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Zinc oxide tetrapods have remarkable functional and mechanical properties with potential applications in
different fields including nanoelectronic and optoelectronic sensing, functional composites and coatings, as well
as energy harvesting and storage. Based on the 3D shape of these microparticles, they can be assembled into
highly porous (up to 98%) macroscopic ceramic framework structures that can be utilized as a versatile template
for the fabrication of other multi-scaled foam-like materials. Here we investigated the three-dimensional
structure of low density interconnected zinc oxide tetrapod networks by high resolution X-ray computed to-
mography. In situ observations during mechanical loading show inhomogeneous development of anelastic strain
(damage) during compression, and homogeneous elastic recovery on unloading. Individual tetrapods are

observed to deform by arm rotation to accommodate strain.

Zinc oxide (ZnO) is a semi-conducting metal oxide with remarkable
functional properties including piezo-electricity and opto-electricity due
to its large band gap and hexagonal-wurzite crystal structure as well as
good mechanical and thermal properties [1]. It can be grown in a variety
of micro- and nanostructures of which one prominent shape is a
three-dimensional (3D) tetrapod geometry of four arms connected at a
central core [1,2]. It has already been demonstrated that nano and
micro-scale tetrapods of ZnO (t-ZnO) have widespread potential appli-
cations in many fields, including biomedical engineering in the form of
functional composites, optoelectronic and nanoelectronics sensing, en-
ergy harvesting and storage, as well as in environmental remediation
[1]. Furthermore, tetrapodal particles can be further assembled into
highly porous (up to 98%) macroscopic ceramic framework structures,
providing a very high free volume as the spatially extended arms of the
tetrapods prohibit efficient close packing. These interconnected net-
works offer easy access to active surfaces in a mechanically stable,
compliant and low-density structure [2] and can be further utilized as a
versatile template for the fabrication of other multi-scaled foam-like
materials, so-called aeromaterials, from different 1D and 2D nano-
materials, such as graphene, hexagonal boron nitride, as well as carbon
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nanotubes [3,4]. These freestanding aeromaterials are ultra-lightweight,
with densities in the order of only a few mg/cm® and are characterized
by a unique set of mechanical, electrical and optical properties [4,5].

The low nominal elastic moduli of such interconnected networks are
very favourable for flexible electronics and mechanically robust sensors
[6], but there is limited knowledge of the relationships between network
architecture and properties, nor how these degrade with mechanical
damage such as from cyclic loading [7]. This is needed to design func-
tional materials with optimal properties and prolonged lifetimes. Novel
micromechanical studies of the hinging and buckling deformation of
individual aero-graphite tetrapods [8] provided insights into how they
may behave collectively as self-assembled networks [4]. However, there
have been no such studies of functional ceramics such as t-ZnO, although
both the elastic modulus and electrical conductivity have been observed
to decrease as network connections change when the elastic limit is
exceeded [9].

Here we characterise the 3D network of interconnected t-ZnO using
high resolution X-ray computed tomography (uXCT) to quantify the
tetrapods’ geometry and distribution. In situ pXCT observations during
mechanical loading allow deformation within the bulk material to be
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Fig. 1. Visualisation of the t-ZnO network (0.3 g cm > density): (a) scanning electron microscopy; (b) cross-sectional orthoslice of tomograph (after filters to reduce
noise); (c) threshold segmented orthoslice; (d) 3D rendering of a tomographed region (after segmentation).
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Fig. 2. Skeletonisation of the t-ZnO network (0.3 g cm ™~ density): (a) visualisation of the tomographed region of interest after labelling; (b) tetrapods in a subregion
of the same volume; (c) a single tetrapod; (d) the subregion after skeletonization (ligaments only shown); (e) tomographed region of interest after skeletonization
(ligaments and nodes shown); (f) the skeletonised single tetrapod with ligaments and nodes.

examined, for the first time.

The t-ZnO material was produced via flame transport synthesis with
post-synthesis compression and sintering [9]. Briefly, zinc microparti-
cles (size 1-10 pm) were mixed with polyvinyl butyral (mass ratio 1:2)
and heated for 30 min at 900 °C to produce a loose t-ZnO powder.
Different masses were compressed in a ceramic mould (3 mm height, 3
mm diameter) to form pellets that were heated (unconstrained) at

1150 °C for 5 h to obtain specimens with nominal bulk densities between
0.3 and 0.9 g cm ™. Scanning electron microscopy (Zeiss NVision 40
SEM, operating at 5 kV with a ~10 nm carbon coating) (Fig. 1a)
confirmed the characteristic network architecture of interconnected
tetrapods [10].

3D characterisation was done by uXCT (Zeiss Xradia Versa 610 mi-
croscope, operating between 60 and 120 kV with voxel size from 1 to
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Fig. 3. Distributions of arm lengths and inter-arm angles measured by skel-
etonization of tomographs of t-ZnO with 0.3 g cm ™ density. Observation 1 and
2 were at 5 and 10% nominal strain, and show no significant difference.

1.7 pm) using the instrument software for attenuation contrast image
reconstruction. Post-processing and analysis of the tomographs was
done using the Avizo Fire software (v.2020.3.1). A Non-Local Means
Filter was applied before intensity-based segmentation of the higher
attenuation ZnO (Fig. 1b-d). Tomographs at 1.7 um per voxel were
sufficient to resolve the t-ZnO structure, though volume and surface
measurements of the tetrapods by image segmentation have a subjective
bias; the partial volume effect [11] is significant because the t-ZnO arms
have cross-section dimensions (~1-3 pm) comparable to the image
voxel size [3]. All samples were quite homogeneous; the observed solid
fraction of ZnO within the sample volume (a moving cube of ~300 pm
side) was constant both radially and axially (variance <15%) for all
densities. Precise measurement of the total volume (£0.001 ¢cm?) via
image texture classification to determine the sample’s external bound-
aries, and of its mass using an A&D GH-202 balance (+0.01 mg) gave
true densities of 0.29 + 0.01, 0.41 4 0.01, 0.52 £ 0.01 and 0.74 + 0.01
g cm™3 for “nominal” densities of 0.3, 0.45, 0.6 and 0.9 g cm™3
respectively. The difference, which indicates expansion of the pellets, is
greater for the higher density materials and is deduced to arise from
interactions between the tetrapods after compression during processing.

To quantify the structure of the tetrapod network (Fig. 2a and b) a
thinning algorithm [12] can be applied to the segmented image to
determine its medial axis skeleton, which is described as a set of nodes
connected by ligaments (1 voxel thickness) that are equidistant from the
surfaces of the solid (Fig. 2d and e). Dead-end branches with length
fewer than 5 voxels were regarded as noise and removed. This allowed
measurement of arm lengths (between connected nodes) and interarm
angles (between pairs of arms with common nodes). This skeletonization
generally, and incorrectly, resolved the centers of tetrapods as 2 closely
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adjacent nodes (1 or 2 voxel separation) instead of a single node. An
example tetrapod, froma 0.3 g em?® sample tomographed at 1 um voxel,
is shown in Fig. 2c. Its skeleton (Fig. 2f) has a pair of 3-coordinated
nodes at its center that have been joined for visualisation. Considering
this double-counting, the number of tetrapods within a reconstructed
volume of ~0.05 mm® was estimated at ~3000, i.e., a number density of
~ 6 x 10* mm™3. The general network characteristics were insensitive
to deformation (Fig. 3); in successive compressive observations (5 and
10% nominal strain) the mean arm lengths (Fig. 3a) were 17.4 um
(standard error in the mean 0.4 um, standard deviation 11 ym) and 16.0
um (standard error in the mean 0.3 um, standard deviation 9.2 pm)
respectively. The interarm angle distributions were also similar (Fig. 3b)
at 107.0° (standard error in the mean 0.8°, standard deviation 25.7°)
and 107.4° (standard error in the mean 0.8°, standard deviation 26.0°)
respectively. The mean angle is close to the theoretical angle of ~110°
[13]. The observed range illustrates the lack of perfect symmetry that
arises from lattice strains during crystal growth [9] and is consistent
with electron microscopy of t-ZnO structures produced by chemical
vapour deposition [14].

To examine the deformation of the t-ZnO network in more detail, in
situ XCT observations at 0.7 ym voxel were performed of a 0.45 g cm™>
sample, which was mounted in an X-ray transparent PMMA load-bearing
tube and compressed between PTFE anvils by sequential displacements
of ~75 um applied via a manually controlled micrometer. The nominal
strain over the sample length (3 mm) was estimated by uXCT observa-
tion of the change in anvil separation. Incremental global digital volume
correlation (gDVC), which converged for mesh sizes of 100-250 pm, was
applied using Avizo, whereby the tomograph at each step was correlated
with the reference tomograph of the previous step. The incremental
displacement vector fields were summed to obtain the cumulative three-
dimensional displacements. Further details are summarised in the sup-
plementary information. As an example, Fig. 4a is a vertical section of
the residual field at 8.7% nominal strain. The residual field [15] quan-
tifies the difference between the second image and the reference, where
the latter has been deformed by the gDVC-calculated displacement field;
large residuals (i.e., high contrast in this visualisation) indicate poor
correlation, which can be caused by local changes in the image (i.e., the
structure of the material). Significant residuals were observed close to
the moving anvil within a region where the mean displacements were
large and of high variability (Fig. 4b); the size of this region increased
with applied nominal strain. This region of poor correlation and large
displacements demonstrates significant and local changes to the
network structure. In the lower part of the sample, where low residuals
indicated accurate displacement measurement and no significant
changes in structure, the displacement gradient (i.e., strain) increased
with the applied strain. The measured strain in the lower region was less
than the applied strain, due to accommodation of the displacement of
the moving anvil in the upper region, and increased in magnitude as the
high residual region was approached (Fig. 4c), showing nonlinear ma-
terial behavior with increasing deformation. However, similar behavior
was observed on unloading in both regions; when the 0.45 g cm™>
sample was unloaded by 2.4% nominal strain from a compressive
nominal strain of 8.7%, the gDVC analysis measured a uniform strain
relaxation of 2.5 + 0.2% with low residuals over the entire sample. Such
reversible behavior is quite like the compaction of a granular solid [16]
in which in situ observations have also shown anelastic deformation to
localize at the contacting surface [17,18].

The electrical conductivity of a t-ZnO network (density ~0.115 g
cm ) has been observed to increase and then decrease with compres-
sion [9], which was attributed to improved tetrapod contact with
increasing strain and then disruption of the network; the applied
deformation indicated an elastic limit of ~2% nominal strain. Inspection
of Fig. 4c shows the transition between the high correlation and low
correlation regions is at local strain of ~0.5-1%. This lower elastic limit
may be due to the higher network density of this 0.45 g cm™> sample.

The mechanism by which the network structure accommodates
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Fig. 4. Measurement of deformation in t-ZnO (0.45 g cm~° density) by global digital volume correlation of computed X-ray tomographs; (a) the residual field at 8.7%
nominal strain; (b) vertical displacement with distance from the bottom of the sample at different nominal strains (data at 8.7% strain are not shown due to the high
residuals); (c) vertical strain (in the region of low residuals) with distance from the bottom of the sample at different nominal strains. The fixed anvil is at the lower

surface (z~0).
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Fig. 5. Visualisation of t-ZnO tetrapods a) to c) from (i) observation 1 at 5%
nominal strain and (ii) observation 2 at 10% nominal strain in a network with
0.3 g cm~ density. The anvil compression direction between in situ observa-
tions was parallel to the Z-axis. Arms 1-4 are labelled, where 34 is the angle
between arms 3 and 4, etc.

Table 1

Inter-arm angles (°) measured for tetrapod examples (a)-(c) (see Fig. 5) at (i)
observation 1 at 5% nominal compressive strain and (ii) observation 2 at 10%
nominal strain in t-ZnO with 0.3 g cm 2 density. 12 is the angle between arms 1
and 2, etc. Significant changes are highlighted in bold.

12 13 14 23 24 34
a) @) 115+2 131 £5 103 +£1 100 £1 102 +1 101 £1
(ii) 101 +2 102+ 2 117 +3 102+2 12745 103 + 2
by @ 99+ 3 13146 110+£3 117+6 98+3 98 + 2
) 97+7 100 £ 2 106 6 114+9 119+12 1167
c) (6] 93 +2 12847 124+7 109+3 92+3 102+ 3
(ii) 133+13 87 +5 108+7 116+4 105+3 103 +2

deformation was examined for individual tetrapods (Fig. 5) ina 0.3 g
cm 3 sample that was observed in situ (at 1 pm voxel). The inter-arm
angles of the same tetrapods were measured in successive observa-
tions at nominal compressive strains of approximately 5 and 10%
(Table 1); i.e., where the bulk of the sample was beyond the elastic limit.
Angular measurement errors were estimated conservatively using + 2
um and + 1 pm uncertainty in the location of the central node and arm
tip nodes. The first example (Fig. 5a) increased the inter-arm angles 14
and 24, and decreased 12 and 13 with increasing strain. This corre-
sponds to rotation of arms 1 and 2 away from arm 4 and towards arm 3
and shows the tetrapod was compressed parallel to the loading axis. No
bending of the arms could be observed. ZnO whiskers have a very high
elastic limit [19] and it is assumed the deformation of the individual
tetrapod arms may be similar to the elastic hinging behavior that has
been observed in micromechanical testing of single arms of
aero-graphite tetrapods [8]. Other t-ZnO examples (Fig. 5b and c)
exhibited changes in shape that were less clearly aligned with the
applied load. This indicates a quite complex mechanical interaction with
adjacent structures, as has been predicted in interconnected tetrapod
networks [4]. In the second example (Fig. 5b), arm 3 moved towards
arm 1 largely by rotation about arm 2. In the third example (Fig. 5¢),
arm 1 rotated away from arm 2 towards arms 3 and 4.
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In summary, we have shown that the network architecture of sin-
tered t-ZnO can be observed by pXCT and quantified in a reproducible
manner by image post-processing. In situ uXCT with gDVC finds signif-
icant and non-uniform deformation of the network structure with
changes in the geometry of individual tetrapods. This observation is
relevant to t-ZnO and also to materials for which it provides a template,
such as aerographene [20] and aero-hBN [3,5]. Such deformation will
affect how properties change at the elastic limit and the response of
functional properties to cyclic fatigue, for example. uXCT may therefore
be a very useful tool to study the interactions between deformation,
microstructure and properties of functional network materials.
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Digital Volume Correlation

The gDVC was performed using the Avizo fire software (2020.3.1). The volumetric data sets
were first registered to the first step to ensure the DVC-computed displacement fields were
all expressed in the same co-ordinate system.

To perform the DVC calculation, local DVC was first performed with a subset size of between
100-150 pum. The displacement field generated by this local technique was then used as a
starting solution for a finite element based global DVC calculation. The mesh size used for
these calculations varied from 100 um for the first two calculations (i.e. step 1 - step 2
between 0 and 2.6% nominal strain and then step 2 - step 3 between 2.6% and 4.0%
nominal strain), 125 um for step 3-step 4 (i.e. 4.0 to 6.5% strain) and 225 um for step 4-step
5 (i.e. 6.5% to 8.7% strain). The gDVC calculation is an iterative procedure, which converges
to a solution when the difference between the displacement field of the nth and (n-1)%
iteration is smaller than 103 voxels. Data for Ty, the standard deviation of the normalised
correlation residual, are reported in Table 1. The increase in g;, is due to the development of
the zone of high residuals.

Examples of the evolution of the residual fields are shown in Figure 1 to Figure 3. The figures
are simple subtractions of the reference and subsequent image that has been transformed
using the measured displacement field. They are presented using these same greyscale
range. The pairing of white/dark features illustrates the failure of gDVC to adequately track
displacements within the region of inelastic deformation at the contact with the moving
anvil. This allows the boundary of the field to be identified.

Table 1: Data for oy the standard deviation of the normalised correlation residual as a function of the applied strain (* rigid
body motion of 10 um between tomographs with 0% strain applied)

Change in nominal
strain (%)
Total nominal strain
(%)

Oy 0.012 0.017 0.020 0.024 0.039

0* 2.6 13 2.5 2.2

0 2.6 4.0 6.5 8.7
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Figure 1: Residuals for gDVC analysis of the displacements for a rigid body motion between tomographs of 10 um




Figure 2: Residuals for gDVC analysis of the displacements for a nominal global strain of 2.6%



Figure 3: Residuals for gDVC analysis of the displacements at a total nominal global strain of 8.7%, data obtained by
correlating the tomographs at 6.5% and 8.7% nominal strain.
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