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Characterization of Ceramics by X-Ray and Neutron Small-Angle

Scattering

Andrew J. Allen*"

Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

This paper reviews some recent advances in small-angle X-ray
and neutron scattering methods and their application to address
complex issues in ceramic systems of technological importance.
It is shown how small-angle scattering (SAS) can be applied to
ceramic systems in order to extract statistically representative
microstructure information (e.g., void volume fraction size
distributions, internal surface areas, pore morphologies) that
complements the information obtained from diffraction meth-
ods, X-ray microtomography, or electron microscopy. It is
demonstrated how SAS studies provide insights, not obtainable
by other means, on the processing—microstructure—property
relationships that frequently govern technological performance.

I. Introduction

IN ongoing efforts to develop new nanotechnologies, advanced
ceramics are being incorporated into increasingly complex
and diverse heterogencous systems.'™ The behavior and per-
formance of these systems frequently depends on their multi-
component internal microstructure. Thus, optimizing and fine-
tuning the microstructure can be the key to exploiting the ma-
terial properties competitively in emerging technological appli-
cations. In fact microstructure (or nanostructure) is frequently
the underlying link between the processing or service-life vari-
ables, and the overall observed material properties or device
performance. New methods must continually be sought to meet
the ever more demanding needs to characterize and quantify
microstructures, and relate these to the processing variables so
that the latter may be optimized. In this context, the analysis of
the small-angle scattering (SAS) exhibited by a X-ray or neutron
beam passing through a sample (small-angle X-ray scattering
(SAXS) or small-angle neutron scattering (SANS)) has become
one of the established means for determining and quantifying
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the statistically representative microstructures of heterogeneous
materials.>>® The quantitative parameters obtained comple-
ment the visual information gained from scanning and trans-
mission electron microscopy (SEM and TEM), computed X-ray
microtomography (XMT), the phase composition information
obtained from X-ray and neutron diffraction (XRD and ND),
or information from other methods ranging from nuclear magnetic
resonance (NMR) to light scattering.’’->2

SAS has played a role in materials research since the devel-
opment of laboratory SAXS methods by Guinier and others in
the 1950s.> % SANS became available at neutron research re-
actors from the mid-1960s onwards, and more especially with
the development of large-scale cold-neutron facilities from the
early 1970s,”” and again in the 1990s.>® More recently, SANS
instruments have also been developed to utilize relatively short-
wavelength neutrons and exploit the time structure at the major
pulsed neutron facilities.”® With the advent of modern synchro-
tron radiation X-ray facilities, SAXS methods have undergone a
renaissance,®® ® and both SAXS and SANS now exist in several
specialized forms, designed to take advantage of the X-ray or
neutron beam characteristics at major X-ray and neutron facil-
ities for specific kinds of application.®>® These instruments are
generally made available to a wide cross-section of industrial,
government, and academic researchers through peer-reviewed
research proposal systems. Furthermore, a number of innova-
tive standalone SAXS instruments, using CuKo X-ray sources,
are now available in the laboratory for industrial materials
research.”’

In general, conventional SAXS and SANS probe the micro-
structure scale regime from around 1 nm to approximately 100
nm.”"7® Characteristics of SAXS are that it uses small beams
(submillimeter down to a micrometer), it is best suited to thin
(100 pm or less) sample materials having low to intermediate
atomic number density for low absorption but intermediate to
high atomic number density for scattering contrast, and it can
benefit from the extreme brightness of a X-ray synchrotron
source which provides excellent photon counting statistics.®®
Characteristics of SANS are that it utilizes larger beams (typi-
cally 5-20 mm dimension), it can penetrate samples up to a few
millimeters thick, and it can exploit the strong fluctuations
through the periodic table in the neutron scattering contrast,
including isotope effects, to measure microstructures not easily
detected by SAXS.>"*%" Sensitivity both to magnetic phenom-
ena and to the presence of hydrogen, together with the ability to
use polarized neutrons with aligned magnetic moments, are oth-
er important aspects of SANS.”>7¢
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There is now a considerable body of literature based on SAS
studies of metals and alloys, polymers, colloids and suspensions,
as well as biological systems.>*3%7%73 Characterization of ce-
ramic materials by SAS has developed more slowly with two-
thirds of the archival journal literature less than 10 years old.
The reasons for this are twofold. Firstly, the microstructures of
many conventional ceramic materials of technological interest
tend to be coarse in length-scale and sufficiently concentrated in
nature that significant multiple scattering issues need to be ad-
dressed in SAS analysis.””#2 Secondly, the incorporation of ce-
ramics into systems having a structure at the nanoscale level has
accelerated in the last decade, driven by efforts in nanotechnol-
ogy, and nanostructured ceramics suffer less from multiple scat-
tering than do conventional ceramics.®*%3

To address the challenges associated with multiple scattering
and the presence of coarse microstructures, the technique of
multiple SANS (MSANS) has been developed to recover the
structural information from SANS studies using long-wave-
length (cold) neutrons.®>¢%78-80889 Eyrthermore, ultrasmall-
angle X-ray and neutron scattering (USAXS and USANS)
methods, which employ the so-called Bonse—Hart geometry,
can extend the maximum feature size into the micrometer scale
regime for USAXS, and to > 10 um for USANS.**° Other ad-
vances include the development of high-energy SAXS (HE-
SAXS) at the 3rd generation X-ray synchrotrons, which allows
SAXS microstructure and diffraction phase composition data to
be obtained for thicker X-ray samples during the same experi-
ment.”"**? At more modest X-ray energies, “anomalous” SAXS
(ASAXS) studies vary the energy close to an X-ray absorption
edge in order to vary the scattering contrast of one microstruc-
ture component against another.” Such studies can be analo-
gous to ‘“‘contrast variation” measurements in SANS where the
neutron scattering isotope effect is exploited to somewhat sim-
ilar effect.®® Finally, the use of a grazing incidence (GI-) or
“near-surface” (NS-) SAXS or SANS geometry enables the
microstructure to be measured within a thin film or coating
in situ on the substrate. This kind of SAS measurement has a
similar geometry to, but is quite distinct from, X-ray or neutron
reflectivity studies of thin films and surface features.®””

Taking advantage of these developments, SAS studies of ce-
ramic systems now represent a growing field with major research
activities in areas that include: structural and electronic cera-
mics and glasses;?6 2243309496116 yorqvskites, high T super-
conductors, solid oxide fuel cells (SOFCs) and H storage
materials;*’>117~ sintering, cavitation and damage
effects;>1140-4286,126-142 1o hostructured and fractal solids and
suspensions;3°’3]“51’52’76’82 85.90,143-166  jnterfaces, membranes,
thin films and coatings;>'?1621-2334167-178 116y /polymer/ceramic
composites;!->17-20.179-187 fine ceramics and archeology;*® and
cement and concrete science.!® !> Unifying aspects that run
through much of this work are the need to quantify the micro-
structure over many length scales, and to connect representative
phenomena observed at micrometer and nanometer length-
scales.

In this paper, some of the recent advances in SAXS and
SANS methods are reviewed, together with examples that dem-
onstrate their relevance to current ceramic applications of tech-
nological interest. Through these examples it is sought to show
how SAS studies can provide insights, not obtainable by other
means, on the processing—microstructure—property relationships
that govern materials performance.

II. Essential Theoretical Background

Figure 1 shows schematically the three basic measurement
geometries used in SAS studies. In each case a well-collimated
incident beam impinges on the sample position and a small
component of this incident beam is scattered out of the forward
direction by a small angle. Except in the case of SANS at a
pulsed neutron source, the incident beam is monochromatic. At
a pulsed neutron source, the different wavelengths (energies)
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Fig. 1. Basic schematics of the principal small-angle scattering (SAS)
measurement configurations. (a) Transmission geometry configuration
for small-angle neutron scattering (SANS) or small-angle X-ray scatter-
ing (SAXS) with a 2D detector. (b) Bonse—Hart configuration for ultra
SANS or ultra SAXS. Note that in a practical instrument multiple re-
flections must occur both before and after the sample. (c) Reflection ge-
ometry configuration for SANS or SAXS. Note that for a finite grazing-
incidence angle, 0, the minimum scattering angle, ¢g, for valid SAXS
data is determined by the specular reflection: 26g; also note that SAS in
the reflection plane gives, primarily, structural information normal to the
substrate while SAS measured at other azimuthal angles, o, provides
structural information out of this normal direction. (Fig. 1b, Courtesy of
John Barker, NCNR, NIST, Gaithersburg, MD.)

present are distinguishable by their different times of flight, and
each time-resolved wavelength component can be considered as
monochromatic. In any measurement, the SAS raw data are
corrected for sample attenuation, detector sensitivity, parasitic
and background scattering, effects because of the sample geom-
etry, and are also usually calibrated against the incident beam
intensity. The resulting scattered intensity profile, as a function
of the scattering angle, is then a form of Fourier transform
of the microstructure (or nanostructure) within the sample. To
quantify the scattering in terms of the material properties rather
than the details of a particular experiment, the normalized scat-
tered intensity is given in terms of the differential SAS cross-
section as a function of the scattering vector.”'””* Definitions of
these and other terms follow.

The scattering vector, Q, bisects the incident and scattered
beams, and has magnitude, Q, given by: Q = (4r/A)sin(ds/2)
where A is the X-ray or neutron wavelength and ¢s is the angle
of scatter. For a transmission geometry and small scattering
angles, Q is nearly perpendicular to the incident beam direction
and lies approximately in the plane of the sample. The scattered
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intensity is expressed as the differential SAS cross-section per
unit sample volume, dX/dQ, which is defined as the probability
per unit X-ray or neutron flux, and per unit sample volume, of
scattering into unit solid angle about the scattered beam direc-
tion described by the magnitude and direction of Q. The rela-
tionship between dX/dQ and the material microstructure is
described in detail elsewhere.*>>*""7% Just the main results
are summarized here. For most practical purposes, the scatter-
ing associated with a given Q is given by:

dx |

2
0@ =75 /vsp(r) exp(iQ - 1) d*r (1)

where p(r) denotes the spatial variation of the X-ray or neutron
coherent scattering length density within the sampling volume,
vs, over which the integral is taken. The X-ray or neutron scat-
tering length, b, of any given element (for X-rays, the coherent
scattering form-factor at zero scattering angle) is a fundamental
property of the interaction between each radiation and a single
atom. For X-rays, b = 0.28z where z is the atomic number and b
is in units of 107'* m. For neutrons, b is typically an order of
magnitude smaller, but the strong isotope effect and wide var-
iation of b through the periodic table requires that it be obtained
from published data tables.”

For a microstructure comprising a particulate morphology
that is randomly oriented (isotropic), or at least circularly sym-
metric about the incident beam direction:>*

dz

qo = "M VEF(Q)P(Q) &)
where 7 is the number density of the particles, each with volume,
Vp, while \Ap\z is the scattering contrast, \Fz(Q)\ is the scattering
form-factor term for the individual particles, and P(Q) is the
effective structure factor for the arrangement of particles within
the sampling volume. The scattering contrast, |Ap%, is the
squared difference in the X-ray or neutron scattering length
density, p, between that of the scattering particles and that of the
surrounding medium. While Eq. (2) appears to describe only
particulate microstructures, form- and structure-factor func-
tions have been derived to enable the SAS from a wide range
of heterogeneous morphologies to be described and quantified.
Note that the SAS analysis is independent of the sign of Ap in
moving from a scattering feature to the surrounding medium.
Thus, Eq. (2) applies equally well to voids within a solid medium
as it does to solid particulates in air or suspended in an aqueous
medium. While full details are available elsewhere,3-36.71-73
some results are summarized below for special cases in order
to clarify the information content that can be extracted from
SAS measurements.

For a dilute concentration of scattering features having radius
of gyration, Rg (RZG: 3R§/5 for a sphere of radius, Rg), the
Guinier approximation applies for the scattering regime where
ORg is less than or order of unity:

dx
dQors<1

2R2
= Oy |Ap| Vp exp<— 0 3 G) (3)

where the total volume fraction, ®y = nVp. Equation (3) indi-
cates that, while scattering occurs at all Q, the most significant
variation with Q in dX/dQ occurs for objects of size Rg when Q
is of order 1/Rg. In the Guinier regime, Rg can be obtained
from a straight-line fit to a plot of In(dZ/dQ) versus Q for which
the slope is —R%/3.

In order to characterize the complex microstructures encoun-
tered in ceramic systems, one practical approach? is to assume
the microstructure as comprised of scattering spheroids (voids
or solid grains) with a given aspect ratio, B, orthogonal radii,
Ro, Ro, BRo, volume fraction size distribution, ®(Rg), and ori-
entation distribution, W(a,®). Here, W(o,®) is a probability
distribution for the BRo spheroid axis orientation, in terms of a
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polar angle, o, and an azimuthal angle, ®, measured, respec-
tively, from the incident beam direction and one convenient di-
rection within the sample pldne With respect to Eq. (3), ®(Ro)
integrates to ®y over the size dlstrlbutlon W(a ®) integrates

to unity over all solid angles, and RG (2+B YR3/5 for a sphe-
roid. For such a system d/dQ is given by:*'®
9] 2n
—=6n2|Ap|2B/ dRo/ sinado
dQ 0 0 @
m/2 J30()
X /0 doc{d)(Ro)W(oc, )R}, Zi/(z ) }

where u=QRoK(B, X), K(B, X) = {1+(B>—1)X*}'2, J35(u) de-
notes a Bessel function of order 3/2 such that { J;/z(u)] /

'} = {(2/m)[sin u—u cos u]*/u®}, and X =cos 1 where n is the
dngle between the BRo spheroid axis and the direction of Q. By
suitable choice of aspect ratio (shape), size, and orientation dis-
tributions, a wide range of microstructures can be modeled using
Eq. (4). Different scattering form-factor terms, |F2(Q)| have
been derived for other shapes of the individual scattermg fea-
tures, such as rods, disks, networks, shells, etc.”"?!"2!
many situations algorithms also exist to determine the size
distributions present.?**?* For a non-random orientation dis-
tribution of scattering features, analysis of the anisotropic
SAS exhibited can be carried out, for example, by using a
non-random form of W(a,®) in Eq. (4).

The scattering structure factor term, P(Q), in Eq. (2) describes
spatial correlations that may exist between (neighboring) scat-
tering features. It is beyond the scope of this article to give a
detailed description of all the possible forms of P(Q) that may be
encountered. However, two special cases serve to illustrate the
information obtainable from P(Q). When a population of uni-
form particles or voids is evenly distributed at a high volume
concentration (> 10%), P(Q) modulates the overall dX/dQ var-
iation as a function of Q, to give a small-angle diffraction in-
terference peak with a maximum at 2r/D where D is the mean
separation distance between nelsghbormg particles or voids, as
measured in the direction of Q.

Another special case occurs for microstructures that exhibit
fractal scaling or scale invariance over part of the scale range.
Two kinds of fractal microstructure show distinct SAS hall-
marks: volume- or mass-fractals, and surface-fractals or self-
affine surfaces. For mass-fractals, the mass within a radius, R,
scales as RPY where 1 < Dy <3 such that Dy = I represents some
form of chain and Dy = 3 represents a monolithic space-filling
solid. The scattering varies as Q~PV. For surface fractals, the
measured surface area within a radius R on the surface plane
scales as RPs where 2<Dg<3 such that Dg=2 indicates a
smooth surface and Dgs = 3 represents a surface sufficiently con-
voluted that it fills a 3D volume. For a truly convoluted surface
morphology, fractal in three dimensions, the scattering may
show attributes of a mass fractal. However, in the more usual
case of a self-affine surface where the scale invariance is confined
to the approximate plane of the surface, the scattering varies as
0~ (©=Ds) Thus, mass fractals are characterized by non-integral
scattering power laws between O~' and 0~ (but usually steeper
than Q2), while surface fractals (or self-affine surfaces) are
characterlzed by non-integral scattering power laws between
073 and Q~*. Scattering formalisms have been derived to ex-
tract volume fraction, size, or total surface area information
from mass- and surface-fractal scattering data, and to combine
fractal structures with other microstructure components.?>* 22

In the limit of high Q, such that QL is large for any chord-
length, L, within one scattering feature, the terminal slope in the
scattered intensity becomes proportional to the internal surface
area of the scattering features per unit sampling volume, Sy, and
the Porod scattering law is obeyed:>!

dz

dz  2n|Apsy

09~ i TBGD (5)
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107 : : : the presence or abs;:nge of these charapteristics in SAS dat:a al-
Porod Q" * scattering low the overall statistically representative character of a micro-
10° | <— from coarse pores ] structural ensemble to be assessed. ‘ .
\_ (AGGLOMERATION) Figure 2 presents typical SAS data for a partially densified
10° . 4 nanostructured ceramic oxide to illustrate selected general fea-
E Vol fracti d Interpore tures discussed above for a particulate system. It remains to de-
= 10k o urr;e action an interference scribe how different kinds of SAS experiment are carried out,
- ?E-ZSRDE Es\ggflj'lr'?éil)_' effects and to demonstrate how SAS methods have been applied in re-
__E, 1000 ¢ % (GRAIN SIZE) search that supports advanced ceramic technology development.
-g 100 b Porod Q * scattering \ ]
7 from nanophase grains . .
- 10k (TOTAL SURFACE) ————p ] III. Review of Experimental Methods
(1) SAS Using a 2D Position-Sensitive Detector
1 . .7 Figure 3 shows a modern SANS instrument based at a steady-
Jln?{?r??ri?t b?cf!;‘r?f‘?i‘ sc?ttLeTLg l—" - state (research reactor) neutron source.”® A liquid H moderator
installed within the reactor vessel provides a source of “‘cold”
0.001 0.01 0.1 1 10 neutrons having long de Broglie wavelengths ranging from 0.5
Q (nm™' to 2.0 nm. Neutrons are brought from the cold source to the

Fig.2. Typical, absolute-calibrated, dX/dQ small-angle neutron scat-
tering data versus Q for a partially sintered nanoparticulate zirconia
system>® showing some of the scattering hallmarks described in the text,
together with the generic information obtainable through use of an in-
terpretative model. The model fit achieved here is also shown.

where BGD is the flat background parasitic scattering. In the
case of an anisotropic orientation distribution, the Porod scat-
tering must be orientationally averaged over all solid angles in
order to recover the above relationship. However, once orien-
tationally averaged, Eq. (5) holds at high Q, regardless of details
of the scattering morphology, and both Sy and BGD can
be obtained as the intercept and slope, respectively, from a
straight line fit to a plot of 0*dX/dQ versus 0.

Finally, it is sometimes useful in SAS studies to exploit the so-
called “‘scattering invariant” in order to determine the absolute
volume fraction of a scattering phase or, by combining it with
Eq. (5), to obtain the surface area per unit volume if the scat-
tering contrast is not well-known. The scattering invariant is
given by:”"

22Dy (1 — D) ApP= / 0 (0)d0 ®)

(Note the 27 factor, not 2r as in Eq. (5).) Caution is required in
applying the scattering invariant to experimental data because
of the need to extrapolate the integral in Eq. (6) beyond the
measured Q range both at low Q and at high Q (where the flat
background must be removed and the remaining SAS data are
frequently noisy). Nevertheless, a combination of Egs. (5) and
(6) can play a critical role if the microstructure and contrast are
unknown.

In summary, SAS methods provide quantitative information
on the statistically representative microstructure: void morph-
ologies in solid materials, or particulate morphologies in
powders, suspensions, or flames. Primary and secondary size
distributions, particle—particle or void—void correlations, abso-
lute volume fractions and surface areas, as well as anisotropic
orientation distributions can all be quantified. Normally, SAS
studies complement other measurements, with SAS quantifying
the qualitative picture gained by other techniques such as elec-
tron microscopy. However, SAS can occasionally provide more
deterministic primary information. For mono-dispersed systems
in shape or size, the different forms of \FZ(Q)\ for spheres, cubes,
tetrahedra, rods, discs, filled shells, etc., are well-known and
distinctly different.”!'"2'® Certain secondary morphologies
also exhibit distinctive hallmarks: extended rod-like or tubular
structures, e.g., well-dispersed (unbundled) nanotubes should
show a Q! scattering dependence; extended sheet-like struc-
tures should show a Q=2 dependence; and the hallmarks of
fractal microstructures or the appearance of interference effects
as a result of ordering have already been discussed. Sometimes,

SANS instrument via Pt/Rh waveguides. The speed of the ro-
tating helical monochromator at the front end of the instrument
is set to pass neutrons of the desired wavelength with a (typical)
10%—15% band pass. A variable arrangement of collimators
and further waveguides between the monochromator and the
sample position provide the desired incident beam angular res-
olution. The neutron beam size at the sample position can range
in diameter from under 1 mm to over 20 mm, depending on the
size of sample. In the usual transmission SANS geometry, the
sample is parallel sided and of thickness from around 0.5 mm up
to a few millimeters, depending on the sample material. Togeth-
er with the neutron wavelength, the distance from the sample to
the large 2D position-sensitive detector (usually a multiwire
mesh, filled with *He gas) determines the Q range for a given
instrument set-up. Together with the detector pixel resolution
(typically 5 mm), the sample-to-detector distance also deter-
mines the scattered beam angular resolution. The overall Q-res-
olution is optimized when the incident and scattered beam
angular resolutions are approximately equal, and this means
that the sample-to-detector distance and the distance from the
exit aperture of the last incident waveguide to the sample are
roughly comparable.

Usually two to three settings of the instrument geometry are
required to obtain dX/dQ over the full Q range attainable (0.05

m~! to several nm™!) to characterize a complex microstructure.
Over this Q range the SAS intensity may vary from above 1072
of the incident beam intensity down to below 10~". The 2D de-
tector must have a dynamic linear response over this range, and
it must usually be protected from exposure to the un-attenuated
incident beam intensity by a beam-stop positioned in front of
the detector to absorb the incident beam. However, the beam-
stop is removed and the incident beam attenuated by an ab-
sorber in order to determine the fraction of the incident beam
intensity transmitted by the sample, and also to locate the po-
sition on the 2D detector of the un-scattered beam. The SAS
data are corrected to allow for effects because of the sample and
detector geometries, variations in the detector pixel sensitivity,
sample absorption and other attenuation, and for background
parasitic scattering effects. To obtain the sample scattering
cross-section, dX/dQ, as a function of Q, the SAS data are cir-
cularly or sector-averaged. Then the data are calibrated against
data from a scattering standard measured under similar condi-
tions or, increasingly common nowadays, the SAS data may be
calibrated directly against the incident beam intensity using the
definition above for dX/dQ with a known standard attenuator
protecting the 2D detector. Once dX/dQ data are obtained as a
function of Q, one or more of the expressions above may be
employed to extract the microstructure information.

At an accelerator-based pulsed neutron facility,”** the ro-
tating helical monochromator is replaced by one or more neu-
tron choppers, and time-of-flight methods are used to separate
out the different wavelength components. Advantages of mak-
ing SANS measurements at a pulsed neutron source are that the
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Fig.3. Layout of the NIST/ExxonMobil/University of Minnesota NG7 small-angle neutron scattering instrument at the NIST Center for Neutron
Research, National Institute of Standards and Technology, Gaithersburg, Maryland.58 (Courtesy of NCNR, NIST, Gaithersburg, MD.)

higher neutron energies generally used penetrate further through
thick samples, and the fully accessible Q range can be studied in
a single instrument configuration. Disadvantages are generally
higher background scattering and a comparatively low flux of
cold neutrons that provide the microstructure information at the
large-scale end of the accessible size range. However, these issues
should be addressed from 2007 with SANS facilities being con-
structed at what will become the world’s most powerful Spa-
llation Neutron Source at Oak Ridge National Laboratory, Oak
Ridge, Tennessee.?*°

While conventional SAXS instruments have measurement
geometries broadly similar to that for SANS, important differ-
ences lie in the use of single-crystal diffraction optics to provide
a highly monochromatic and collimated incident X-ray beam.”
Other differences are that the incident X-ray flux is many times
greater than even the best neutron flux, the X-ray wavelength
used is of order 0.1 nm or shorter, the sample thickness (100-200
um) is typically 10 times thinner than for SANS, and the inci-
dent beam size can have submillimeter dimensions. Nowadays,
the 2D position-sensitive detector is usually a CCD with a pixel
resolution of a few micrometers. These points tend to make
SAXS instruments significantly more compact than their SANS
counterparts. Lab-based SAXS instruments, using a CuKo
rotating anode X-ray source, tend to be permanently set up
and are frequently dedicated to support a specialized service
function.”® At a synchrotron, SAXS has traditionally been part
of a shared beam line application, periodically assembled and
disassembled to make way for other experiments. This situation
is rapidly changing and most SAS facilities at synchrotron
sources will be permanently set up in the future. Apart from
the obvious flux advantage of synchrotron sources, the X-ray
energy, E, can generally be tuned to any energy from below
5 keV to well above 20 keV. This corresponds to a wavelength
range from 0.25 nm down to 0.06 nm (where E = hc/A with
h = Planck’s constant and ¢ = the speed of light). While, at a
synchrotron, A can be chosen so as to provide a desired Q range,
sample absorption effects can be large both at long A (less pen-
etrating low E) and at short A (if a X-ray absorption edge energy
is exceeded). Thus, sometimes limits restrict the choice of A.

As with SANS the Q range and resolution depend on details
of the instrument set-up. While broadly similar to SANS, the O
range is more limited at high Q by parasitic scattering and sig-
nal-to-noise issues. The 2D CCD SAXS detector must be pro-
tected from the incident beam intensity or it can suffer serious
damage. This and the thin sample requirement (typically <0.2 mm

fInformation on commercial products is given for completeness and does not necessarily
constitute or imply their endorsement by the National Institute of Standards and Technol-
ogy.

for ceramics) can make absolute intensity calibration more dif-
ficult for SAXS than for SANS. The need for universally ac-
cepted and versatile scattering standards for SAXS, particularly
for the increasing number of laboratory SAXS systems based on
CuKuo sources, remains an issue that needs to be more fully ad-
dressed by the SAS community.?*!

(2) SAS Using Crystal Diffiraction Optics

A SAS instrument configuration, radically different from the
conventional instrumentation described above and with the res-
olution decoupled from the beam size, was first proposed by
Bonse and Hart.>* It exploits the small angular divergence of
single-crystal Bragg diffraction to extend the SAS Q-range down
to much lower Q, hence providing characterization of signifi-
cantly larger scale features. However, it is only in recent years
that the Bonse—Hart configuration for ultra SAS of both X-rays
and neutrons (USAXS and USANS) has become fully competi-
tive with conventional SAS in count rate and in versatility.”>**
Figure 4 presents a schematic of the Bonse—Hart USAXS in-
strument built by NIST at the UNICAT sector 33-ID at the
Advanced Photon Source, Argonne National Laboratory.*¢5-6?
At this 3rd generation synchrotron undulator beamline, the in-
tense X-ray beam from the undulator is monochromatized by
crystal optics, and harmonic wavelength contamination is re-
moved through the use of harmonic rejection mirrors. In the
experimental hutch, the sample is mounted between two multi-
ple-reflection crystal monoliths. Within each monolith the crys-
tal gap is set to accommodate either four or six Bragg
diffractions. Without a sample present, the Darwin rocking-
curve profile of the transmitted beam, as measured by the pho-
todiode detector while the second analyzer monolith is rotated
out of the Bragg condition, has a width of only a few arc-sec-
onds. It exhibits strongly suppressed rocking-curve tails —Q =% or
07 '2. With a sample present, part of the SAXS component
continues to satisfy the Bragg condition as the analyzer mono-
lith (after the sample) is rotated, and the photodiode detector
registers a scattered intensity that is significantly higher than
given by the Darwin profile tail. The USAXS intensity can be
recovered by subtracting out the rocking curve data with no
sample present, after allowing for beam attenuation in the sam-
ple. The linear dynamic response range of the photodiode ex-
tends over more than 10 decades in X-ray intensity. This is
sufficient to measure both the full incident beam intensity when
the analyzer monolith satisfies the Bragg condition for the inci-
dent beam (Q =0), and the sample SAS, transmitted through
the analyzer monolith as it is rotated away from the Bragg con-
dition. The analyzer rotation angle is also the USAXS scattering
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Fig.4. Schematic of the NIST-built ultra small-angle X-ray scattering (USAXS) instrument at the UNICAT sector 33 of the Advanced Photon Source,
Argonne National Laboratory, Argonne, Illinois.®® (a) Side view of the regular slit-smeared USAXS configuration. The analyzer crystal monolith is
rotated out of the Bragg condition for the incident beam by the scattering angle, ¢s, in order to record the SAXS data (measured with the photodiode) as
a function of Q (downward and approximately in the sample plane). The imaging camera is used to survey samples into position or for USAXS imaging.
(b) Side and top views of the anisotropic USAXS configuration incorporating side reflection crystals to remove the slit-smearing effect perpendicular to
the USAXS Q scanning direction. The imaging camera is omitted for clarity. (Courtesy of Pete Jemian, University of Illinois at Urbana-Champagne, IL,

and Jan Ilavsky, APS XOR, ANL, Argonne, IL, modified by the author.)

angle, ¢ps from which Q is defined. The analyzer monolith and
detector are moved downwards as ¢g is increased and the direc-
tion of Q is approximately downwards in the plane of the sample.

In the standard instrument configuration (Fig. 4(a)), the
data are intrinsically slit-smeared because the collimation only
matches the rocking curve width in the diffraction plane. In the
transverse direction the collimation is determined by the angle
subtended by the detector aperture at the sample position. How-
ever, for an isotropic microstructure, USAXS data are readily
desmeared by well-established methods.>** The attainable
Q-range is from 0.001 nm™" up to more that 1 nm™", with the
maximum Q usually determined by signal-to-noise issues, rather
than the geometric instrument configuration. The large linear
dynamic response enables an absolute intensity calibration of
the data to give dX/dQ as a function of Q without the need for a
scattering standard. For anisotropic microstructures, an effec-
tive pinhole collimation can be achieved by the addition of two
transverse side reflection stages, as shown in Fig. 4b.%” This has
the effect of providing Darwin width rocking curve collimation
in both the vertical and horizontal planes. The Q scanning di-
rection remains downwards as it is only in the vertical plane that
the rocking curve tails are suppressed by the multiple Bragg re-
flections within each of the collimating and analyzer crystal
monoliths. The anisotropic USAXS configuration results in a
decreased counting intensity, and consequently the maximum
obtainable Q is reduced to typically around 0.3 nm™~'. However,
the anisotropic sample can be rotated in the sample plane and
successive USAXS scans made with arbitrarily fine azimuthal
angular resolution.

In principle, the significantly narrower crystal rocking curve
Darwin widths encountered in neutron diffraction, compared
with X-ray diffraction, permit the USANS Q-range to extend
down almost to 0.0001 nm™~', virtually a magnitude below the
minimum Q for USAXS.?** Unfortunately, two major obstacles
have hindered the practical development of USANS until the
last 10 years. The very much lower neutron flux available at
even the best neutron sources, compared with the high X-ray

brilliance of the synchrotron X-ray sources, has severely limited
USANS count rates, and precluded a practical sample through-
put. More seriously, the low neutron absorption in the diffract-
ing crystals results in a high scattering background associated
with crystal back-wall reflections that manifest themselves as
intolerably high apparent rocking curve tails. Recently, the lat-
ter problem has been eradicated by adjusting the crystal geom-
etry so as to shield against parasitic back-wall reflections.”*® At
the NIST NCNR, the low flux issue has also been addressed by
using a bent graphite monochromator that provides the required
USANS angular and A-resolution in the diffracting plane, but
allows a large angular permittance in the orthogonal plane.
Taking advantage of these innovations,** the NIST USANS
instrument at NCNR, provides a practical throughput of four to
six samples per day and a Q range from 0.0001 to 0.03 nm™",
which overlaps with conventional SANS. Given these recent in-
novations, both USAXS and USANS will likely play an in-
creasingly significant role in future SAS applications and
development.

(3) Specialized SAS Measurement Configurations

Various specialized SAS measurement configurations have been
developed to address particular classes of problem that are rel-
evant to advanced ceramics research:

(A) Contrast Variation SANS: The isotope effect in
neutron scattering can be used to vary the SANS scattering
contrast to identify scattering components within a heterogene-
ous or hydrogeneous system.”* As an example, the neutron
coherent scattering-length density, p, of H,O is —0.568 x 10
m~? (m/m?) while that of D,0 is +6.58 x 10" m~2. Thus, in a
system containing water, the ratio between H,O and D,O can be
varied until the SANS intensity vanishes (or is minimized). The
known H,O/D,O ratio then permits calculation of p for the liq-
uid phase, which, at the contrast match point, is the same as for
the scattering phase. The situation is more complex if the scat-
tering phase also includes an exchanging H/D sub-component as
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in cement systems, but SANS contrast variation still provides a
powerful tool for interrogating the system.>'?

(B) ASAXS: While there is no isotope effect to be ex-
ploited in SAXS, ASAXS studies can differentiate between dif-
ferent scattering phases if the X-ray energy is varied close to that
of a “X-ray absorption edge” for an element contained within
one of the scattering phases.™>!2%223 The absorption edge is
characterized by a sharp resonant increase in X-ray absorption
with increasing X-ray energy as K- or L-shell atomic electrons
are excited. The increase in absorption can be associated with
anomalous variations in both the real and imaginary parts of the
X-ray scattering form-factor. By following these changes as a func-
tion of X-ray energy just below the absorption edge, it is possible
to distinguish scattering components by the different degrees of
ASAXS response according to their atomic composition.

(C) High-Energy Small- and Wide-Angle X-Ray Scatter-
ing (WAXS): Below the X-ray absorption edge, attenuation
of the X-ray beam because of absorption decreases with increas-
ing X-ray energy. Above the absorption edge, attenuation be-
cause of absorption is much increased. Indeed the X-ray
penetration depth does not recover until a much higher X-ray
energy is used. For example, in the case of yttria-stabilized zir-
conia (YSZ), the Y and Zr absorption edges are at just below 17
keV and just below 18 keV, respectively. Above these energies,
the X-ray penetration does not match that found at 16.9 keV
until the X-ray energy is above 35 keV.?*” Thus, most SAXS and
USAXS studies of YSZ systems are best carried out with an
energy below 17 keV. However, the relatively recent develop-
ment of X-ray undulators and high energy focusing optics at 3rd
generation X-ray synchrotrons, has opened up opportunities to
work with primary X-ray energies as high as 40 keV, and with
harmonics up to 80 keV, or even 120 keV.”"? The use of such
high X-ray energies has two major advantages. The X-ray ab-
sorption is greatly reduced, permitting greater sample thickness-
es in the millimeter range (i.e. comparable with neutron sample
thicknesses) to be usable for many materials. Secondly the basic
instrument geometry for HE-SAXS can be maintained for com-
parison diffraction measurements of composition and crystalline
phase in so-called high-energy WAXS (HE-WAXS). At such
high X-ray energies, a complete diffraction pattern can be reg-
istered on a 2D CCD detector using a measurement geometry
that is virtually unchanged from HE-SAXS. When combined
with a small beam size (down to micrometer dimensions in one
direction) HE-SAXS and HE-WAXS studies can be made to
correlate the microstructure and phase variations with position
through a layered or gradient system such as a SOFC section.?*®

(D) MSANS: As pointed out in the Introduction, many
conventional ceramic materials contain coarse, concentrated
void morphologies. Reference to Eq. (3) shows how this can
lead to significant multiple scattering as the single-scatter SAS
cross-section is proportional both to the volume fraction of
scatterers, @y, and to the mean individual scatterer volume, Vp.
Methods have been developed to correct for multiple scattering
effects when these are small.>** However, these methods are not
appropriate when there is copious multiple scattering broaden-
ing of the incident beam such as occurs when each X-ray or
neutron is scattered on average many times as it passes through
the sample. Multiple scattering effects can be estimated from the
total scattering probability on integrating dX/dQ over all solid
angle and multiplying by the sample thickness, ts. Large tg, ®v,
V’p, or a long X-ray or neutron A can produce copious multiple
scattering beam broadening, the last of these because long A
implies (through the definition of Q) that dX/dQ is high over a
large solid angle. Using the long A available at a neutron cold
source, the copious MSANS broadening can be exploited to
derive scattering size information not normally obtainable by
single scattering because it would occur at Q values too small to
be in the instrument measurement range. The MSANS broad-
ening actually brings this information into the accessible meas-
urement range. At NIST, an MSANS formalism has been
developed to extract void size information from the variation
in MSANS broadening with 1.6%:66-78.79:8689 The method, which
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also takes into account the effects of refraction from large scat-
tering features, has been successfully applied to elucidate sinte-
ring phenomena in various technologically important ceramic
systems,' ' including thermal barrier coatings (TBCs) for ad-
vanced gas turbines.?>!7*

(E) Reflection Geometry SAS: Finally, the increasingly
important need for microstructure characterization within thin
films and coatings, in situ on the substrate, should be recognized.
The internal structure of such films and coatings, as a function
of both the processing conditions and the service environment,
has a critical effect on their properties and function.?> Various
reflection geometry SAS measurement conﬁ%urations have
evolved, including GI-SAXS®” and NS-SANS.” Unlike tech-
niques such as reflectivity which characterize a surface by ex-
ploring the regime where the GI angle, 65 is both greater and
less than the critical grazing angle for total reflection at an in-
terface, 0c, GI-SAXS and NS-SANS use a fixed 6g>0c and
explore the internal film or coating microstructure by measuring
the SAS from the incident beam component transmitted into the
coating. While the different wavelengths and scattering lengths
applicable for SAXS and SANS make 0c, typically <0.5°,
broadly comparable for GI-SAXS and NS-SANS (as hence
are the measurement geometries), the different absorption coef-
ficients result in different penetration depths: tens of nanometers
for GI-SAXS, tens of micrometers for NS-SANS. Thus, NS-
SANS is suitable for studies of (e.g.) relatively thick TBCs, while
GI-SAXS is better matched to studies of dielectric layers and
other electronic coatings. In either case, such measurements
must overcome various challenges. For example, as neutrons
or X-rays pass into the sample at grazing incidence, they deviate
because of significant refraction effects at the interface. These
SAS methods complement other grazin}% 2geometry techniques
such as GI diffraction and reﬁectivity.lz’ -240 Indeed, the devel-
opment of instrumentation, which would provide such meas-
urements simultaneously, or at least sequentially, for a single
sample configuration is currently underway at some of the X-ray
synchrotron facilities. This type of SAXS application is growing
in importance,®*' not only to characterize thin films and dielec-
tric coatings, but also other planar architectures relevant to
functional ceramic nanotechnology, such as quantum dot layers
or aligned C nanotubes deposited on a substrate.

IV. Examples of Application

To date SAS methods have contributed to four main overlap-
ping areas of research that support the materials development of
functional ceramics, together with an increasing contribution to
advanced cement and concrete research. In this section, the role
played by SAS methods in each area is summarized. Some se-
lected examples are described in more detail.

(1) Structural| Electronic Ceramics and Glasses, Perovskite
Applications

SAS methods have characterized and quantified many of the
defect morphologies that control the desired pro erties of struc-
tural and electronic ceramics and glasses.»262943-50.75.94.96-125
These include perovskite materials of current interest for SOFC
applications and for high-7¢ superconductors. In order to dis-
tinguish between the frequently present multiple component
microstructures SANS studies can exploit the neutron isotope
effect for one or more of the components, or exploit the neutron
magnetic interaction with any atoms within a component that
possess a finite magnetic moment. In the latter case, polarized
SANS studies can amplify the effects observed when a magnetic
field is applied. For SAXS studies, the ASAXS at X-ray energies
close to a specific element’s X-ray absorption edge can be ex-
ploited to distinguish between components. Using such tools,
SAS methods have successfully interrogated the thermodynam-
ics and kinetics of the component microstructures in ceramic
and glass materials to address both fabrication and performance
issues.
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One advanced application of SAS has been the use of polar-
ized neutrons in SANS investigations of high-7¢ superconduc-
tors. Using a polarized neutron beam produced by magnetic
alignment of the neutron spins (magnetic moments), Gordeyev
et al.”® reported the first observation of small-angle polarized
neutron scattering (SAPNS) from magnetic flux inhomogenei-
ties in high-7¢c Y-Ba—Cu-O and La-Sr—Cu-O ceramics. The
difference between the scattering cross sections for neutrons in-
itially polarized along or opposite to the applied field was meas-
ured at T< Tc over a range of field strengths below the critical
field, Hc. An opposite effect was observed for the remanent field
trapped in the grains after the applied field was switched off. The
studies were used to elucidate nuclear-magnetic interferences
within the superconductors, together with the associated mag-
netic-nuclear neutron scattering-length density fluctuations—
information pertaining to superconductor performance unique-
ly obtained by SANS.

(2) Sintering, Cavitation, and Damage Effects

SAS methods have addressed a range of void characterization
issues in ceramic materials development,s’l1’4042’86’12(’7142 such
as elucidating aspects of the pore evolution during sintering, or
quantifying the void defect and cavitation morphology that de-
velops as a result of creep or other damage effects. The evolution
of the void size distribution during the sintering and densificat-
ion of nanostructured ceramics and gels has been comprehen-
sively studied by both SANS and SAXS. For the measurement
of sintering, microcracking, cavitation, or creep damage on the
micrometer scale, USAXS and MSANS methods have proven
useful because of their ability to obtain information about fea-
tures larger than 1 pm. Furthermore, anomalous USAXS stud-
ies have differentiated between multiple populations of creep-
induced void cavities and precipitates of similar size.

One of the more cited studies was carried out by Luecke
et al.’ which combined anomalous USAXS studies of creep in
hot isostatically pressed (HIPed) silicon nitride, with corre-
sponding TEM and mechanical property measurements. These
authors were able to quantify the size distribution of the creep
cavities, demonstrate that cavity addition, rather than cavity
growth, dominates the cavitation process, and relate the results
to the available creep models for granular materials. The
USAXS studies, specifically, established that cavitation at the
multigrain junctions, rather than that generally on grain bound-
aries, plays a critical role in allowing the silicate to flow from
cavities to surrounding silicate pockets, thus accommodating the
dilatation of the microstructure and deformation of the materi-
al. This same study quantified the underlying differences be-
tween tensile and compressive creep deformation. Although 10
years old, the work remains highly relevant to the continued
consideration of silicon nitride for advanced technology appli-
cations such as in land-based gas turbines.

(3) Interfaces, Membranes, Thin Films, Coatings, and
Composites

The sensitivity of SAS methods to the scattering from internal
surfaces and interfaces has resulted in their application to
quantify microstructures with high interface densities such as
found in nanocomposites or within precipitate morpho-
logies.! 1272534167187 This is of particular importance when
the physical or chemical properties are determined by such in-
terfaces. Membranes, films, and coatings also fall into this cat-
egory and have been the subject of several SAS investigations
using conventional SANS and SAXS, USAXS and MSANS
methods.

By illustration, Fig. 5 shows results from an anisotropic
MSANS study of the microstructure in a self-standing, plas-
ma-sprayed, YSZ deposit typical of TBCs used in advanced gas
turbines.”?> A combination of precision density measurements,
anisotropic Porod scattering and MSANS analysis was used to
distinguish the three principal anisotropically oriented void
components that are the hallmarks of plasma-spray deposits:
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Fig.5. Multiple small-angle neutron scattering-derived total and com-
ponent void porosities versus 1 h annealing temperature for a plasma-
sprayed yttria-stabilized zirconia thermal barrier coating.?? Fractional
experimental uncertainties are around 5% for each data point. The
analysis also yielded the corresponding mean dimensions and surface
areas for each component.

intersplat planar pores predominantly parallel to the substrate,
intrasplat cracks predominantly perpendicular to the substrate,
and globular pores distributed throughout the microstructure.
The mean opening dimension, volume fraction, surface area,
and orientation distribution were determined for each compo-
nent. Using numerical-based microstructure models these data
were correlated with TBC mechanical and thermal properties
such as elastic modulus and thermal conductivity. Figure 5
shows the total and component volume fractions as a function
of annealing for 1 h at each at the temperatures indicated. A
relative loss of intrasplat crack porosity and an increase in the
globular porosity are indicated, while the intersplat lamellar
pores mainly persist. The preferential annealing or sintering out
of the intrasplat cracks at temperatures as low as 800°C was not
previously detected prior to the SANS and MSANS studies.
However, these changes (together with those determined for the
void dimensions and surface areas) are symptomatic of those
that will occur within a TBC under operating conditions. They
are not quantitatively measurable for the component void
morphologies by any other means.

For electron-beam physical vapor-deposited (EB-PVD) TBCs
(used to coat the hottest moving parts in advanced gas turbines),
the fine void morphologies and gradient microstructures make
them most amenable to study by the anisotropic USAXS meth-
od (see Fig. 4b), because of the small synchrotron X-ray beam
size. A thin (150 pm) section of sample and substrate, cut per-
pendicular to the substrate, can be studied in a transmission ge-
ometry. The EB-PVD system is characterized by a columnar
structure, strongly aligned perpendicular to the substrate. The
void microstructure consists of intercolumnar voids, intraco-
lumnar cracks and ““feather” pores, and a dispersed nanoporos-
ity that may be partially associated with the feather
morphology. Some of the component void systems exhibit
strongly anisotropic orientation distributions that are distinct
from each other. These are revealed by setting the USAXS anal-
yzer at a given Q, then rotating the sample within the sample
plane to measure the anisotropy in the SAXS intensity versus
orientation. Figure 6 shows a resulting anisotropic intensity plot
with contributions from the component morphologies indicat-
ed.?*? Also shown are some selected USAXS images. These were
obtained by using the X-ray CCD camera to view the sample
with the analyzer monolith set at the given Q, thus imaging the
sample with the USAXS intensity, itself. Different parts of the
microstructure light up depending on their orientation and po-
sition in the coating (and also the Q value for different feature
sizes), thus providing a powerful method for surveying the sample
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Fig.6. Anisotropic ultra small-angle X-ray scattering (USAXS) plot of scattered intensity versus sample azimuthal angle for an electron-beam physical
vapor-deposited microstructure, showing the scattering from some of the principal void component features.>** Also shown are USAXS images of the
microstructure at selected sample azimuthal angles, obtained using the imaging camera with the analyzer stage rotated to Q = 0.006 nm™~'. The sample
orientation is shown in the images by T and B to indicate the top and bottom of the coating. In the main plot T and B indicate the zero reference
orientation for the azimuthal rotation of Q. The USAXS images indicate that the most pronounced intercolumnar void structure occurs near the bottom
of the coating. Because of the uniform distribution of feather voids within them, the columns are illuminated throughout the coating at the preferred
sample orientation for scattering from the feather voids. Also apparent is the 3-layer character of the coating caused by some densification at the top of
each component layer during thermal cycling at 1150°C. None of these points are discernible in regular radiographic images at Q = 0.

into position at a selected orientation for USAXS studies.
This is necessary because the USAXS data for such complex
anisotropic microstructures must be measured for many
orientations both of Q and of the sample itself (i.e., the USAXS
data must be over-determined), and the data must be simulta-
neously fit using a multi-component microstructure model.
Meanwhile, the USAXS imaging method has been fully devel-
oped elsewhere as a new form of materials X-ray imaging tech-
nique, providing yet another new SAS application.”*’

The use of small (few micrometers) X-ray beams at the 3rd
generation synchrotron X-ray sources provides new opportuni-
ties for the study of gradient microstructures such as are found
in SOFC systems.238 However, the need to accommodate a thin
coating or film on its substrate has spurred significant innovative
instrument developments in recent years. GI-SAXS and NS-
SANS measurements, both made in reflection geometry, have
met with some success in addressing this need. Furthermore,
these methods can be readily combined with X-ray or neutron
reflectivity measurements of the surface structure, and GI dif-
fraction studies of the phase composition. Sometimes, diffuse
scattering measurements can also be made of the large-scale
microstructure fluctuations parallel to the substrate within the
film or coating, especially if measured around and relative to a
small-angle diffraction peak at a finite Q where the data are
more readily analyzable than at zero absolute Q.

(4) Nanostructured|Fractal Materials and Suspensions
The ability of SAS methods to quantify structures over an ex-

tended scale regime from nanometers to micrometers has made
them particularly suitable as a diagnostic tool in new mate-

rials development for nanotechnology.’*-3!->!:3276.8285.90.143-166

Whereas electron microscopy provides detailed local informa-
tion for a nanostructured or nanoparticulate morphology,
SAXS and SANS provides complementary, quantitative, micro-
structure information that is statistically representative over
macroscopic sampling volumes. Thus, nucleation, growth,
coarsening, aggregation and sintering phenomena have all
been followed, quantitatively, as a function of time, tempera-
ture, or other external condition. SAS methods have also been
applied in the study of zeolites and catalysts, solution-mediated
colloids, gels and suspensions, and for nanoparticle enssembles
that include soot or silica particles in flames.>** Furthermore,
the statistically representative nature of the size, volume-frac-
tion, and surface-area information obtained has been related
directly to the scale-invariant properties of disordered fractal
microstructures such as found in geological materials or cements.

SAS methods are finding application in current efforts to
control and optimize the aqueous mediated manipulation of
nanoparticle assemblies and dispersions for incorporation into
functional ceramic devices. These include studies of single- and
multi-walled C nanotubes for both electronic and bio-medical
applications,* and other nanoparticle drug delivery systems.>*®
Figure 7 presents a schematic of a USAXS flow cell developed
by the author with collaborators. Flowing fluid suspensions can
be studied in real time under known conditions of controlled
temperature, flow rate, pH, and/or added solvent concentration.
Figure 8 presents preliminary USAXS data obtained through
use of the flow cell to follow controlled nanoparticle nucleation
and growth in a precipitating ceria system. The data reveal both
nucleation and growth of the particles, together with indications
of a shell-like ordered structure that may be developing on the
particle surfaces. Using such a flow cell and SAS methods to
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Fig.7. Schematic of NIST ultra small-angle X-ray scattering (USAXS)
fluid flow cell layout for real-time studies of solution-mediated nano-
particle systems and suspensions. Driven by a peristaltic pump, the sam-
ple flows through a 1.5 mm diameter capillary at the X-ray beam
position. Temperature, flow rate, pH, and/or solvent concentration
can all be controlled remotely and continuously monitored. (Courtesy
of Pete Jemian, University of Illinois at Urbana-Champagne, IL.)

quantify the real-time nucleation, growth, agglomeration and
interaction, self-assembly, and dissolution of ceramic nanopar-
ticles, under known controlled conditions, is proposed to sup-
port a range of potential applications including solution
mediated nanoparticle drug delivery development.

(5) Advanced Cement and Concrete Research

The nanoscale porosity and fractal nature of the calcium-sili-
cate-hydrate (CSH) gel that is the main product of cement
hydration has been the subject for a si%niﬁcant body of SAS
studies in cement and concrete research.'®2!> The amorphous
nature of CSH gel, together with its intimate relationship to the
water of hydration, has enabled SAS methods, (especially
SANS) to characterize its microstructure and evolution during
cement hydration. This area of application can combine many
aspects discussed above: fractal structures over an extended
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Fig.8. Preliminary (slit-smeared) ultra small-angle X-ray scattering
(USAXS) data showing the effects of nucleation and growth of a pre-
cipitating nanoparticle ceria suspension, under controlled dispersant
conditions. Changes in the USAXS curves are caused by the nucleation
and growth processes, together with the presence of some shell-like or-
dering on the particle surfaces and elsewhere.
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scale range, contrast variation SANS (where both the solid and
aqueous phases undergo H/D isotope exchange), real-time and
long-term microstructure evolution with hydration, drying or
chemical leaching, etc. A detailed description of these cement
studies would extend beyond the focus of this article, but the
cited reference list might provide useful information to the in-
terested reader.

V. Concluding Remarks and Future Prospects

This article has sought to highlight recent advances in SAS
methods and their ongoing contributions to research supporting
advanced technological ceramic development. An increasing di-
versity in SAS method development is evident, and the need for
optimizing microstructure design to enhance the performance of
various functional ceramic-based systems provides a driving
force for many of these efforts.

For SAXS, the availability of small intense X-ray beams at
3rd generation synchrotron sources makes possible the ability to
interrogate gradient microstructures and internal interfaces
within multi-component systems such as SOFCs as has not
been possible hitherto. The high X-ray brilliance also allows
microstructure changes to be followed in real-time to increas-
ingly small subsecond time-resolution. Similarly, the use of
reflection geometry SAXS now provides the opportunity to
characterize the microstructures of thin (nanometer) films
in situ on the substrate, much more comprehensively than pre-
viously possible, so opening up new possibilities in materials
research for electronic and optoelectronic applications. The
increasing availability of high-energy X-rays in HE-SAXS in-
creases the X-ray depth penetration to that usually associated
with SANS, and makes possible simultaneous microstructure
and phase structure determinations. [In this context it is for-
tunate that parasitic double Bragg scattering, which can affect
SAXS studies of materials with a large coherent crystallite size
(e.g., metals and alloys, or single crystals),”*’ is not usually
significant for ceramic materials with their relatively fine crystal-
lite size and broader mosaic spread.]

By comparison, SANS research remains more heavily weight-
ed towards metals and alloys (especially magnetic materials) and
polymer systems. However, the high penetrability of neutrons
greatly enhances their usefulness for the characterization of
composite systems, many of which include a critical ceramic
component. Both the neutron isotope effect and the neutron
magnetic moment interaction provide research tools for specific
applications. The USANS method currently provides access to
the lowest Q values (down to 10~*nm ") and hence can measure
the largest scattering features (>10 pm). Furthermore, much
information can be gained by combining SANS with other in-
elastic neutron-based methods that interrogate kinetic issues not
tractable by other means. While neutron fluxes are unlikely to
approach the photon fluxes of the most powerful X-ray sources,
new facilities such as the Spallation Neutron Source, under con-
struction at Oak Ridge National Laboratory, Oak Ridge, TN,
will provide SANS time resolutions to significantly better than
1 min.

Finally, the increasing number of industrial SAXS facilities,
now available from several commercial suppliers, will provide a
much closer connection, over the next few years, between SAS
methods and functional materials development. As one of an
array of newly available industrial characterization tools for
advanced materials development, the need to establish univer-
sally accepted SAS intensity and wavelength standards, tracea-
ble to a primary calibration method, is likely to become ever
more urgent. It should also be emphasized that SAS is but one
generic method of materials characterization among many oth-
ers being developed or enhanced to meet the challenges of the
new nano- and biotechnologies. It will be in devising new ways
of using these various advanced diagnostic measurement tech-
niques together that the greatest new material advances will
most likely occur.
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