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Figure 4.6: Lamellae walls microstructures of the (a) NA-15 and (b) SA-15 scaffolds revealing
the dense walls for the former and porous walls for the later. (c) long-range order of the dendrites
on the lamella wall of the NA-25 scaffold. Ice growth direction is out of the page.

of the p;) in comparison to that of the SA-scaffolds. As a result, the relative difference of the p,.
(or p;) in between the NA-scaffolds and SA-scaffolds increased with the increasing solids loading
(Fig. 4.5, Table 4.1). The observed higher p,- and lower p, of the sintered NA-scaffolds relative to
the SA-scaffolds can be attributed to the smaller particle size of the NA powder relative to that of
the SA powder. As mentioned previously, an increase of the surface area with a decreasing particle
size enhances densification of ceramics during sintering [76]. Additionally, finer particles can pack
more efficiently in between the growing ice lamellae during the unidirectional freezing process in
comparison to the coarser particles [75]. Figures 4.6a and 4.6b reveal the lamellae cross-sections
of the sintered NA-15 and SA-15 scaffolds, respectively. It can be observed that the lamellae of
the NA-15 (Fig. 4.6a) are highly dense with almost no visible porosity whereas the lamellae of the
SA-15 (Fig. 4.6b) contain considerable amount of microporosity. This further supports the better
sinterability of the relatively finer NA powder in comparison to the relatively coarser SA powder.
Therefore, it can be stated that better particle packing within the lamellae walls and higher

sinterability of the NA particles in comparison to the SA particles resulted in the higher p, and



Pore aspect ratio (y,,) Pore aspect ratio (y,)
Low High
Composition | FFV Bottom FFV Bottom
Top plane Top pane
(nm’s) plane (nm/s) plane

SA-15 169 15289 142+£76 262 47£23 137+£73
SA-25 155 182143 | 152+£95 294 1.7=07 23+11
SA-35 178 3523 68+£35 317 16=06 1.7+06
NA-15 136 19592 126+32 24 6930 11535
NA-25 149 128=x6 11.7+36 272 53+£28 7631
NA-35 178 21009 54+£3 283 2314 55+34

Table 4.5: Variation of pore aspect ratio (x;) with solids loading and FFV.

4.2.2 Effects of freezing front velocity on relative density

Figure 4.7 presents the variation of the p,. of the NA-scaffolds and SA-scaffolds with the FFV. For
each composition and at an FFV, the average p,- and standard deviation were calculated from the
pr values corresponding to the #1, #2 and #3 specimens. It can be observed that the p, of the
scaffolds increases almost linearly with the FFV except for the NA-25 where the p,. rather appears
to decrease with the increasing FFV. For a given solids loading, the origin of the difference of the
p- in between the NA-scaffolds and SA-scaffolds is attributed to the finer particles size of the NA

powder and is already discussed in the Section 3.1. Mass transport during the densification of the
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Figure 4.7: Variation of the average relative density (p,.) of the NA-scaffolds and SA-scaffolds
with the freezing front velocity (FFV).

powder particles is enhanced by a decrease of the radius of curvature of the solid-vapor interface
and, therefore, the pore radius of curvature strongly influences the density of the sintered scaffolds
[69, 78]. As a result, for a given solids loading, sintered density increases with a decrease of the
pore size. As discussed in the Section 3.1, for a given solids loading pore morphology of the
sintered scaffolds changes with the increasing FFV due to the increase of the interlamellae bridge
density (Fig. 4.3). Similarly, for a comparable FFV, the pore morphology also changes with the
increasing solids loading (Fig. 4.3). Overall, with the increasing FFV and solids loading, pore
morphology gradually transitions from lamellar to almost isotropic for the SA-scaffolds and
lamellar to dendritic for the NA-scaffolds. As a result, both the average pore size (Table 4.4) and
the aspect ratio (Table 4.5) decrease with the increasing FFV and solids loading. Since, the

dendritic and isotropic pores have a smaller radius of curvature in comparison to the lamellar pores
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Figure 4.8: Variation of the relative density within the SA-scaffolds and NA-scaffolds along the

direction of the ice growth. For each composition, average FFV value is also provided.

that are large and flat, an increase of the sintered density will result as the pores become

increasingly dendritic/isotropic. Figure 4.8 shows the variation of the p, of the #1, #2 and #3

specimens (Figure 4.2b) of the NA-scaffolds and SA-scaffolds processed at the comparable FFVs.

For a given composition, p, decreases slightly from the #1 to #2 to #3 specimens and a similar

trend is observed at all other FFVs also (nhot shown here). It can be noticed that over a large sample

length of approximately 21 mm, variation of the p, is only about 0.02-0.04 (2-4% porosity) except

for the NA-35 that exhibits a variation of the p, of about 0.07 (7% porosity). Figure 4.8 also

suggests that the overall structural gradient remains comparable irrespective of the particle size.
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4.2.3 Uniaxial compressive fracture strength

Having discussed the effects of the variation of the particle size on the microstructure and p,., the
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Figure 4.9: Representative stress-strain curves of the (a) SA-15 scaffold, (b) NA-15 scaffold, (c)

SA-35 scaffold, and (d) NA-35 scaffold corresponding to the relatively low and high FFVs. For

each composition and FFV, compressive response of the #1 and #3 specimens are shown up to a
strain level of 0.6, after which densification started.
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results of the uniaxial compressive strength measurements are now discussed here. Figure 4.9
shows the representative stress-strain curves of the SA-15 (Fig. 4.9a), NA-15 (Fig. 4.9b), SA-35
(Fig. 4.9¢), and NA-35 (Fig. 4.9d) scaffolds corresponding to the relatively low and high FFVs.
For each composition and FFV, compressive response of the #1 and #3 specimens are shown up
to a strain level of 0.6, after which densification started. For a given composition and FFV,
compressive strength of the #1 specimen is always observed to be greater in comparison to that of
the #3 specimen. Although not shown for clarity but the strength of the #2 specimen appears in
between that of the #1 and #3. The decrease of the strength from #1 to #2 to #3 can be attributed
to the decrease of the p,. in the same sequence within a scaffold (Fig. 4.8). As mentioned earlier,
the decrease of the p,- from the bottom to the top of a scaffold is due to the gradual change of the
pore morphology and/or pore size, where the pore size and aspect ratio increases along the ice
growth direction (Fig. 4.3, Tables 4.4 and 4.5). Thus, the observed decrease of the compressive
strength from #1 to #2 to #3 specimens of a scaffold can also be attributed to the increase of the
pore size and aspect ratio along the ice growth direction. Additionally, for a given composition
strength of the #1 (or #3) increases with the FFV. Recall from Figure 4.7 that for a given scaffold
composition p,- increases with the FFV due to the decrease of the pore size with the increasing
FFV. Therefore, the observed increase of the strength of the #1 (or #3) with the FFV for a given
composition is attributed to the combined effects of the increase of the p,- and decrease of the pore

size and aspect ratio with the increasing FFV.

It can be further observed that the SA-15 (Fig. 4.9a) and NA-15 (Fig. 4.9b) scaffolds exhibit
comparable compressive strength values (<10 MPa) except the #1 specimen of the NA-15 at high
FFV that shows a significantly higher value (~31 MPa). In fact, for all the NA-15 scaffolds

processed at the relatively high FFVs strength of the #1 specimens is observed to be significantly
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Figure 4.10: Variation of the compressive fracture strength of SA-scaffolds and NA-scaffolds
with the FFV.

higher in comparison to that of the #2 and #3 specimens. Increase of the strength with the
increasing suspension concentration is attributed to decrease of the porosity (Fig. 4.5, Table 4.1).
Additionally, some characteristic differences of the stress-response can be noticed in between the
high porosity (SA-15 and NA-15) and low porosity scaffolds (SA-35 and NA-35). Stress-strain
curves of the SA-15 and NA-15 scaffolds suggest the occurrence of the progressive failure under
the compressive loading conditions as is evidenced by the gradual decrease of the stress with the
increasing strain, a typical cellular-like response of the highly porous solids [3, 36, 65]. In contrast,

the SA-35 and NA-35 scaffolds exhibit a sudden drop of the stress once the peak stress is achieved
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indicating a significant decrease of the load-bearing capacity that is a typical characteristic of the

brittle-like failure.

Figure 4.10 compares the variation of the average compressive strength of the Al,O3 scaffolds as
a function of the FFV. For each composition and at a FFV, the average strength and standard
deviation were calculated from the strength values of the #1, #2 and #3 specimens. Although
significant scatter of the data is observed particularly for the scaffolds with the higher solids
loadings, the average compressive strength for a given composition increases almost linearly with
the FFV. Also, all the six scaffold compositions can be divided in to three groups in terms of the
observed variation of the strength with the FFV: (i) SA-15 and NA-15, (ii) SA-25 and NA-25, and
(iii) SA-35 and NA-35. Within each group, in general, both the SA-scaffold and NA-scaffold
exhibit comparable strength values as a function of the FFV. While this observed trend could be
expected for the SA-15 and NA-15 scaffolds since their p,. values are marginally different (Figs.
4.5 and 4.7, Table 4.1), the NA-25 and NA-35 scaffolds are expected to exhibit markedly greater
compressive strength in comparison to the SA-25 and SA-35 scaffolds, respectively. This is
because both the NA-25 and NA-35 scaffolds have significantly higher p, (thus lower p;) in
comparison to that of the SA-25 and SA-35 scaffolds, respectively (Figs. 4.5 and 4.7, Table 4.1).
Overall, Fig. 4.10 reveals that the compressive strength of the ice-templated scaffolds is
significantly influenced by the FFV and suspension concentration. Moreover, for a given
suspension composition and at a comparable FFV, while the microstructure (Fig. 4.3) and p, (Fig.
4.7) are significantly influenced by the particle size variation, effects of the particle size variation

on the compressive strength appear to be marginal.

To provide further insights into the compressive response of the scaffolds, in Fig. 4.11 the variation

of the strength with the p,. is shown. For each composition, the strength values of the #1, #2 and
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Figure 4.11: Variation of the compressive fracture strength of the SA-scaffolds and NA-scaffolds
with the relative density (p,).

#3 specimens of all the scaffolds processed within the investigated range of the FFVs are included.
The observed variation of the p,. for each composition originates from the variation of the p, with
the FFV (Fig. 4.7). For the SA-15 and NA-15 scaffolds, while the compressive strength increases
slightly with the p,., strength values of both the scaffolds are observed to be low. Except the #1
specimens of the NA-15 scaffolds processed at the high FFVs that exhibit compressive strength in
the range of 15-30 MPa, overall strength of the SA-15 and NA-15 scaffolds is observed to be
comparable and below 10 MPa. Since the p, of the SA-15 and NA-15 scaffolds are slightly
different, it can be stated that the strength is mainly governed by the p,.. Interestingly, a different

trend is observed at the higher solids loadings. The compressive strength of both the SA-25 and
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NA-25 scaffolds is observed to be comparable and within a range of 10 to 80 MPa. Figure 4.11
thus suggests that in spite of having an approximately 8% difference of the average p, (Table 4.1)
strength values of both the SA-25 and NA-25 scaffolds fall almost within the same range. In other
words, for both the scaffolds comparable strength values can be found that correspond to the
sintered specimens with a p, difference of about 8%. A similar trend is also exhibited by the SA-
35 and NA-35 scaffolds where the strength increased significantly with the p,. and both the
scaffolds exhibit comparable strength values but at a p,- difference of about 10%. The observed
increase of the strength with the p,. for each scaffold composition is consistent with the known
trend that strength of the cellular solids increases with the p,.. [3] However, the comparable
strength of the SA-25 and NA-25 (or SA-35 and NA-35) scaffolds but at distinctly different p,.
strongly suggests that the p, does not solely govern the compressive response. This is because
while a higher p, of the NA-25 in comparison to the SA-25 (or NA-35 in comparison to SA-35)
would increase the strength of the former than the later, it is possible that there are certain
microstructural features that enhanced the strength of the SA-25 in comparison to the NA-25 (or
of SA-35 in comparison to NA-35). As a result, both the SA-25 and NA-25 scaffolds (or SA-35

and NA-35) exhibit comparable strength but at widely different p,..

Recall from Fig. 4.3 that for a given suspension concentration and at a comparable low or high
FFV, the NA-scaffolds are observed to be relatively more lamellar (or less dendritic/isotropic) in
comparison to the SA-scaffolds. For example, the pore morphology of the SA-35 changed from
lamellar at relatively low FFV (Fig. 4.3c) to almost isotropic at relatively high FFV (Fig. 4.3i).
However, within the comparable range of the FFV, pore morphology of the NA-35 rather
transitioned from lamellar (Fig. 4.3f) to dendritic structure (Fig. 4.31). As discussed previously,

the observed microstructural differences in between the SA-scaffolds and NA-scaffolds within the
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investigated range of the FFVs are attributed to the particle size effects on the particle
rejection/entrapment by an advancing ice front. Here in addition to the p,, the microstructural
differences in between the SA-scaffolds and NA-scaffolds have a crucial influence on the observed
compressive response. This is because for the freeze-cast ceramic scaffolds, in addition to the p,.,
pore aspect ratio (,,) and interlamella bridge density (pj) influence the mechanical properties [61,
65]. p,, is defined as the number of ceramic bridges in between the adjacent lamellae per unit area
[69]. It has been shown that as the pore morphology of the scaffolds transitions from a lamellar to
dendritic/isotropic structure, both the pore size and x, decrease, which, in turn, increases the
number of bridges in between the adjacent ceramic lamellae. The compressive load-bearing
capacity of the scaffolds particularly in the direction of the ice growth is thus enhanced with the
decreasing pore size and y,, i.e., with the increasing p,, and hence the compressive fracture
strength. Based on the above discussion, the variations of the key strength governing factors such
as the p,, x,, and p,, in between the SA-scaffolds and NA-scaffolds are utilized to rationalize the
observed relationships of the compressive strength vs. FFV (Fig. 4.10) and compressive strength

vs. p,- (Fig. 4.11).

Figure 4.12 shows variations of the average p,., average y,, and ratio of the average p; of the SA-
scaffolds and NA-scaffolds (o, s4)/pb(va)) With the solids loading. For each composition, p,, x5,
and ratio of the p, values are shown for a representative scaffold fabricated at a relatively high
FFV to mainly rationalize the upper bound of the measured compressive strength values. It is note
that estimation of these quantities at all the FFVs for all the compositions is beyond the scope of
this study. For each representative scaffold, average p,- shown in Fig. 4.12a was estimated from
the #1, #2 and #3 specimens. Similarly, for each representative scaffold, average y,, value shown

in Fig. 4.12b is the average of the pore aspect ratio of the bottom and top planes. For the
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Pu(say/ Povay (Fig. 4.12¢), first the average p,, of the each representative scaffold was determined
from the p,, values of the bottom and top planes. Next, for a given solids loading, pp(sa)/Ppna)
was determined from the average p, values of the SA-scaffold and NA-scaffold. Figure 4.12a
shows that for each solids loading p, of the NA-scaffold is higher than that of the SA-scaffold,
which is expected to enhance the strength of the former compared to the later. Although a large
scatter can be noticed for the y,, (Fig. 4.12b, Table 4.5), the SA-scaffold and NA-scaffold at 15
vol.% solids loading exhibit comparable values. Whereas at other solids loadings, x, of the SA-
scaffold is observed to be considerably smaller compared to that of the NA-scaffold. Figure 4.12c
shows that at all the three solids loadings pp(sa)/pnva) r€Mains consistently greater than 1,

suggesting that the average p, of the SA-scaffold is greater than that of the NA-scaffold for the
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comparable solids loading and FFV. As discussed previously, the decrease of the y,, and the

increase of the p,, is expected to enhance the strength of the ice-templated scaffolds. Figure 4.12
thus suggests that there are opposing factors that contribute to the strength of the SA-scaffolds and
NA-scaffolds. While the p,. tends to increase the compressive strength of the NA-scaffolds over
that of the SA-scaffolds, x, and p, would tend to enhance the strength of the SA-scaffolds over
that of the NA-scaffolds. It is thus possible that for a comparable solids loading and FFV, these
parameters balance out in a way that the compressive strength of the SA-scaffolds and NA-scaffold
become comparable as is observed in Figs. 4.10 and 4.11. As a result, while the effects of the
variation of the particle size on the microstructure of the ice-templated scaffolds are significant
(Fig. 4.3), effects of the particle size variation on the compressive strength are observed to be

marginal.

Although there is no single comprehensive study on the particle size effects on the compressive
strength of the freeze-cast sintered scaffolds, Deville et al. [71] recently conducted a meta-analysis
of the influence of the starting particle size on the compressive strength by combining data for
various materials and solvents. In spite of a significant scatter of the data and different materials
used, the meta-analysis interestingly revealed that the upper bound of the compressive strength is
comparable within a particle size range of 0.5-2 um, which is similar to the results observed in this
study. It is notable that freeze casting is a physical process and the dependence on the powder
material type is not expected to be significant. Therefore, it is suggested that the current
investigation sheds some light on the results of the meta-analysis of the particle size vs. strength
by Deville et al. [71] and provides a rationale for the observed comparable upper bound of the
strength within the particle size range of 0.5-2 um. Another important implication of the present

study is that the particle size variation within a range of submicrometer to few micrometers (typical
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particle size range used in ceramic processing) can be uniquely employed to systematically modify
the microstructure of the ice-templated ceramic scaffolds, however, without significantly altering
their compressive response; which, can be useful to optimize the structure-property relationships

of the ice-templated scaffolds for the structural, biomedical and functional applications.

4.3 CONCLUSIONS

In this investigation, ice-templated Al>Os scaffolds were fabricated from two different particle
sizes (0.3 um, NA powder and 0.9 um, SA powder) at three different solids loadings (15, 25, and
35 vol.%) and within a FFV range of 12-34 um/s. For both the SA-scaffolds and NA-scaffolds,
relative density and total porosity increased and decreased, respectively, with the increasing solids
loading. However, the increase was observed to be significantly greater for the NA-scaffolds
relative to the SA-scaffolds. For each scaffold composition, the relative density also increased with
the increasing FFV. The pore morphology of both the SA-scaffolds and NA-scaffolds changed
with the increasing solids loading and FFV. However, it was observed that with the increasing
solids loading and FFV while the pore morphology of the SA-scaffolds transitioned from a
lamellar to an almost isotropic structure, the NA-scaffolds only transitioned from lamellar to
dendritic structure. The observed microstructural differences due to the particle size variation are
rationalized based on the interactions of the powder particles with the freezing front during the
unidirectional ice-templating process, where the smaller particles are rejected by the ice fronts with
a relative ease in comparison to the larger particles. As a result, the smaller particles exhibit a
better tendency to develop a lamellar pore architecture relative to the larger particles. Uniaxial
compressive stress-strain measurements, however, revealed marginal variations of the strength in

between the SA-scaffolds and NA-scaffolds in spite of the significant differences of the
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microstructure and the relative density at a comparable solids loading and FFV. The apparent
marginal particle size effects on the compressive strength are rationalized based on the relative
variation of the relative density, pore aspect ratio, and interlamellae bridge density in between the
SA-scaffolds and NA-scaffolds. This study also suggests that within a particle size range of
submicrometer to few micrometers, it could be possible to develop ice-templated ceramic scaffolds
of considerably different microstructures, however, of comparable compressive strength which
may find applications in the structural, bio-medical, impact energy absorption and energy storage

fields.

44 FUTURE WORK

The data presented in this study show strong trends in terms of effects of varying the size of the
ceramic particles, on the microstructure and relative density of the icetemplated sintered scaffolds.
However, in spite of the observed differences of the microstructure, relative density, and porosity,
the uniaxial compressive stress-strain measurements revealed marginal particle size effects on the
compressive strength of the sintered scaffolds. Thus, the current investigation sheds some light on
the results of the meta-analysis of the particle size vs. strength by Deville et al. [71] and provides
a rationale for the observed comparable upper bound of the strength within the particle size range
of 0.5-2 um, based on the relative variation of the relative density, pore aspect ratio, and
interlamellae bridge density in between the sintered alumina scaffolds processed from 0.3 pum and
0.9 um particle sizes. As a result, analyzing and understanding these effects over a larger range of
particle sizes (from few nanometers to few micrometers), could be worthy of future investigations
to provide further insight into the process-structure-property relationships of freeze-cast cellular

ceramics. A thorough understanding of the relationships between the rheological properties of the
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initial suspension and the final characteristics of the porous structures and corresponding
mechanisms in freezing process, with respect to the varying powder particle size, is still at an early
stage; hence, further investigation involving these aspects may be helpful in evolving stronger and

tougher, light weight ceramic architectures.
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