation of nanocrystalline ceria
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Conclusions....




Wrap up

B SAS investigations measure nanoscale
microstructure

B Many different materials of technological
importance can be investigated

B Wide range of instrumentation is available
— need to choose wisely

M Data reduction tools are freely available

B Data analysis tools are also freely available
— take advantage of this!

® Unique results not obtainable by other
methods

B Complementary methods increase the
information content which can be realized
from a quantitative SAS investigation




Useful links — resources for SAS on the web

APS SAS group — APS beamlines and useful links:
http://small-angle.aps.anl.gov/

NIST reactor data reduction & analysis software:
http://www.ncnr.nist.gov/dva/index.html

Indra & Nika (as presented in this talk):
http://usaxs.xor.aps.anl.gov/staff/ilavsky/

Dmitri Svergun (GNOM) http://www.embl-hamburg.de/Externallinfo/Research/Sax/

ESRF software: http://www.esrf.eu/UsersAndScience/Experiments/TBS/SciSoft

Organizations

IUCr SAS http://www.iucr.org/iucr-top/iucr/csas.html
ANL SAS SIG http://small-angle.anl.gov

USAXS http://usaxs.aps.anl.gov
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