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ABSTRACT

The anisotropic mechanical properties of ultrasound freeze cast epoxy-ceramic composite materials were studied
by measuring flexural strength and fracture resistance curves (R-curves) using both unnotched and notched
three-point beam bending experiments, respectively, cut in three different orientations relative to the directional
freezing axis. Three ultrasound frequencies of 0.699, 1.39 and 2.097 MHz were used in order to introduce
different length scales into the microstructure, with 0 MHz used as the control samples. For all cases, the
composites showed higher strength and fracture resistance when the crack plane cut across the direction of ice
growth (denoted as the YX orientation). The anisotropic properties were more evident for the material produced
without ultrasound (0 MHz) where the flexural strength was approximately 160% higher for the YX orientation
compared to two orthogonal orientations. Most of the fracture resistance increase was found to occur within a
crack extension, Aa, of ~0.5 mm. Comparing the fracture resistance at Aa = 0.5 mm for the highly anisotropic 0
MHz samples showed that the YX orientation was approximately 86% tougher than the two orthogonal orien-
tations. When the ultrasound operation frequencies of 0.699, 1.39 and 2.097 MHz were applied, the amount of
anisotropy in the strength and fracture resistance gradually decreased as the operating frequency increased. The
high strength and fracture resistance for the YX orientation was attributed to the alignment of the ceramic
particles along the freeze front direction creating a barrier for crack propagation. Ultrasound modifies the ma-
terial microstructure, introducing relatively dense ceramic layers perpendicular to the freezing front direction
that act as an additional, orthogonal barrier to crack propagation. The addition of the denser layers acts to
improve the mechanical properties in the weaker orientations and reduce the overall anisotropy.

1. Introduction

allowing for the dendritic growth of ice crystals to segregate and tem-
plate the solid particles, (3) the frozen slurry is sublimated to remove the

The freeze-casting fabrication process has been extensively studied
over the past 20 years for its ability to fabricate tailored, porous ceramic
materials and composites with hierarchical microstructures. These novel
materials have a variety of potential applications such as biomedical
implants [1-3], energy materials [4-6], and impact resistant porous
ceramics [7-9]. The porous structure of the freeze-cast ceramic is critical
for each of these applications; however, due to their brittle nature and
high porosity, their low fracture resistance is often a limiting factor for
practical applications.

The freeze-casting process consists of four steps [10-15]: (1) a
colloidal slurry is mixed containing solid loading particles (e.g., ceramic
particles) and a freezing agent (e.g., liquid water), along with polymeric
binders and dispersants, (2) the colloidal slurry is directionally frozen,

frozen freezing agent without altering the templated structure of the
solid particles, thus creating a green body, and (4) the green body is
densified (e.g., sintered) to form a final, solid freeze-cast material where
the resultant porosity is the negative of the ice dendrites. In addition,
many reports on freeze casting include a fifth, post-processing step
where the freeze-cast samples are infiltrated with a second polymeric
[16-18] or metallic phase [19-22] to produce a composite material.
Given that the critical fabrication step (step (2) above) in freeze
casting occurs while the solid loading particles are unconstrained and
suspended in a liquid medium, a number of techniques that employ
external energized fields have been reported to provide additional
control over the structure and properties of the resultant freeze-cast
materials. These include the application of electric [23,24], magnetic
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[7,25-271, and ultrasonic [28,29] fields. These techniques allow for
user-tailored microstructures to be produced within the final freeze-cast
materials. Of particular interest in terms of the fracture toughness is
ultrasound freeze casting, which has recently been shown to create a
layered structure that shows a density variation orthogonal to the
freezing direction and was shown to raise the flexural strength by ~50%
for fracture across the layers [28].

Many biological materials such as dentin, bone, abalone shells, and
eggshells show variations in their fracture resistance based on their
highly directional microstructural features [30-33]. For example,
eggshell is composed of calcite crystals organized in a columnar struc-
ture oriented from the interior to exterior of the shell. These calcite
crystals result in toughness that is significantly higher when the crack
propagates across the calcite crystals as compared to when crack prop-
agation occurs parallel to the calcite crystals, which causes the calcite
crystals to separate [31].

Given that the microstructural anisotropy of freeze-cast materials is
often developed to mimic biological materials [11,25], it is logical to
find similar anisotropy in their mechanical properties. The natural
microstructural alignment of freeze-cast materials along the freezing
direction often causes high mechanical strength in a single loading
orientation, with much lower strengths in the two orthogonal loading
directions [34]. While this strength anisotropy effect is well known for
freeze-cast materials, the strength of brittle ceramics is actually gov-
erned by the fracture resistance which is best described by fracture
resistance curves (R-curves) [35]. In this regard, the R-curve behavior of
freeze cast materials has generally only been reported for loading di-
rection perpendicular to the microstructural alignment along the
freezing direction [21,36-39], which would naturally be the toughest.
Furthermore, strong mechanical anisotropy creates many challenges for
engineering design, i.e., one must ensure that the applied loading always
occurs as designed or else unexpected failure might occur in a weak
orientation. To mitigate strong anisotropy, ultrasound freeze casting has
been demonstrated to impart microstructural organization into
freeze-case materials oriented orthogonal to the freezing direction [28,
29], thus providing a potential pathway to a more isotropic material
response.

Accordingly, the object of this work is to provide a first study of the
strength and fracture resistance (i.e., R-curve) anisotropy for ultrasound
freeze-cast materials produced with various ultrasound frequencies. It is
hypothesized that ultrasound freeze casting will improve the mechanical
properties of the weaker orientations, resulting in a more isotropic
mechanical response compared to a similar material produced by con-
ventional freeze casting with no ultrasonic field.

2. Materials and methods
2.1. Freeze-casting sample preparation

The ultrasound freeze-casting process used in the present study was
previously developed by Mroz et al. [28]. Freeze-cast slurries were
prepared by combining 10 vol% TiO, (particle size <500 nm, ACROS
Organics, Pittsburgh, PA, USA) with 1 wt.% Darvan 811 as a dispersant
(R.T. Vanderbilt Company Inc., Norwalk, CT, USA), 0.22 vol% 1-Octanol
as an antifoaming agent (Sigma-Aldrich, St. Louis, MO, USA), and 1 wt.
% polyethylene glycol (PEG, MW = 10,000 g/mol, Alfa Aesar, Ward Hill,
MA, USA) and 1 wt.% polyvinyl alcohol (PVA, MW = 88,000-97,000
g/mol, Alfa Aesar, Ward Hill, MA, USA) as binders. Titanium oxide
(TiOy) particles were used in the present investigation due to their good
biocompatibility, non-toxicity, and corrosion resistance properties that
make them attractive for potential biomaterials applications. These
components were mixed with distilled water and ball milled for 16 h.
Directly after ball milling, the freeze-cast slurries were poured into a
custom ultrasound freeze casting fabrication setup, as described in our
previous work [28]. Freeze-cast slurries were frozen at a rate of
10 °C/min while applying ultrasound waves. Commercial piezoelectric
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plates with center frequencies of 0.710 MHz, 1.5 MHz, and 2.0 MHz
were operated at ultrasound operating frequencies of 0 MHz (no applied
ultrasound), 0.699 MHz, 1.390 MHz, and 2.097 MHz, respectively. Note
that these operating frequencies were chosen to match previous results
and allow for comparisons [28]. The ultrasound transducer was placed
on top of the slurry reservoir and the ultrasound was applied throughout
the entire freezing process. The direction of the ultrasound wavefield
propagation was opposite to the ice crystal growth direction (Fig. 1).
After completely freezing, the frozen specimens were sublimated in a
freeze drier (Labconco FreeZone 1, Labconco Corporation, Kansas City,
MO, USA) for 48 h to fully remove the ice, then they were sintered 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, the scaffolds were vacuum infiltrated at a pressure of 5 Pa with
a two-part epoxy (EpoxiCure 2 resin, Buehler, Lake Bluff, IL, USA) and
allowed to cure for 24 h at room temperature (20 °C). The resultant
freeze-cast samples were TiO,-epoxy composites that were 22 x 16 x 22
mm?®. In total, 24 freeze-cast samples were fabricated, six each at 0 MHz,
0.699 MHz, 1.390 MHz, and 2.097 MHz.

2.2. Flexural strength

Unnotched beams nominally 22 x 3.5 x 2.5 mm® were cut for
flexural strength testing using a low-speed diamond saw (Minitom,
Struers, Denmark) with their length dimension either parallel (in each of
the two orthogonal directions) or perpendicular to the freezing direc-
tion. See Fig. 1 for details of the three sample orientations compared in
this study. For the XY oriented samples, fracture of the specimens pro-
gressed in a direction parallel to the freeze front while for the XZ and YX
oriented samples fracture of the specimens cut across the freeze front as
visualized by the notches shown in Fig. 1. Since flexural strength data for
the XY orientation was previously reported in Ref. [28], only the YX and
XZ orientations were tested for strength in the present study using
similar test conditions. The surfaces of the specimens were wet ground
with P1200, P2400 and P4000 grit silicon carbide paper. The samples (n
= 10) were tested in a three-point bending setup using a Deben
MICROTEST 2 kN bending stage (Deben UK Ltd, London, UK) with a
loading span of L = 20 mm, roller diameter of 2 mm, a 150 N capacity
calibrated load cell, and a crosshead speed of 0.2 mm/min. Flexural
strength, FS, was calculated according to Ref. [40]:

3PL

FS=
2BW?

@

where P was the applied load at fracture. The sample thickness, B, and
the sample width, W, were nominally 3.5 mm and 2.5 mm, respectively.

2.3. R-curve measurements

To determine R-curves, fracture resistance, Kg, was measured as a
function of crack extension, Aa, using single edge V-notch beam
(SEVNB) specimens (width, W ~ 4 mm; thickness, B =~ 2 mm) that were
cut from the ultrasound freeze cast epoxy-ceramic composite blocks. The
beams were cut in the same orientations as described in section 2.2 and
as shown in Fig. 1. The notches were made such that for the XY orien-
tation the crack propagated parallel to the freeze front, and for the XZ
and YX orientations the cracks propagated across the freeze front
(Fig. 1). Each specimen was razor micronotched using a custom-built rig
to slide a razor blade back-and-forth across the samples while being
irrigated with a 1 pm diamond suspension (DP-Paste M, Struers,
Denmark) and lanolin lubricant to produce a sharp V-notch with an
average length of 465 + 97 pm. The surfaces of the specimens were wet
ground with P1200, P2400 and P4000 grit silicon carbide paper to allow
for observations of the cracking process.

The R-curves were measured under a digital optical microscope
(AxioZoom.V16, Zeiss, Germany) using a Deben MICROTEST 2 kN
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Fig. 1. a) Different sample orientations XY, XZ, and YX are shown along with the coordinate system, the direction of the freeze front (upward dashed arrows, y-
direction) and the propagation direction of the ultrasound wavefield (downward triangles). The sample naming convention is: First letter: crack plane orientation,
which is the coordinate axis direction perpendicular to the crack plane; and Second letter: the crack propagation direction. Comparison schematics and SEM images of
the epoxy-ceramic composite microstructures b), ¢) without (0 MHz) and d), e) with an ultrasound operating frequency. e) shows the alternating dense and lamellar
layers that formed due to an ultrasound operating frequency of 1.39 MHz. The spacing between adjacent dense and lamellar layers decreases with increasing ul-

trasound operating frequency as described in detail in Ref. [28].

bending stage (Deben UK Ltd, London, UK). For most tests a 20 mm
loading span was used. However, due to a shorter initial block length for
the 0.699 MHz samples in the Y-direction, a shorter loading span of 16
mm was used for the YX oriented samples. Three samples (n = 3) were
tested for each combination of ultrasound frequency and samples
orientation. The optical microscope was used to ensure that the spec-
imen was well aligned in the bending fixture and to monitor the crack
propagation during testing. Samples were gradually loaded using
displacement control until the onset of sub-critical cracking was
observed in the microscope. The samples were unloaded by about
15-20% of the maximum load and then were reloaded until subsequent

Kz = K+ Ci(1 = (1+ CVéa )exp[—Cyv/da]) + C5(1 — (1+ Cov/oa)exp[ — Civ/éa])

crack extension and this process was repeated to measure fracture
resistance as a function of crack extension. Real-time images were
recorded at a magnification of 100x. Multiple images were stitched
together using Adobe Photoshop 2020 and the crack lengths, a, were
calculated from the stitched images. The fracture resistance, Kg, at each
new crack length was calculated according to the stress intensity factor
equation for the SEVNB sample geometry:
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where P is the load required to achieve a given crack length, a, while L is
the length of the support span, and B and W are the specimen thickness
and width, respectively.

The R-curve data was fit according to Ref. [41]:

(2

3)

In Eq. (3), Ko is the initiation toughness of the R-curve which should be
representative of the intrinsic toughness of the material in the absence of
extrinsic toughening by crack deflection and bridging; thus, it should be
approximately identical for all cases. Kjp was deduced to be ~0.35
MPa\/m based on extrapolating the conventionally freeze cast (0 MHz)
sample data back to zero crack extension. Finally, the “best fit” set of
coefficients (C) were calculated using the method of least squares to fit
the data up to ~2 mm of crack extension.
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Fig. 2. a) Mean flexural strength and b) toughness values at Aa = 0.5 mm taken from the R-curve fit lines shown in Fig. 3. The flexural strength data plotted for the
XY orientation are reproduced from Ref. [28] while the flexural strength data for the XZ and YX orientations were obtained in the present study using similar testing
conditions. In a) data in the box is presented as 25-75% with a median line. The whiskers represent the 5 to 95 percentile range. Identical letters in a) indicate no
statistically significant flexural strength difference (p > 0.05) between the groups. For details of the sample orientations refer to Fig. 1.

2.4. Statistical analyses

A two-way analysis of variance (ANOVA) was performed on the
flexural strength data to determine if sample orientation (XZ, YZ, ZX)
and ultrasound frequency (0, 0.699, 1.39 and 2.097 MHz) had a statis-
tically significant effect on the values using the software package Min-
itab (Minitab, LLC., State College, PA, USA). Pairwise comparisons were
made using Tukey’s post-hoc test and in all cases p < 0.05 was consid-
ered statistically significant.

3. Results

The mean flexural strength results are presented in Fig. 2a. The two-
way ANOVA showed a statistically significant effect (p < 0.001) of both
ultrasound and sample orientation on the mean flexural strength. Pair-
wise statistical tests revealed that the YX oriented samples generally had
higher strength compared with the XY and XZ orientations and also that
samples without any applied ultrasound (0 MHz) tested in the YX
orientation were significantly stronger than those with applied ultra-
sound. However, for samples tested in the XY and XZ directions the ef-
fect of ultrasound on flexural strength was opposite to the YX orientation

Fig. 3. Resistance-curves, Kz (Aa), measured from three samples for each combination of ultrasound frequency (0, 0.699, 1.39 and 2.097 MHz) and sample
orientation (XY, XZ and YX). The fit lines were created by fitting the data points for all three samples together to Eq. (3). For details of the sample orientations refer

to Fig. 1.
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and a statistically significant (p < 0.001) strengthening effect was
observed for the 2.097 MHz XY oriented samples compared to the same
orientation without applied ultrasound.

The R-curves giving the stress intensity required to extend the crack,
Kg, as a function of crack extension, Aa are shown in Fig. 3. Overall, the
R-curves for all sample types rose most significantly at short crack
lengths over ~0.5 mm, after which they began to plateau or rise more
slowly. Although Fig. 3 shows several different shapes to the R-curves, a
consistent feature was that most of the toughening occured during the
first 0.5 mm of crack extension. Thus, to make fair comparisons across
different shaped R-curves, we chose to compare the toughness values
obtained from the R-curve fit lines at 0.5 mm crack extension in Fig. 2b.
In all cases, the YX orientation showed higher toughness values
compared with the XY and XZ orientations. The fracture resistance at
0.5 mm crack length for the 0 MHz was 86% higher in the YX compared
to the XZ and XY orientations. This toughness difference between ori-
entations reduced with higher ultrasound operating frequencies. The
toughness in the YX orientation was 41% and 22% higher than the XZ
and XY for 0699 MHz and 2.097 MHz, respectively.

Fig. 4 shows the crack propagation process during the R-curve
measurement of the epoxy ceramic composite structure. For the XY
orientation (Fig. 4a) the fracture process occurred in the same direction
to the freeze front (dashed arrow in Fig. 1). The crack propagates par-
allel and between the ceramic columns formed in the Y-direction. In
contrast, crack kinking along the ceramic column boundaries can be
observed during the fracture process in the XZ direction (Fig. 4b). The
highest toughness was observed for the YX direction (Fig. 4c) in which
the crack propagated across the ceramic columns created by the ice
growth during the fracture process. A more detailed microstructure
analysis of the porosity, periodic feature spacing, and feature length of
the layered lamellar and dense microstructure has been previously
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reported in Ref. [28]. To aid the further discussion, we note here that the
relatively dense layers contain approximately 20% less porosity
compared to the lamellar layers, i.e., ~45% versus ~65% porosity [28].

4. Discussion

One way to quantify the mechanical anisotropy of a material is by the
ratio of the mechanical properties for the various orientations. For the
present work, the freeze-cast composites exhibit similar strength and
fracture toughness values for the two orientations, XY & XZ, where the
fracture plane is parallel to the freeze front. Thus, one measure of
anisotropy would be the ratio of the YX orientation property to the
average of the other two “weak” orientations:

2YX

(XY +X2) “)

Anisotropy Ratio=AR =

In the absence of ultrasound (0 MHz), AR = 2.6 for strength and 1.9
for toughness, indicating the high anisotropy in properties for tradi-
tional freeze-case materials. For strength, a trend of increasing strength
with ultrasound frequency is seen for the XY & XZ orientations, while for
the YX orientation there is a reduction in strength when ultrasound is
added (Fig. 2). The net result of these trends is a more isotropic strength
response for the ultrasound freeze cast samples with AR decreasing to
1.4, 1.6, and 1.3 for the 0.699, 1.39 and 2.097 MHz samples,
respectively.

Similarly, the toughness increased dramatically with increasing ul-
trasound frequency for the XY and XZ orientations and nearly doubled
for the 2.097 MHz samples. In contrast, for the YX orientation the
toughness values were less affected by the different ultrasound fre-
quencies (Fig. 2b). Similar to strength, the anisotropy in the toughness
response was reduced with ultrasound with AR decreasing from 1.9 for

Fig. 4. Optical micrographs taken in-situ during the fracture process for the 0, 0.699, 1.39 and 2.097 MHz specimens tested in the a) XY, b) XZ, and c) YX orien-
tations. For details of the sample orientations refer to Fig. 1. Green arrows point out ice templated features that has been infiltrated with epoxy resin. Red arrows
show the crack propagation path which was right to left in the micrographs. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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0 MHz to 1.4 for both 0.699 and 1.39 MHz and 1.2 for 2.097 MHz. Thus,
the hypothesis that ultrasound freeze casting can improve the mechan-
ical properties in the weaker orientations and reduce the overall
anisotropy is accepted.

The higher strength and fracture resistance for the YX orientation can
be attributed to the difficulty of the crack propagating across the
ceramic columns that were templated by the ice crystals that formed
along the y-direction, identified as lighter and darker vertical banding in
Fig. 1a. In this case, the crack makes frequent, small changes in the crack
plane (Fig. 4c) creating a more tortuous fracture process that results in
higher strength and toughness. For the XY and XZ orientations, without
ultrasound there are few barriers to crack propagation as the crack
propagates parallel to, or kinks around, the ceramic columns that were
templated by the growth of the ice crystals, as is shown in Fig. 4. It was
observed that there was a significant improvement of the fracture
resistance for the XY and XZ orientations with the addition of the rela-
tively dense layers produced by ultrasound (Figs. 2b and 3). The sig-
nificant change in the freeze-cast material microstructure with the
application of ultrasound frequency was the introduction of the denser
ceramic layers oriented in the x-z plane perpendicular to the freeze front
direction (Fig. 1e) [28]. The relatively dense regions are produced by
ultrasound inhibiting the redistribution of the ceramic particles present
in the colloid slurry suspension. In the lamellar region, the ceramic
particles are pushed into the spaces between the crystals during the ice
crystal growth process. The ultrasound application reduces the move-
ment of the ceramic particles at the nodes of the standing ultrasound
waves resulting in a denser layer of ceramic that sit on the x-z plane
between lamellar regions (Fig. 1d and e). The location and scale of the
relatively dense and lamellar regions are directly related to the ultra-
sound operating frequency [28]. At higher ultrasound operating fre-
quencies, TiOy particles were concentrated in smaller areas and the
separation between repeating layers decreased. Such relatively dense
layers are not present in the 0 MHz group which consists entirely of a
lamellar structure oriented along the freezing direction (Fig. 1b and c).
Thus, the enhanced properties for the XY and XZ orientations with the
ultrasound treatment are attributed to the crack needing to cut through
the denser layers for those orientations. In contrast, for the YX orien-
tation the crack is able to propagate through the lamellar structure for
all samples mostly avoiding the relatively dense layers produced by
ultrasound. Thus, fracture resistance for the YX orientation is less sen-
sitive to the ultrasound treatment.

The strength of a brittle material is governed by both the fracture
resistance (R-curve) and the critical flaw that initiates fracture. If the
critical flaw size, shape, and orientation is known for each sample from
fractography, or alternatively can be assumed to be constant across all
samples, then a mathematical relationship between the strength and R-
curve is straightforward, as described in Ref. [35]. However, in the
present work the denser layers were formed by a redistribution of the
ceramic particles caused by the ultrasound. Thus, the remaining
lamellar regions in the ultrasound groups are somewhat depleted in
ceramic phase compared to the 0 MHz group, giving a more porous
structure (that was were filled with two-part epoxy) in the immediate
vicinity of the denser layers. The effect of the enhanced porosity of the
lamellar regions is clearly observed for the strength in the YX orientation
where there is a significant reduction of strength after ultrasound. The
toughness for the YX orientation didn’t change much, or increased
somewhat, with ultrasound indicating that the strength reduction was
instead caused by the introduction of larger porosity in the lamellar
regions that acts as the critical flaw sites. Furthermore, the strength
decrease was largest for the 0.699 MHz condition where previous work
has measured that the denser layers are relatively thickest [28], thus
causing the most ceramic depletion from the adjoining lamellar layers.
In contrast, the strength values were quite similar for the 1.39 and 2.097
MHz samples where the dense layer thicknesses were previously re-
ported to be similar with no statistically significant difference [28].

For the XY and XZ orientations, the fracture resistance nearly
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doubles as the ultrasound frequency increases to 2.097 MHz and this
coincides with a less dramatic increase in strength. Here it is deduced
that the increase in fracture toughness with ultrasound is sufficient to
offset any increases in the critical flaw size and give an overall higher
fracture strength. Thus, the net result for the 2.097 MHz samples is a
compromise in strength and toughness for all orientations with anisot-
ropy ratios of 1.3 and 1.2 for strength and toughness, respectively.

5. Conclusion

The freeze-casting epoxy-ceramic composite material showed
strongly anisotropic strength and fracture resistance in the absence of
applied ultrasound. The higher strength and fracture resistance in the YX
orientation was associated with the higher resistance for cracks to
propagate across the ceramic columns formed along the y-direction
during the freeze casting process. The application of ultrasound fre-
quencies from 0.699 to 2.097 progressively improved the mechanical
properties for the weaker orientations (XY and XZ) and reduced the
overall anisotropy. The enhanced fracture resistance for the XY and XZ
orientations was attributed to crack deflection due to the addition of
relatively dense ceramic layers produced by ultrasound. The more
isotropic strength response for the ultrasound freeze cast samples opens
opportunities for these materials to be applied in applications where
they are expected to function under multidirectional and/or variable
direction loadings.
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