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Three-Dimensional Coherent X-Ray Diffraction Imaging of a Ceramic Nanofoam:
Determination of Structural Deformation Mechanisms
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Ultralow density polymers, metals, and ceramic nanofoams are valued for their high strength-to-weight
ratio, high surface area, and insulating properties ascribed to their structural geometry. We obtain the
labrynthine internal structure of a tantalum oxide nanofoam by x-ray diffractive imaging. Finite-element
analysis from the structure reveals mechanical properties consistent with bulk samples and with a
diffusion-limited cluster aggregation model, while excess mass on the nodes discounts the dangling

fragments hypothesis of percolation theory.
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The topology, fractal index, stability, and structure of
foams have fascinated scientists and mathematicians for
decades. Foams arise in fields as diverse as cosmology (in
Hawking’s theory), geology, surfactants, phospholipids,
cells, bone structure, polymers, and structural materials
wherever lightness and strength are needed. Especially
important are applications of periodic foam network theory
to predictions of the structure of mesoporous crystalline
materials suitable for use as catalysts [1] for cleaner fuels,
and the study of the diffusion of water and oil in porous
rocks. Here the rate-limiting step for diffusion is limited by
the smallest pore, normally too small to be observed in-
ternally by any conventional tomographic microscopy.
Aerogels are an important example of such a class of
material. Described variously as ‘“frozen smoke” and
“San Francisco fog,” these terms do not refer to a particu-
lar substance itself but rather to a structural geometry a
substance can assume. Many aerogels, for example, dem-
onstrate astonishing mechanical, thermal, catalytic, and
optical properties, which are ascribed to their low density
and porous structure [2]. However, to date there have been
few if any methods developed for ‘“‘seeing inside’ these
foams in order to make an experimental determination of
topology and structure at the mesoscopic length scale.

Although electron microscopy has provided the crystal-
linity and morphology of individual beam elements com-
prising the foam, no existing technique has been able to
capture the three-dimensional bulk lattice arrangement
over micron-scale sample dimensions. X rays provide the
penetration, lacking to electrons, which allow us to study
three-dimensional structure over thicknesses of micro-
meters. Current state-of-the art zone plate microscopes
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achieve a transverse spatial resolution of =~ 15 nm half-
pitch (30 nm period) [3], but have difficulty sustaining this
resolution through the bulk structure of micron-sized three-
dimensional objects due to depth of focus limitations.

We report here a three-dimensional structure determina-
tion at the mesoporous length scale (=15 nm) of a micron-
sized fragment of aerogel obtained by inversion of coher-
ent x-ray diffraction patterns [4]. The complexity of the
structure observed is far greater than that of samples pre-
viously studied by this technique, and was made possible
by advances in computational phase retrieval methods, the
addition of holographic reference points near the speci-
men, and by the inherent sparsity of the foam. More gen-
erally, we demonstrate the ability of diffraction imaging to
image an unknown, isolated object at high resolution in
three dimensions, opening the door to a wide range of
applications in material science, nanotechnology, and cel-
lular biology.

The aerogel sample imaged here is a low density
(100 mg/cm ™3, 1.2% bulk density) high-Z Ta,Os metal
oxide nanofoam, chosen because of its potential use in
double shell laser ignition targets for fusion (which require
a very low density material with high Z) and because of its
stability under an intense x-ray beam. Because the strength
of these ultralow density foams is orders of magnitude less
than expected, it is important to understand and identify the
unique microstructures of these foams, and to relate them
to the bulk physical properties. Using the structure ob-
served as a high-fidelity template for finite-element analy-
sis, we calculate the load displacement response of the
foam, and compare the resulting stiffness against various
structural models.
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X-ray diffraction imaging is elegant in its experimental
simplicity: a monochromatic and coherent x-ray beam
illuminates the sample, and the far-field diffraction pattern
from the object is recorded on an area detector (Fig. 1).
Multiple orientations fill out a three-dimensional diffrac-
tion volume, which is proportional to the Fourier transform
of the object index of refraction. The detection system
records only the diffracted intensities, but phase retrieval
techniques can be applied to recover a three-dimensional
image of the sample [5—7]. The feasibility of this technique
for reconstructing an image of the sample from its diffrac-
tion pattern has been well demonstrated in many x-ray
diffraction experiments [4,8—11].

A 3D implementation of the HIO algorithm [5] was used
for phase reconstruction on the 3D volume with feedback
parameter 8 = 0.9 and support refinement [6] for 1200
iterations, followed by the RAAR algorithm [6] through to
iteration 3000 also with feedback parameter of 8 = 0.9.
Missing data from both the central beamstop and inacces-
sible sample rotations was accounted for during phase
retrieval using the SHRINKWRAP algorithm, in which the
object support itself acts as a constraint in the regions of
missing data [10,12]. By applying full three-dimensional
phase retrieval directly to the 3D diffraction volume, as
done here, we avoid the inconsistencies and image align-
ment problems caused by dividing the phase retrieval and
tomographic data assembly into two separate steps per-
formed sequentially [8]. Ewald sphere curvature included
in the 3D data assembly avoids defocus artifacts typical of
such two step reconstruction process, as well as any lens-
based microtomography volume reconstruction. The phase
reconstruction techniques employed here, including a de-
tailed analysis of spatial resolution and methods for han-
dling the limited number of views, missing angles, and
central beamstop, are described in detail elsewhere [10]
(see also supplemental material [13]).

The aerogel itself was prepared by a sol-gel process that
involved the controlled hydrolysis of tantalum ethoxide,
followed by rapid supercritical extraction of the reaction

FIG. 1 (color online). Diffraction imaging layout. Coherent
x rays (A = 1.65 nm) illuminate [26,27] the sample mounted
on a 50 nm thick Si,N; membrane window. Diffraction patterns
at various sample orientations (+69° to —64° in 1 *=0.1°
increments) are measured using a CCD camera (20 um pixel
size, 1300 X 1340 pixels, 165 mm downstream). A beamstop
blocks the direct beam and multiple exposure times are summed
to expand the CCD dynamic range.

solvent [14]. The tantala aerogels obtained from this par-
ticular formulation are isolated as translucent monoliths
with bulk densities of approximately 100 mg/cm?, as de-
termined from bulk sample mass and dimensions. We
mounted an irregular 1-2 um sized piece on a 50 nm thick
rectangular silicon nitride membrane window of 2 mm X
50 pm size supported in a 200 um thick silicon wafer
frame. Several 50 nm platinum dots were placed in prox-
imity to the sample using an electron beam to locally
decompose a metal-organic precursor gas (Fig. 2). These
dots diffract reference waves that provide holographic
information and act as heavy atoms in the phase retrieval
process, and additionally provide known structures on the
silicon membrane for verification of reconstruction fidelity
and spatial resolution (Fig. 3). High resolution structural
information is required to fully characterize mechanical
properties of these aerogels; however, many other statisti-
cal properties such as density and correlation distances can
be obtained directly by standard analysis of the radially
averaged small angle x-ray scattering (SAXS) patterns. We
note, however, that the radially averaged raw diffraction
data used in our reconstruction has a power law exponent
of about —4, while diffraction patterns generated by a
reconstructed 3D region containing only aerogel material
reveals a power law exponent of —2 (Fig. 4), typical of the

(b)

(©) ()

FIG. 2. (a)—(c) Orthogonal projections through the amplitude
of the reconstructed 3D object. The imaged volume is 5 pwm
cubed with a reconstruction resolution of 15 nm. A top-down
scanning electron micrograph image of the prepared aerogel
sample for comparison with the 3D reconstruction is shown
in (d), scale corresponds to 2 um. Several reference platinum
dots (d) are reconstructed on the membrane plane (b),(c) and the
animation in supplementary materials [13].
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FIG. 3 (color online). Section and isosurface rendering of a
500 nm cube from the interior of the 3D volume. The foam
structure shows globular nodes that are interconnected by thin
beamlike struts. Approximately 85% of the total mass is asso-
ciated with the nodes, and there is no evidence of a significant
fraction of dangling fragments.

“string of pearls’” aerogel morphology (see below). This is
because our measured data contain additional scattering
from the membrane, surrounding particles and Pt contami-
nation. These scatterers are physically separated in the 3D
reconstruction, enabling scattering from just the aerogel
portion of the sample to be calculated.

X-ray scattering measurements extending the spatial
scales probed by diffractive imaging data were performed
on a similar batch of aerogel foam at beam line 32-ID at the
Advanced Photon Source (APS) [15,16]. Three distinct
power-law regimes are observed at different spatial scales
(Fig. 4). In the Porod region below g =~ 0.1 A" a power
law with an exponent of —4 indicates that the foam has a

i SAXS
==X DM

10 10” 107 10 10
-1
q(A )

FIG. 4 (color online). Small angle x-ray scattering (SAXS)
data calculated from our 3D volume reconstruction (XDM)
compared to ultrasmall angle x-ray scattering measurements
on a similar batch of 100 mg/cm? Ta,Os aerogel.

smooth surface. The form factor region from g ~ 0.1 A™!
to ¢ = 0.005 A~! provides information on the shape of the
individual scattering elements in the aerogel network. In
this region we have a power law exponent of —2, which
describes a mass fractal of dimension 2 which is consistent
with a diffusion-limited cluster aggregation or the typical
“string of pearls” aerogel morphology. Oscillations in the
calculated [x-ray diffraction microscopy (XDM)] scatter-
ing are due to the size of aerogel subregion used to create
the calculated plot. The crossover points between the
changing slopes occur at ¢; ~0.1 A~! and g, =~ 0.09 Al
with an associated radii of gyration of R, =20 A and
R,, =140 A, respectively. Values of the power law expo-
nents and radii of gyration are obtained by standard Porod
and Guinier analysis. For aerogels a fractal analysis is
commonly used to interpret the scattering data. In the
fractal model R, and R,, are related to the mean particle
diameter and the correlation range, where the relation
between R, and size or correlation range depends strongly
on the shapes and size distribution of the scatters. At very
low g we find another power law slope associated with
another scattering feature; however, the ultrasmall angle
x-ray scattering data end before a clear radius of gyration is
observed, therefore it is not possible to estimate the size of
these structures. We can, however, limit the size of these
features to more than 1 pwm, the size related to the mini-
mum scattering vector at which we still observe the power
law slope behavior. Voids of several hundred nanometers
are observed in the reconstructed 3D volume.

We now turn our attention to understanding the me-
chanical properties of these aerogels. The strength and
stiffness of three-dimensional foams are often observed
to scale as pJ', where p, is the density of a structure
divided by the density of its constituent members. In a
model proposed by Gibson and Ashby [17] the scaling
exponent m has limiting values of 1 where deformation
is axial, and 2 for structures that deform in bending.
Scaling relations in terms of p, assume some degree of
uniformity in the distribution of mass between the inter-
connecting lattice “beams’ and the nodes that define their
intersections. These assumptions appear satisfied for many
foamlike structures at densities down to 10% or less (p, <
0.1). However, the strength of many low density aerogel
samples of much lower density (densities of less than 1%
or p, <K 1) is orders of magnitude less than expected and
scaling exponents between 3 and 4 are frequently observed
[18,19]. Higher mass scaling exponents are attributed to
the presence [20] of fragments disconnected from the load-
bearing backbone structure [19], adding mass without
carrying or transferring load. These disconnected frag-
ments are a natural consequence of percolation: as a struc-
ture approaches a critical density, more of its mass
becomes associated with branches disconnected from the
backbone of the lattice.

It is not clear, however, that such percolation models
apply to these aerogels [20,21]. In one alternative model,
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heterogeneities such as micron-sized holes produce span-
ning structures that could fail by buckling [21]. Yet another
model proposes that diffusion-limited cluster aggregation
leads to fractal clusters (blobs) connected by thin beams
(links) [20,22]. The response of the “‘blob and link” archi-
tecture to compressive loading is simulated with finite-
element modeling, using the NIKE3D implicit finite-element
solver [23]. Material data for polycrystalline tantalum
oxide was used for the constitutive model with the modulus
being 140 GPa. For these simulations, opposing faces are
loaded in compression, while the unloaded cube faces are
treated with mirror symmetry, restricting boundary motion
to the plane. The average mass scaling exponent obtained
by this modeling was m = 3.6, consistent with bulk data.
When the excess node mass was removed by computa-
tional thinning, the scaling exponent reverted to m = 2,
indicating that the primary deformation mechanism was
bending of the interconnecting struts.

In this first experimental high-resolution view inside a
foam, we see a structure consisting of nodes connected by
thin beams. These are similar to the simulated fractal
cluster aggregates and links derived from a diffusion-
limited cluster aggregation model. This blob and beam
structure explains why these low density materials are
weaker than predicted, and explains the high mass scaling
exponent observed for this material. Computational thin-
ning of the measured structure improves the strength-to-
weight ratio by orders of magnitudes, indicating that im-
provements in the strength could be obtained by modifying
the aerogel preparation conditions in an effort to redistrib-
ute constituent material from nodes to interconnected
struts. Improvements in resolution using brighter light
sources, shorter wavelengths, and larger detectors would
enable resolving the cross section of interconnecting struts,
providing a full characterization of not only these aerogels
but also a range of engineered nanoscale materials. The
structural analysis we demonstrated here could be applied
to other porous materials and assist modeling percolation
problems such as oil and water in minerals [24,25]. More
generally, the ability to image an unknown, isolated object
in three dimensions at high resolution, as demonstrated
here, has the potential for a wide range of applications
in material science, nanotechnology, and biology at the
cellular level.
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