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Some natural materials, such as the dactyl club of the mantis shrimp, have impressive mechanical properties
(e.g. strength) due to their microstructure that consists of periodic layers of high and low density material,
which prevent crack propagation. Although such layered structures have the potential to increase the strength of
engineered epoxy-ceramic composites relative to their constituents, synthetically replicating this class of layered
structures in engineered materials has been challenging to date. To overcome this challenge, ultrasound freeze
casting (UFC) was used to manufacture macroscale specimens of epoxy-ceramic composite materials with periodic
layers of high and low density that mimic the structure of natural materials. The critical operating parameter of
the UFC technique, the ultrasound operating frequency, was related to the resulting hardness, porosity, and
flexural strength of the resultant epoxy-ceramic composite materials. Scanning electron microscopy and micro
X-ray CT was used to visualize the microstructure of the specimens and connect it to the mechanical properties.
The ultrasound operating frequency controlled the spacing of the layers as well as the local hardness of the epoxy-
ceramic composite, which increased by up to 18%. The flexural strength of the epoxy-ceramic composite was also
related to the ultrasound operating frequency, with a maximum increase of 52%.

1. Introduction

The progress of many industries relies on the continual creation of
novel high performance and lightweight materials [1]. For example, the
aerospace, automotive, and biomedical industries require such materials
for applications ranging from structural components to functional scaf-
folds for tissue ingrowth [2]. Highly porous materials are well suited to
the needs of these industries because of their high strength-to-weight ra-
tios. Porous ceramic and epoxy-ceramic composite materials, in particu-
lar, are utilized due to their high hardness, strength, and biocompatibil-
ity; however, they are often brittle, prohibiting their use in applications
that require resilience and toughness [3-6]. The need to overcome these
limitations has led many researchers to look to the natural world where
composites consisting of brittle mineralized tissue and elastic biopoly-
mers exhibit mechanical strength and toughness that dramatically ex-
ceeds the properties of a simple mixture of these constituents [7]. These
feats are attributed to sophisticated, hierarchical structures that occur
across multiple length scales [1,2,4,7-9]. Synthetically replicating the
structures of natural materials with the intent of mimicking their prop-
erties has led to a number of engineering breakthroughs in a field known
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as biomimicry or bioinspired material design [10]. The ubiquity of mi-
crostructures observed in natural materials has led to their categoriza-
tion based on common organizational elements [8]. One such category
of structure observed in natural materials is layered structures, or the
periodic alternating of regions of different structure and composition
[8,11-14]. These layered structures on the microscale result in several
different strengthening mechanisms imparting strength and hardness
on the macroscale [8,11,13-15]. Replicating the layered microstructure
found in natural materials in epoxy-ceramic composite materials has the
potential to enhance their mechanical properties. The fabrication of a
periodic layered microstructure in epoxy-ceramic composite materials is
challenging because it requires assembly of anisotropic features across
multiple length scales [1,3,16]. While layered ceramics have demon-
strated increased strength and toughness, previous structures have been
composed of only dense ceramics, unlike the porous composites found in
natural materials [3-5]. These layered composites rely on manufactur-
ing techniques such as stacking ceramic sheets, sequential slip casting,
or electrophoretic dispersion which limit the ceramic constituents that
can be used and result in heavy, dense materials [3]. To replicate the
strength-to-weight ratio, hardness, and strength of natural materials in
epoxy-ceramic composite materials, it is necessary to develop a manu-
facturing technique that creates macroscale composite material samples
with alternating layers of different composition and structure on the
microscale. In this work, a manufacturing process for porous ceramics,
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freeze casting, was combined with ultrasound directed self-assembly to
create epoxy-ceramic composites with alternating layers of porous and
dense ceramics, mimicking the microstructure of natural materials. The
ultrasound freeze casting process, and the effect of its process parame-
ters on the material properties of the resulting epoxy-ceramic compos-
ites, was characterized.

Freeze casting, or ice templating, is a manufacturing technique that
can create 3D biomimetic scaffolds whose porous microstructure is sim-
ilar to those found in natural materials [6,9,17-22]. However, freeze
casting does not allow for anisotropic structural control across length
scales, limiting the similarity of freeze-cast scaffolds to natural materi-
als [17]. Freeze casting is a four-step process [17]. (1) A colloid slurry of
particles is dispersed in a freezing agent, typically comprising water and
polymer binders. (2) The colloid slurry is directionally frozen, such that
the growth of ice crystals segregates particles into the interstitial spaces
of the dendrites. (3) The freezing agent is removed by sublimation in
a freeze drier. (4) The resulting green body is densified via sintering
resulting in a complete freeze-cast scaffold. These four steps can be sup-
plemented with a fifth post-processing step such as epoxy infiltration
into the pores of the sintered material, which creates an epoxy-ceramic
composite material. Freeze casting has been intensively researched due
to the variety of materials that can be implemented, such as ceramics
[18,23], polymers [24], and composites [6,24]. The process is also sim-
ple, inexpensive, scalable [6,9,17-22], and the structure of freeze-cast
scaffolds can be controlled through a variety of techniques that can be
considered either intrinsic or extrinsic [17].

Intrinsic control includes alterations to the composition of freeze cast
slurries, which can be used to increase lamellar wall thickness and af-
fect porosity [1,9,20]. However, control is limited to changes in pore
area and pore geometry throughout scaffolds rather than creating a lay-
ered structure [9,17,20-22]. The use of large solid loading particles,
i.e., alumina platelets, has been demonstrated to closely replicate the
structure of the mineral phase of abalone shells [4]. This technique uti-
lized the growth of ice crystals to orient the major axis of high aspect
ratio platelets in the direction of freezing, creating a brick structure,
but not periodic layers [4]. Extrinsic methods of control are capable of
creating site-specific changes to freeze-cast scaffolds and include me-
chanical templates and external force fields that affect scaffold porosity
and microstructure [21,25-29]. Electric fields have been utilized to cre-
ate dense/porous bilayer ceramic scaffolds [28]. However, this method
is incapable of creating more than two distinct regions, and changes in
structure were only qualitatively described [28]. The application of a
large electrical field (30-150 kV/m) during freezing can alter the pref-
erential orientation of ice crystal growth, i.e., crystals will grow in the
direction of an applied electrical field [29]. However, electric fields have
not been demonstrated to create layers of unique composition and struc-
ture in freeze cast scaffolds [28,29]. Magnetic fields have been used to
align particles in a freeze cast scaffold and alter the orientation of the
major pore axis [25-27,29]. Methods have relied on permanent mag-
nets to create continuous alterations in pore orientation, rather than
discrete layers [25, 26]. Recent research has shown that small uniform
magnetic fields (7.8 mT in field strength) can create discrete regions of
pore orientation. However, the alterations to pore area and porosity do
not mimic the characteristic changes in material composition and struc-
ture found in natural materials [17,27,30,31]. Despite the higher degree
of user control than with intrinsic methods, extrinsic methods such as
magnetic and electrical field-assisted freeze casting are not capable of
creating a layered microstructure in freeze-cast scaffolds and limit the
constituent materials that can be used [17,21,25-29].

One manufacturing technique capable of extrinsic control of particle
suspensions is ultrasound directed self-assembly (UDSA), which enables
the manipulation of particles in a fluid medium by means of the radia-
tion force associated with a standing ultrasound wave field [32,33,33].
Specifically, the radiation force drives particles to the nodes of the stand-
ing ultrasound wave field. As such, UDSA overcomes the limitations of
electrical and magnetic control techniques because it does not require
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coupling with the external field, and thus works independent of the par-
ticle material. Furthermore, this process is scalable due to low attenua-
tion of the ultrasound wave field in low-viscosity fluids [32,33]. UDSA
has been applied to freeze casting using a cylindrical transducer dur-
ing the solidification step of freeze casting to create biomimetic rings
of varying porosity across the diameter of scaffolds in a process known
as ultrasound freeze casting (UFC) [6]. This work replicated, both in
structure and mechanical properties (i.e., hardness), periodic ring struc-
tures found in trees and sedimentary rock [6,34]. Inspired by such suc-
cesses, the present work focuses on developing a new application of UFC
for manufacturing periodic layered structures similar to those found in
other natural materials such as the dactyl club of the mantis shrimp,
which is a composite that is capable of withstanding repeated impacts
[13].

2. Materials and methods
2.1. Ultrasound freeze-casting fixture

Fig. 1a displays the setup for manufacturing UFC scaffolds, which
consisted of five essential components: a function generator, a 45 dB
radio frequency (RF) amplifier, a slurry reservoir, a piezoelectric ul-
trasound transducer, and a copper cold finger that is submerged in
a liquid nitrogen reservoir. The function generator (Siglent SDG1025,
Siglent Technologies, Solon, OH, USA) drives the ultrasound transducer
at user defined frequencies, amplified by the RF amplifier (440LA, ENI,
Rochester, NY, USA). The ultrasound transducer was positioned on top
of a 25 x 20 x 22 mm?3 (y X x X 2, as defined in Fig. 1) slurry reser-
voir such that it contacted the colloid slurry (Fig. 1b). The ultrasound
transducer operated as a piston source in the z-direction (see diagram in
Fig. 1c). The slurry reservoir rested on top of one end of a copper cold
finger, the other end of which extended into an insulated bath of lig-
uid nitrogen. A band heater operated by a PID controller ensured that
the temperature of the cold finger dropped at 10 °C/min to create a
controlled freeze front to solidify the colloid slurry under lamellar ice
growth conditions [6]. The ultrasound freeze casting fixture created for
this research contained two substantial differences with the fixture used
in previous research [6]; a single plate ultrasound transducer was used
and the freeze front acted as reflector, thus establishing a standing ul-
trasound wave, and the geometry of the transducer and the reservoir
used were rectangular.

2.2. Ultrasound transducer operating frequencies

UDSA has been performed between parallel plate ultrasound trans-
ducers with identical operating parameters to create a standing ultra-
sound wavefield between their parallel faces [32,35]. However, in this
work, a single ultrasound transducer was used. To establish a stand-
ing ultrasound wavefield using a single ultrasound transducer, resonant
frequencies of the freezing reservoir were calculated and employed as
the ultrasound transducer operating frequencies in this work. The ultra-
sound transducer operating frequencies were determined to establish a
standing ultrasound wave in the z-direction of the freezing reservoir (as
diagramed in Fig. 1c) as [36]:

12 n? 1/2
r=5(2)" ®
where fis the ultrasound operating frequency, v is the sound propagation
velocity in the colloidal slurry at room temperature, n is the number of
nodes of the standing ultrasound wave, and L, =16 mm is the height of
the slurry reservoir after compensating for amorphous ice growth during
the UFC process [28]. Using a pulse-echo measurement [37] the sound
propagation velocity in a colloidal slurry with 10 vol% TiO, was deter-
mined to be v = 1398 m/s. In this work, three piezoelectric ultrasound
transducers with operating frequencies of 0.699 MHz, 1.390 MHz, and
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Fig. 1. a) Schematic of the ultrasound freeze casting setup. The PID controller operates a band heater that ensures the temperature of the copper cold finger drops
at a rate of 10 °C/min. b) A detail view of the slurry reservoir. The piezoelectric transducer is beneath an acrylic backing and covers the colloid slurry. The scale bar

is 25 mm. c) A diagram of the ultrasound freeze casting process.

2.097 MHz were used. These ultrasound transducer operating frequen-
cies were selected because they were near the center frequency of com-
mercially available PZT plates that had the same cross-sectional area
and were near (+ 0.5 MHz) frequencies used in UDSA research [33, 35,
38] and previous UFC research [6]. The transducer operating frequen-
cies that were selected (0.699 MHz, 1.390 MHz, and 2.097 MHz) for this
work resulted in a specific number of nodes of the standing ultrasound
wavefield, n (predicted to be 8, 16, and 24 nodes). Control samples were
also produced with a 0 MHz operating frequency.

2.3. Scaffold fabrication

With the exception of the ultrasound operating frequency, all other
parameters of scaffold fabrication were kept constant, including the
colloid slurry composition, freezing rate, and sintering temperature.
Freeze-cast slurries were prepared by combining 10 vol% of TiO, parti-
cles (< 500 nm diameter, ACROS Organics, Pittsburgh, PA, USA), 1 wt%
each of polyethylene glycol (PEG) of 10,000 g/mol (Alfa Aesar, Ward
Hill, MA, USA) and polyvinyl alcohol (PVA) of 88,000 — 97,000 g/mol
(Alfa Aesar, Ward Hill, MA, USA) as polymeric binders, and 1 wt% Dar-
van 811 of 3500 g/mol (R.T. Vanderbilt Company, Inc., Norwalk, CT,
USA) as a dispersant. 1-Octanol (Sigma-Aldrich, St. Louis, MO, USA) was
also added at 0.22 vol% as an antifoaming agent. Ultrasound wavefields
show weak attenuation in low viscosity fluids [6,32,35]. The require-
ment of low viscosity limits slurry constituents such as solidification
agents, polymeric binders and the solid loading of the particles, which
would raise the slurry viscosity and increase the attenuation of the ultra-
sound wavefield. Increased wavefield attenuation would require an in-
crease in the field strength to align the particles [32]. In previous freeze
casting work, manipulating solidification agents and the solid loading
of particles has been demonstrated to affect the kinetics of ice growth,
affecting the wall thickness and pore size of freeze cast scaffold struc-
ture [17,20]. The constituents of the slurry as well as their respective
volume and weight percentages were selected to match previous freeze
casting and UFC experimentation to confine changes in the resulting
epoxy-ceramic composites to the UFC manufacturing process [6]. These
components were mixed with distilled water by ball milling for 16 h
with alumina grinding media. After the ball milling was complete, the
resultant colloid slurry was frozen in the UFC fixture. The ultrasound
transducer was placed onto the top of the slurry reservoir immediately

after the it was filled with the colloid slurry and the ultrasound trans-
ducer operated throughout the solidification step of UFC.

Seven identical colloid slurries of 60 mL were made, from which
one freeze-cast scaffold was frozen at each of the four ultrasound oper-
ating frequencies for a total of four freeze-cast scaffolds per slurry. In
addition, control freeze-cast scaffolds were manufactured without ultra-
sound wave field exposure (i.e., 0 MHz). The slurries were frozen at a
rate of 10 °C/min with the piezoelectric ultrasound transducer operat-
ing throughout the entire freezing step, with the exception of the control
scaffold that was manufactured without an operating ultrasound trans-
ducer. After the freezing step, each freeze-cast scaffold was placed in a
freeze drier (Labconco FreeZone 1, Labconco Corporation, Kansas City
MO, USA) for 48 h to sublimate the ice. Each freeze-cast scaffold was
then densified by sintering in an open-air furnace (Keith KSK-121,700,
Keith Company, Pico Rivera CA, USA) at 925 °C for 3 h with heating and
cooling rates of 2 °C/min. After sintering, each freeze-cast scaffold was
vacuum infiltrated for 25 min with a two-part potting epoxy (Buehler
EpoxiCure 2 resin, Lake Bluff, IL, USA) and allowed to cure for 24 h in
ambient air. This process resulted in a total of 28 epoxy-ceramic com-
posites, 7 fabricated with each ultrasound operating frequency: 0 MHz
(no ultrasound wave field), 0.699 MHz, 1.390 MHz, and 2.097 MHz.
Fig. 2 shows an isometric view of a typical scaffold, indicating a Carte-
sian coordinate system.

2.3.1. Characterization of scaffold microstructure

To qualitatively characterize the layered microstructure of the
epoxy-ceramic composites manufactured with UFC, three-dimensional
imaging using helical cone-beam micro X-ray computed tomography
(uXCT) was conducted. This provided evidence that the layered mi-
crostructure penetrated throughout the entire thickness of the epoxy-
ceramic composite materials. Samples of 3 mm in diameter and 5 mm
in height were removed from the center of each epoxy-ceramic compos-
ite. The pXCT imaging was performed at the Tyree X-ray facilities at the
University of New South Wales using a HeliScan™ pXCT. The system
has a Hamamatsu X-Ray tube with a diamond window, a high-quality
flatbed detector (3072 x 3072 pixel, 3.75 fps readout rate) and a helical
scanning system. The samples were scanned in a helical trajectory with
the following settings: 80 kV X-ray source, 93 pA target current, 0.43 s
exposure time, 4 accumulations, 2520 projections per revolution, and
1 mm Al filter. The voxel size obtained was 1.67 um. The tomographic
reconstruction was performed using QMango software developed by the
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Fig. 2. Isometric view of a typical ultrasound freeze cast epoxy-ceramic compos-
ite. The layered microstructure is discernable in the z-direction, with the alter-
nating layers extending in the x-y plane. The dashed arrow points out the layer
orientation along the x-direction. The freeze front traveled in the z-direction.
The scale bar is 10 mm.

Australian National University. Additional information on helical cone-
beam pXCT scanning and reconstruction methods may be found in [39].
Dragonfly 3D software by ORS, Inc. (Montreal, Quebec, Canada) was
used to visualize the reconstructed images.

To measure the porosity, periodic feature spacing, and feature length
of the layered microstructure, scanning electron microscopy (SEM) im-
ages from multiple epoxy-ceramic composites manufactured at the same
ultrasound operating frequency were used. A 7 x 7 x 7 mm?® section
removed from each epoxy-ceramic composite, parallel to its x-z plane
(see Fig. 3), was imaged using the backscatter detector of an SEM (FEIL
Quanta 600 FG, Hillsboro, Oregon, USA). From these images, three char-
acteristics of the epoxy-ceramic composite microstructure were deter-
mined; (1) the porosity, or percentage of the scaffold that was composed
of epoxy, (2) the periodic feature spacing between periodically alternat-
ing material layers, and (3) the feature length (Fig. 3c—e). To measure
the epoxy-ceramic composite porosity, the SEM images were converted
into binary images by thresholding in ImageJ software (National Insti-
tute of Health, Bethesda, MD, USA) such that pore areas (that were filled
with two-part epoxy) were white and TiO,, particles black (Fig. 3d). The
porosity of the adjacent “dense” and “lamellar” layers resulting from
UFC were measured separately, and were characterized by either a lack
of pore structure (dense) or a lamellar structure as is typically seen
in freeze-cast scaffolds during lamellar ice growth (Fig. 3c). From the
28 epoxy-ceramic composites manufactured, sections were taken from
20 and imaged in 3 randomly selected locations for a total of 60 im-
ages. From these images, 45 porosity measurements were collected for
each the dense and lamellar region, per ultrasound operating frequency
(i.e., 90 per epoxy-ceramic composite with a layered microstructure
and 45 per control). To validate the porosity data collected from the
SEM images, porosity measurements were also collected from the dense
and lamellar regions of the pXCT images. 15 measurements were col-
lected from random locations in both the dense and lamellar layers.
The periodic feature spacing and feature length were measured 75 times
per ultrasound operating frequency. Previous research has shown that
the pore structure of freeze cast scaffolds are susceptible to changes in
the thermal gradient that controls the freeze front velocity [17,40,41].
Changes in the thermal gradient and freeze front velocity have been
demonstrated to affect the lamellar wall thickness of freeze-cast struc-
tures, specifically lower freeze-front velocities lead to thicker lamellar
walls [17, 40, 41]. To mitigate the effects of changes in the thermal gra-
dient resulting from the ultrasound transducer operating above the tem-
perature of ambient air, a region of potentially affected material within
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5 mm of the top surface of each scaffold was not used for imaging or
mechanical testing.

2.3.2. Characterization of scaffold mechanical properties

To measure the hardness within the dense and lamellar regions of
each epoxy-ceramic composite, Vickers hardness testing was performed
on a cross section parallel to the x-z plane (see Fig. 2), of an epoxy-
ceramic composite manufactured with each ultrasound operating fre-
quency, 0 MHz, 0.699 MHz, 1.390 MHz, and 2.097 MHz using a mi-
croindenter (LECO M400, LECO Corporation, Saint Joseph, MI, USA). A
total of 60 hardness measurements were collected each from the dense
and lamellar regions, from an epoxy-ceramic composite manufactured
with each ultrasound operating frequency. The Vickers hardness value
was calculated as described in [42].

Three-point bend testing was performed following ASTM Standard
C1161-18 for flexural strength of advanced ceramics at ambient tem-
perature [43] to calculate the ultimate flexural strength (UFS) and un-
derstand the effect of UFC on the macroscopic flexural strength of the
epoxy-ceramic composites, using a Psylotech load frame (uTS, Psylotech
Incorporated Evanston, IL, USA) with a 220 N load cell at a bend-
ing rate of 0.2 mm/min. Three-point bend tests were performed on
21 x 3.5 x 2.5 mm? (x x y x 2, see Fig. 2 to interpret the coordinate di-
rections) beams extracted from the center of epoxy-ceramic composites.
10 beams were tested for each of the ultrasound operating frequencies,
0 MHz, 0.699 MHz, 1.390 MHz, and 2.097 MHz for a total of 40 tests.
The beam height encompassed 3 dense and lamellar layers for epoxy-
ceramic composites manufactured with the lowest ultrasound operat-
ing frequency (0.699 MHz) which possessed the largest periodic feature
spacing and therefore ensured all the beams tested would possess mul-
tiple periodic layers.

2.4. Statistical analysis

The porosity, periodic feature spacing, and feature length data ob-
tained from epoxy-ceramic composite materials manufactured with each
ultrasound operating frequency were compared via a one-way ANOVA.
Once a statistically significant difference was identified in the data set, a
Tukey’s HSD test was used to compare each subset of data to determine
which groups exhibited a statistically significant difference. All analysis
was performed in MATLAB with statistical significance determined by
a confidence level of 95%, i.e., a p value smaller than p = 0.05 indi-
cated a statistically significant difference. Statistical significance is indi-
cated graphically by non-matching letters in all figures. For the porosity
data, the dense and lamellar regions resulting from the UFC process
at each ultrasound operating frequency was compared to each other
(N = 45 measurements each for the dense and lamellar regions per ul-
trasound operating frequency), as well as to the porosity of the control
scaffold (N = 45 measurements from SEM images, N = 15 from uXCT).
A pairwise comparison between each of the ultrasound operating fre-
quencies was performed for the periodic feature spacing measurements
(N = 75 measurements per ultrasound operating frequency), as well as
the feature length measurements (N = 75 measurements per ultrasound
operating frequency). The mechanical testing data was compared in a
similar manner to the microstructure. A pairwise comparison was also
performed between the UFS data collected at each ultrasound operating
frequency (N = 10 measurements per ultrasound operating frequency)
and the Vickers Hardness data (N = 60 measurements each for the dense
and lamellar region, per ultrasound operating frequency).

3. Results and discussion
3.1. Scaffold microstructure
Fig. 4 displays an optical image of a typical control epoxy-ceramic

composite and an epoxy-ceramic composite material manufactured with
UFC using an ultrasound operating frequency of 1.390 MHz. Fig. 4 also



M. Mrog, J.L. Rosenberg and C. Acevedo et al.

Materialia 12 (2020) 100754

Feature length™ §

4 3 -y -
o I R i T A AR P

Fig. 3. SEM images of a control and UFC epoxy-ceramic composite cross-section. a) is a typical control scaffold and subsection b) displays an SEM image of the
pore structure. c¢) shows a x-y cross section of the lamellar region and d) is a x-y cross section image of the dense region. e) shows an SEM image of the layered
microstructure of a UFC scaffold in the x-z plane with the dense and lamellar regions labeled. f) displays a binarized image with isolated sections to demonstrate the
image processing and area that was used to measure porosity. g) provides an example of the location of the periodic feature spacing and feature length measurements.
The freezing direction is parallel to the z axis. Scale bars are a) 10 mm b)-g) 500 pm.

Optical

UXCT

shows pXCT and SEM images of epoxy-ceramic composites manufac-
tured with each of the four ultrasound operating frequencies. The uXCT
scans are presented in grayscale, where a lighter color indicates a denser
material (Fig. 4c-4f). While the lamellar region is similar to the structure
found in the control, the dense region is different. The contrast between
the dense and lamellar regions in the scaffolds indicates an increase in
the concentration of the TiO, phase in these areas, which is hypothe-
sized to occur due to an increased particle concentration in these regions
during freezing because of the radiation force that drives particles to the

Fig. 4. Images from three imaging techniques;
optical, pXCT, and SEM. a) a control epoxy-
ceramic composite with no features present and
a schematic of the location of the SEM image
b) a UFC epoxy-ceramic composite from an
ultrasound operating frequency of 1.390 MHz
and a schematic of the location of the SEM
image c)-f) Micro-CT images of epoxy-ceramic
composites with ultrasound operating fre-
quencies of 0 MHz, 0.699 MHz, 1.390 MHz,
2.097 MHz, respectively g)-j) SEM images of
epoxy-ceramic composites with ultrasound
operating frequencies of 0 MHz, 0.699 MHz,
1.390 MHz, 2.097 MHz, respectively. Scale bars
are 10 mm and 500 um for the optical and SEM
images in a) and b), respectively. Scale bars are
200 pm for ¢)-f), and 100 um for q)-j).

nodes of the standing ultrasound wave field [38]. The pXCT images pro-
vide qualitative evidence of the three-dimensional nature of the periodic
layered microstructure present in UFC epoxy-ceramic composites. These
images also provide qualitative evidence of the ability of UFC to create
epoxy-ceramic composites with a microstructure characterized by lay-
ered changes in concentration of constituents. The results of the SEM
image processing provide quantitative data on the relationship between
ultrasound operating frequency, periodic feature spacing and the feature
length.
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Fig. 5. Plots displaying a) the periodic feature spacing of UFC epoxy-ceramic composites and b) the distribution of the collected measurements. In a) data is
presented as the mean with error bars representing + one standard deviation of N = 25 measurements. Statistically significant differences (i.e. p<0.05) between
length measurements are denoted by non-matching letters. In b) each marker represents an individual measurement.

Fig. 5a displays the periodic feature spacing from the SEM images
as a function of the ultrasound operating frequency, to illustrate the
effect of the ultrasound operating frequency on the spacing between ad-
jacent dense and lamellar layers. A scatter plot of these measurements is
displayed in Fig. 5b. As the ultrasound operating frequency increased,
the periodic feature spacing between repeating layers decreased by a
statistically significant amount (p<10~%). From this decrease in peri-
odic feature spacing, it is clear that the separation of repeating layers
in the epoxy-ceramic composite microstructure was a function of the
ultrasound operating frequency, as was expected based on UDSA the-
ory [32,38] and previous UFC work [6]. This result is indicative of the
ability of UFC to overcome the limitations of previous attempts at cre-
ating a layered microstructure in freeze cast epoxy-ceramic composites
because the periodic feature spacing is much larger than the pore or par-
ticle length [3,4]. The periodic feature spacing and the feature length
are determined by the location of the nodes of acoustic pressure and are
determined by the operating parameters of the ultrasound transducer
[6,32,35]. While it is predicted the periodic feature spacing and fea-
ture length are independent of freezing rate, testing this hypothesis was
outside the scope of this research.

The feature length of the dense and lamellar features as a function
of the ultrasound operating frequency is illustrated in Fig. 6a and a scat-
ter plot of these measurements is presented in Fig. 6b. As was observed
in the periodic feature spacing, the length of both regions displayed a
decreasing trend as ultrasound operating frequency increased. The de-
crease in the length of lamellar regions was more significant than the
decrease observed in the dense regions, and the length of the lamellar
regions produced at each ultrasound operating frequency varied from
one another by a statistically significant amount (p<10~4). The dense re-
gion length produced at 2.097 MHz varied by a statistically significantly
amount from the dense regions produced at 0.699 MHz (p = 0.0119),
but not the dense regions produced at 1.39 MHz (p = 0.1095). In UDSA
of particles in a fluid medium it is assumed that, given adequate time,
the particles are driven directly to the nodes of acoustic pressure with
none left in the space between nodes [38]. As a consequence of this as-
sumption, for a constant quantity of particles, the wavelength of the ul-
trasound operating frequency should only affect the spacing of the nodes
of acoustic pressure (and therefore concentrated particles) and not their
size. However, the change in length observed between the dense regions
produced at 0.699 and 2.097 MHz suggests that the wavelength of the
ultrasound wavefield impacts the concentration of the ceramic phase

at the nodes of acoustic pressure. At smaller wavelengths, suspended
particles are driven into a smaller region resulting in a smaller dense
region in the epoxy-ceramic composite. It is surmised that this is due
to the intermolecular forces present in colloid suspensions that are ab-
sent in UDSA theory, which inhibits particles from being redistributed
across larger distances. Particles in colloidal suspensions are suspended
by electrostatic forces that overcome attractive Van der Waals forces
driving particles towards agglomeration. These forces are on the puN
scale (~10-400 puN), and spherical particles < 500 nm in diameter (i.e.
the size of the TiO, particles used in this research) result in interparticle
pressures on the order of 1 GPa [44-46]. However, these forces decay
to zero rapidly with interparticle distance and only reach this magni-
tude when interparticle spacing decreases to less than ~30 nm [46]. In
previous UDSA work, the pressure resulting from ultrasound wavefields
generated in fluids by piezoelectric transducers operating at similar fre-
quencies was measured to be between 50-60 kPa [47]. For particles
separated by even small distances (i.e. greater than 30 nm) the acoustic
pressure in the fluid at the nodes of acoustic pressure is adequate to over-
come dispersion forces. The pressure exerted by the acoustic radiation
force on a spherical particle suspended in a fluid has also been demon-
strated to highly depend on frequency (i.e. at particular frequencies the
acoustic pressure is higher) [48-51]. The frequency-pressure relation-
ships are highly dependent upon properties of the spherical particle and
are not linear [48,49]. Based on the size and porosity of the dense re-
gions at the highest transducer operating frequency it is hypothesized
this operating frequency results in a larger acoustic radiation force on
TiO, particles. However, experimental research into the effect of fre-
quency on the accuracy of the UDSA process does not yet exist in the
literature [35]. Evidence that higher transducer operating frequencies
lead to a higher concentration of particles at the nodes of acoustic pres-
sure can also be found in Fig. 5b and Fig. 6b where measurements of
periodic feature spacing and feature length are less scattered around the
mean value at higher frequencies.

The results of the porosity measurements as a function of the ul-
trasound operating frequency are shown in Fig. 7. The porosity was
calculated as the percentage of the imaged area that was composed of
epoxy. The two layered regions visible in UFC epoxy-ceramic compos-
ites were quantitatively distinguished by their porosity, with the dense
regions (red diamonds) displaying lower porosities than the lamellar
regions (black stars). The control epoxy-ceramic composite (blue rect-
angle) showed no distinct regions. There were statistically significant
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Fig. 7. Plot displaying the porosity of UFC epoxy-ceramic composites. The red
diamonds indicate measurements taken in the dense scaffold regions, the black
stars represent measurements of the lamellar regions, and the blue square rep-
resents the control. Data is presented as the mean with error bars representing
+ one standard deviation. Each point represents N = 45 measurements and sta-
tistically significant differences (i.e. p<0.05) are represented by non-matching
letters.

differences (p < 1079) in porosity between the control and the dense re-
gions of epoxy-ceramic composites frozen at all three ultrasound operat-
ing frequencies. The dense regions also displayed statistically significant
differences from the lamellar regions (p<10~°) produced at the same
ultrasound transducer operating frequency. The porosity measurements
collected from the pXCT images did not show a statistically significant
difference from the porosity measurements collected from the SEM im-
ages (p>0.05). The changes in the local porosity did not result in statis-
tically significant (p>0.05) changes in the density of the epoxy-ceramic
composite materials on macroscale. The mean + one standard devia-
tion of the macroscale density was 1.506 x 103 + 0.0622 x 103 kg/m3,
1.434 x 10% + 0.0535 x 10% kg/m?3, 1.497 x 10% + 0.0165 x 10% kg/m?,

and 1.483 x 103 + 0.077 x 103 kg/m3 for epoxy-ceramic composites
produced at 0, 0.699, 1.390, and 2.097 MHz, respectively. The UFC
epoxy-ceramic composites displayed layered structures that were dis-
tinguishable by differences in the concentration of the ceramic and
epoxy phases, rather than regions of differing ceramic phase [3]. None
of the lamellar regions displayed statistically significant differences
(Pavg = 0.7982) from the control epoxy-ceramic composite. This sug-
gests the lamellar regions of each epoxy-ceramic composite represented
areas in which the freeze-cast structure exhibited no measurable change
in pore structure due to the applied ultrasound wavefield. As discussed
earlier, it is hypothesized that these regions remained unaffected by the
ultrasound wavefield because the intermolecular forces responsible for
particle dispersion in the colloidal slurry [44] were greater than the
acoustic radiation force in those regions. This trend matches previous
UFC results in which the porous regions of biomimetic rings created with
UFC did not demonstrate statistically significant differences in porosity
from a control scaffold [6]. The porosity of freeze cast scaffolds is in-
fluenced by the kinetics of ice growth [17] and it is understood that
changes in particle concentration can affect ice growth and the result-
ing pore structure (e.g. increase lamellar wall thickness) [17, 41]. How-
ever, the lack of pore structure found in the dense regions is unique
from structures observed in previous research utilizing particle concen-
tration to create changes in the freeze-cast scaffold structure [17,18,40].
The application of ultrasound during freezing is also understood to in-
duce nucleation of ice crystals at lower degrees of supercooling and en-
hance convective heat transfer in the fluid [52,53]. The combined effects
of induced nucleation and increased convective heat transfer in freeze
casting has the potential to increase the velocity of the freeze front, de-
creasing pore wall thickness [17,54]. The porosity of the dense regions
produced at 0.699 MHz and 2.097 MHz varied by a statistically signifi-
cant amount (p = 0.0335). The decrease in porosity indicates a greater
concentration of the ceramic phase in the dense regions as the ultra-
sound operating frequency increased. Pairing this decrease in porosity
with the observation of a similar, decreasing trend in the length of the
dense regions produced at these two ultrasound operating frequencies
suggested that as ultrasound operating frequency increased, particles
were driven to smaller, more concentrated nodes.

From the characterization of the periodic feature spacing, feature
length, and porosity at four ultrasound operating frequencies, 0 MHz,
0.699 MHz, 1.390 MHz, and 2.097 MHz, three key insights were ap-
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Fig. 8. Plot displaying Vickers Hardness of the two regions within the UFC
epoxy-ceramic composites. The lamellar regions are denoted by black stars, the
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the control. Data is presented as the mean with error bars representing + one
standard deviation of N = 75 measurements. Statistically significant differences
(i.e. p<0.05) are represented by non-matching letters.

parent. The periodic feature spacing, and therefore the feature concen-
tration (i.e. the number of features in a given cross sectional area),
was inversely related to the ultrasound operating frequency. The fre-
quency and number of nodes of acoustic pressure were directly related
to one another, but inversely proportional to the wavelength of the re-
sulting ultrasound wavefield [35] that drives the periodic feature spac-
ing. At higher ultrasound transducer operating frequencies, there are
more nodes of acoustic pressure separated by a shorter distance. The
ultrasound operating frequency affected the location of the dense and
lamellar regions as well as their scale. At higher ultrasound operating
frequencies, ceramic particles were driven to smaller areas, and they
were more concentrated in these regions. From the changes measured
in the epoxy-ceramic composite microstructure and their similarity to
layered structures found in natural materials, it would be intuitive that
UFC epoxy-ceramic composite properties on the macroscale would be
affected.

3.2. Scaffold mechanical properties

The collected Vickers hardness measurements as a function of the
ultrasound operating frequency are presented in Fig. 8. The dense and
lamellar regions are denoted by red diamonds and black stars, respec-
tively. The hardness of the control is marked by a blue square. The
dense regions resulting from all three ultrasound operating frequen-
cies were significantly harder than a control epoxy-ceramic composite
(p < 107°). The dense regions displayed higher hardness values than
the lamellar regions, as was expected based on the difference in poros-
ity discussed earlier, and previous UFC research [6]. When the hard-
ness values were compared between regions resulting from the same ul-
trasound operating frequency, epoxy-ceramic composites manufactured
at 0.699 MHz showed no statistically significant difference in hardness
(p = 0.2417), though the dense regions did have a higher mean value.
The dense and lamellar regions of epoxy-ceramic composites manufac-
tured at 1.390 MHz (p = 1.68 x 10~7) and 2.097 (p = 6.13 x 10~8) MHz
did show statistically significant differences in hardness.

The hardness measurements provided another quantitative metric of
the differences between regions in the epoxy-ceramic composite’s lay-
ered microstructure. It is noteworthy that the hardness data shared a
common trend with the porosity data described earlier. As the ultra-
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Fig. 9. Flexural strength of UFC epoxy-ceramic composites under 3-point bend-
ing. The UFC epoxy-ceramic composites are represented by the black star mark-
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sound operating frequency increased, the p-value of statistical analysis
examining the differences between the dense and lamellar regions de-
creased in both cases, i.e., the difference in properties measured in dif-
ferent regions was larger at higher ultrasound operating frequencies.
In the hardness measurements, this decrease in p-value is attributed
to the decrease in hardness of the lamellar regions. The lamellar re-
gions produced at 0.699 MHz vary significantly from those produced
at 1.390 MHz and 2.097 MHz (p<10‘4), where the mean hardness
value of the lamellar regions produced at the higher frequencies was
lower. When comparing the lamellar regions of epoxy-ceramic com-
posites manufactured at 1.390 MHz and 2.097 MHz, there was no sta-
tistically significant difference. As the ultrasound operating frequency
increased the lamellar regions exhibited less ceramic phase, and their
hardness value decreased. This led to a greater difference in local proper-
ties of UFC epoxy-ceramic composites resulting from higher ultrasound
operating frequencies. The hardness of the lamellar regions of epoxy-
ceramic composites produced at 1.390 MHz and 2.097 MHz was lower
than that of the control by a statistically significant difference. This is
noteworthy due to the lack of change in porosity observed between the
control and the lamellar regions of the epoxy-ceramic composite materi-
als. However, the wall thickness of the ceramic phase has been demon-
strated to decrease without affecting the scaffold porosity [17,54]. It
is hypothesized that this decrease in wall thickness leads to the mea-
sured reduction in microscale hardness of the lamellar regions while
the porosity remained unaffected.

The macroscopic ultimate flexural strength (UFS) of the UFC epoxy-
ceramic composites as a function of the ultrasound operating frequency
is presented in Fig. 9. UFC epoxy-ceramic composites are denoted by
black stars and the control is represented by a blue rectangle. Epoxy-
ceramic composites fabricated at 0.699 MHz showed no statistically sig-
nificant difference in strength when compared to a control. It is impor-
tant to note that the p-value associated with the comparison between
these two sets of scaffolds was p = 0.0634. Therefore, for a confidence
level even slightly lower than 95%, the difference would be signifi-
cant. Epoxy-ceramic composites fabricated at 1.390, and 2.097 MHz
did show statistically significant differences from the control with p-
values of 0.0418 and 1.9518 x 10~%, respectively. When compared to
the control, the UFC epoxy-ceramic composites displayed an increase in
mean UFS of 22%, 30%, and 52% for ultrasound operating frequencies
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of 0.699 MHz, 1.390 MHz, and 2.097 MHz, respectively. The increase
in macroscale UFS as the ultrasound operating frequency increased was
attributed to anisotropic material properties present on the microscale.
Based on the differences in local composition, structure, and hardness,
it readily follows that the material properties in the dense and lamellar
regions, such as stiffness, would be different. It is understood that the
strength of layered natural materials relative to their constituents is the
result of anisotropic properties on the microscale which prevent crack
propagation [4,13,14,19].

The collected data characterizing the microstructure and material
properties of UFC epoxy-ceramic composites lead to three main in-
sights regarding the UFC process. The first insight was that the appli-
cation of an ultrasound wavefield antiparallel to the direction of freez-
ing (z-direction) during freeze casting created a layered microstructure
throughout the bulk of epoxy-ceramic composites. The dense and lamel-
lar regions of this microstructure could be quantitatively distinguished
on the microscale by porosity and hardness. This layered microstructure
mimicked layered structures found in natural materials whose layers are
also distinguishable by composition and structure. The second valuable
insight was the measured changes in periodic feature spacing and poros-
ity, which made it clear that the location and properties of the layered
microstructure was dictated by the ultrasound operating frequency. The
third important fact was that the presence of this layered microstruc-
ture on the microscale increased the UFS of UFC on the macroscale and
that the UFS increased inversely with periodic feature spacing. These
results proved that the periodic layered structuring produced by UFC
not only qualitatively mimic structures found in nature but also cap-
tures their properties producing epoxy-ceramic composites that are up
to 52% stronger in flexure.

4. Conclusion

The process of UFC has been demonstrated to affect the structure
of epoxy-ceramic composites on the microscale as well as the material
properties on the macroscale in the following ways:

» UFC produced a layered microstructure that was composed of dense
and lamellar regions distinguishable by their porosity. The dense re-
gions represented the nodes where ceramic particle were driven by
the applied ultrasound wavefield. The porosity of the dense regions
decreased as the ultrasound operating frequency increased indicat-
ing a decrease in node size at higher manufacturing frequencies. A
maximum decrease in porosity of 33% when compared to a control
resulted from an ultrasound operating frequency of 2.097 MHz.
The regions of the layered microstructure, dense and lamellar, were
also distinguishable by Vickers hardness. A maximum increase in
hardness between the dense and lamellar regions of 18% was ob-
served from an ultrasound operating frequency of 2.097 MHz. The
hardness measurements of the two distinct regions of UFC epoxy-
ceramic composites showed a greater variance as the ultrasound
operating frequency was increased. This greater variance in local
hardness is attributed to the sparser lamellar regions resulting from
higher ultrasound operating frequencies. This is supported by the
porosity measurements, which indicated greater particle concentra-
tions in the dense regions resulting from higher ultrasound operating
frequencies. It is hypothesized that this change in the ceramic phase
concentration in the lamellar regions was due to a decrease in the
path length from an antinode to a node of acoustic pressure, i.e., the
more concentrated nodes at higher ultrasound operating frequency
decreased the distance a particle traveled to a node reducing its sus-
ceptibility to other intermolecular forces.

UFC epoxy-ceramic composites possessed a higher flexural strength
than a control. A maximum increase in flexural strength of 52%
was observed when the strength of UFC epoxy-ceramic composites
manufactured at 2.097 MHz was compared to a control. The flexu-
ral strength increased with ultrasound operating frequency and thus
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decreasing feature spacing, an observation that was attributed to a
greater change in local material properties and composition, as ev-
idenced by hardness and porosity measurements. This phenomenon
is also observed in the anisotropic material properties found in nat-
ural materials.
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