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Porous materials exhibiting aligned, elongated pore structures can be created by directional solidification
of aqueous suspensionsdwhere particles are rejected from a propagating ice front and form interden-
dritic, particle-packed wallsdfollowed by sublimation of the ice, and sintering of the particle walls.
Theoretical models that predict dendritic lamellae spacingdand thus wall and pore width in the final
materialsdare currently limited due to an inability to account for gravity-driven convective effects
during solidification. Here, aqueous suspensions of 10e30 nm TiO2 nanoparticles are solidified on
parabolic flights under micro-, lunar (~0.17 g; gl ¼ 1.62 m/s2), and Martian (~0.38 g; gm ¼ 3.71 m/s2)
gravity and compared to terrestrially-solidified samples. After ice sublimation and sintering, all resulting
TiO2 materials exhibit elongated lamellar pores replicating the ice dendrites. Increasing the TiO2 fraction
in the suspensions leads to decreased lamellar spacing in all samples, regardless of gravitational accel-
eration. Consistent with previous studies of microgravity solidification of binary metallic alloys, lamellar
spacing decreases with increasing gravitational acceleration. Mean lamellar spacing for 20 wt% TiO2

nanoparticles suspensions under micro-, lunar, Martian, and terrestrial gravity are, respectively: 50 ± 8,
34 ± 11, 30 ± 6, and 23 ± 9 mm, indicating that gravity-driven convection strongly affects lamellae spacing
under terrestrial gravity conditions. Gravitational effects on lamellar spacing are highest at low TiO2

fractions in the suspension; for 5 wt% TiO2 suspensions, the microgravity lamellar spacing is more than
twice that under terrestrial gravity (182 ± 21 vs. 81 ± 23 mm). Results of this study are in good agreement
with previous studies of binary metallic alloy solidification where primary dendrite spacing increases
under microgravity. Literature data from ice-templating systems are used to discuss a dependence on
lamellae spacing of the density ratio of particles and fluid.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Directional solidification of aqueous suspensions is an ice-
templating technique that is used to create materials with highly
anisotropic pore structures [1e7]. In a first step, an aqueous sus-
pension of particles is solidified under the presence of a thermal
gradient. Colonies of lamellar ice dendrites (hereafter, “lamellae”),
oriented perpendicular to the freezing substrate and parallel to
each other, propagate along the direction imposed by the temper-
ature gradient, while rejecting particles away from the moving
front. Rejected particles form an accumulation layer directly ahead
unand).

Elsevier Ltd. All rights reserved.
of the solidification interface. As solidification progresses, lamellae
break through the accumulation region, and particles are concen-
tratedwithin the interdendritic spaces [8]. After solidification, ice is
removed via sublimation, leaving lamellar macropores (which
template the ice lamellae) surrounded by particle-packed walls.
These walls are self-supporting when binder dissolved in the liquid
is rejected together with the particles. Lastly, the resulting porous
structure is heat-treated to sinter and densify the particle-packed
walls. The ice-templating technique has gained considerable
attention because it allows for the tailoring of pore width, length,
orientation, volume fraction, and connectivity, and it has been
utilized as a processing route for porous ceramic [9], polymeric [10],
metallic [11], pharmaceutical [12,13], foodstuff [14,15], and bio-
logical [2,16] materials.

The microstructural characteristics of ice-templated materials
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are largely determined by the solidification behavior of the water
and the rejection of the particles by the growing solid lamellae.
Whereas various parameters, e.g., cooling rates [17], solidification
velocity [18], particle fraction within the suspension [19], suspen-
sion additives [20,21] and stability [22], and sample height [23],
have been explored previously, little is known about the effect of
gravity-driven convection on the solidified microstructural
formation.

In binary systems, where solute is rejected by the interface, a
solute-rich region accumulates ahead of the solidification front,
similar to the particle-rich region that develops during ice-
templating as a result of particle rejection at the interface. This
solute-enriched region becomes constitutionally undercooled (i.e.,
the freezing temperature is locally depressed with respect to the
bulk system) for systems in which the liquidus temperature is
inversely related to the concentration of solute (or particles) in the
fluid [24]. A mushy layer, which is a two-phase boundary region
that consists of solute-free dendrites within a solute-rich fluid,
forms below the particle/solute accumulation region. The mushy
layer is often described as a reactive porous medium [25] because
the permeability of this region is dynamically responsive to mass
and heat transfer within the bulk fluid region. Gravity-induced
convective fluid motion can result from temperature (thermal
convection) and/or concentration (solutal convection) gradients
both within, and ahead of (i.e., within the bulk liquid) the mushy
layer.

Convective plumes are predicted by numerical analysis [26] of
directional solidification of colloids and are supported by experi-
mental observation of steady-state velocity fluctuations [27] as well
as Benard-Rayleigh convective cells [28]. However, due largely to
the complexity of the ice-templating system and the lack of
experimental data obtained in the absence of gravity-driven con-
vection, theoretical models describing the solidification process are
based on diffusive growth conditions [24,29,30] and gravity-driven
convective effects are ignored. Better predictive modeling is
necessary for understanding how to control microstructures tem-
plated during the solidification process. Benchmark data, unen-
cumbered by convection, are the first step.

Here, we explore the effect of gravity-driven convection on
microstructure formation by carrying out the solidification step of
the ice-templating process under micro- and reduced gravity con-
ditions on parabolic flights as well as under normal terrestrial
conditions. Titanium oxide and water are utilized as the particle
and fluid, respectively. Microstructural investigation of sintered
structures reveals the dependence of the ice lamellae spacing (lL) in
suspensions solidified under various gravity accelerations and for
various solid fractions. These results are compared to primary
dendrite spacing (l1) reported in the literature for binary metallic
alloys solidified under reduced gravity conditions. Finally, literature
data are utilized to investigate the dependence of particle-to-fluid
density on lL in ice-templated materials.

2. Materials and methods

2.1. Colloid preparation

Colloidal suspensions of titanium dioxide nanoparticles in
deionized water were prepared using a mixture of ethylene glycol
(Consolidated Chemical & Solvents, LLC., Quakertown, PA) and
ammonium hydroxide (SEOH, Navasota, TX) as dispersants, and
agar (NOW Foods, Bloomingdale, IL) as a binder. Agar (0.2 wt% with
respect to TiO2) was added to deionized water which was boiled to
dissolve the agar and degas the solution. Ethylene glycol (5 vol%,
with respect to total suspension volume) and varying weight
fractions (5, 8, 15, and 20 wt%, corresponding to volume fractions of
1.5, 2.5, 5, and 7%) of titanium oxide nanoparticles (TiO2, anatase
phase, 99.5% purity, 10e30 nm, specific surface area 50 m2 g-1,
SkySpring Nanomaterials, Inc., Houston, TX) were added to the
aqueous solution. Departures from the specified portions resulted
in unstable suspensions. Nanometric TiO2 was utilized here so as to
reduce gravitational sedimentation to negligible levels during
terrestrial experiments, since the objective of this work was to
investigate gravity-driven convection. Ammonium hydroxide was
subsequently added drop-wise to obtain a suspension pH of 10 and
stirred for 30 min using a magnetic stirrer. The colloidal suspen-
sions were injected into molds made from tin-plated steel
(79 � 35 � 3 mm) for 5 and 8 wt% TiO2 and PVC tubing (20 mm
inner diameter; 3 mm height) for 15 and 20wt% TiO2; a syringewas
used to prevent transfer of air bubbles. Molds were sealed on both
ends to ensure no air pockets between fluid and seal were present.
One end of each mold was sealed with thermally-conductive cop-
per foil to improve heat conduction and promote unidirectional
freezing; the other side was sealed with insulating styrene-
butadiene rubber plugs.

2.2. Parabolic flight testing

Directional solidification experiments were performed over the
course of two NASA Flight Opportunities Program flight campaigns
during 2014 and 2015. Each campaign consisted of four flights in
the NASA C-9 aircraft [31]. A microgravity environment was ob-
tained through a series of parabolic maneuvers (~50 per flight)
which result in ~25 s periods of microgravity (gm ~ 0.00 ± 0.02 g).
The microgravity parabolas were interspersed with hypergravity
(~1.8 g; gh ~ 17.6 m/s2) period of ~90 s duration. Solidification ex-
periments were also performed during two lunar (~0.17 g;
gl ¼ 1.62 m/s2) and one Martian (~0.38 g; gm ¼ 3.71 m/s2) parabola.

2.3. Directional ice-templating

A copper box cooled to ~228 K was utilized as a freezing sub-
strate. To ensure relatively constant temperature throughout the
flight experiments, the copper box was filled with ~1 kg of dry ice
(solid CO2 sublimating at 195 K) and insulated on its sides with PVC
foam. The temperature of the top surface of the box, used as the
freezing substrate, was monitored and recorded throughout flight
testing using a K-type thermocouple. Immediately prior to the
onset of reduced gravity periods, one mold containing TiO2
colloidal suspension was removed from a storage cooler (main-
tained between 276 and 281 K) and shaken for 20 s. At the onset of
the reduced gravitational period, the mold was placed onto the
freezing substrate, maintaining contact using manual mechanical
pressure. To minimize the effect of transient gravitational acceler-
ations, samples were removed from the freezing substrate 2e3 s
prior to the termination of reduced gravitational periods, as
confirmed by NASA's onboard tri-axial accelerometer display
located within the research area. Each sample was solidified at an
average velocity of ~100 mm/s, resulting in solidification depths of
~2.5mmduring each reduced gravity period. The solidified samples
were stored on dry ice for the remainder of flight and prior to
sublimation for times ranging from 30 to 200 days. Control,
“terrestrial” samples were solidified for all TiO2 solid fractions
utilizing the same freezing apparatus under terrestrial gravity (1 g;
g ¼ 9.8 m/s2) conditions and subsequently stored at the same
temperature and storage time as above.

2.4. Sublimation, sintering and microstructure characterization

Samples were sublimated in a freeze-dryer (Labcono, Freeze Dry
System, Model 7754000) for at least 24 h at 233 K and low residual
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pressure (<3 Pa). After sublimation, samples were sintered in air in
a box furnace at 1173 K for 1 h, using a heating and cooling rate of
5 K/min.

Ceramographic examination was conducted using optical mi-
croscopy on mounted, ground and polished samples. X-ray
diffraction (XRD, using a Rigaku DMAX diffractometer, operated at
20mA and 40 kV) patterns were collected in the 2q range 20e70� to
identify the crystallographic phases of as-received powders and
ground sintered samples. Image analysis was performed using
ImageJ/Fiji. The segmentation of pore walls was obtained by
applying the Otsu threshold algorithm [32] on contrast-normalized
images [33]. Lamellae spacing (lL) was defined as described by
Deville et al. [34], as the width of one wall plus its adjacent mac-
ropore, and measured using the line intercept method [35] on bi-
nary images.

3. Results

3.1. Colloid stability

Based on zeta potential values, the isoelectric point (IEP) of
aqueous TiO2 nanoparticle suspensions is between 4.5 and 6.0 [36].
For a stable suspension, the colloid must exhibit a zeta potential
variation of approximately ±40 eV from the IEP; therefore, TiO2
colloidal suspensions can be stabilized in two pH ranges: 2.5e3.5 or
9.5e10.5. Initial tests performed with HCl and NH3 showed that
stabilization was easier to achieve in the basic range. Subsequent
sedimentation tests were conducted on 8 and 20 wt% TiO2 colloidal
suspensions in the basic range, using NH3 to obtain pH of 9.5, 10, or
10.5. Colloidal suspensions were monitored over the course of 3 h.
Immediate settling was observed for the two suspensions with the
lower pH values. However, no sedimentation layer was observed in
the suspension with a pH of 10.5. Accordingly, all colloidal sus-
pensions used for solidification experiments were prepared at pH
10.5.

3.2. Directional solidification

A total of 59 samples were analyzed: 35 reduced-gravity sam-
ples solidified on parabolic flights and 24 control (“terrestrial”)
samples, solidified under normal terrestrial gravity. All but three
parabolic flight samples were solidified under microgravity con-
ditions (~0 g) with solid fractions provided in Table 1; two samples
(15 and 20 wt% TiO2) were solidified under lunar gravitational
conditions and one sample (20 wt% TiO2) was solidified under
Martian gravitational conditions. Colloidal suspensions of 5 and
Table 1
Summary of microstructural parameters (lamellae spacing, pore width, and wall width) b
from slurries with various TiO2 volume fractions solidified under microgravity (0 m/s2) a
(1.62 m/s2) and Martian (3.71 m/s2) gravitational conditions are also provided. Lamellae

TiO2 (wt%) g
(m/s2)

N Lamellae spacing, lL
(mm)

Por

Mean Std. dev. Mea

5 0 8 182 21 116
9.81 6 81 23 36

8 0 8 153 16 91
9.81 6 55 12 35

15 0 8 119 17 70
1.62 1 92 20 58
9.81 6 36 12 18

20 0 8 50 8 22
1.62 1 34 11 14
3.71 1 30 6 9
9.81 6 23 9 11
8 wt% TiO2 were solidified during the 2014 flight campaign using
rectangular tin-plated steel molds. Although precautions were
taken to minimize the transfer of air bubbles during filling, post-
flight microstructural investigation indicated the probable pres-
ence of bubbles in four samples. Similar to observations by Grugel
et al. [37], the presence of bubbles disrupted the dendritic array
under microgravity conditions. No quantitative measurements
were taken from samples disrupted by bubbles and they are not
included in Table 1. PVC cylindrical molds were utilized during 2015
flights with colloids containing 15 and 20 wt% TiO2; the presence of
bubbles was not observed during microstructural analysis. Control
samples were solidified under normal terrestrial gravity using the
tin-plated steel molds for 5 and 8 wt% TiO2 and the PVC molds for
the 15 and 20 wt% TiO2.

As a result of dry ice sublimation inside the copper box, the
temperature of the freezing substrate increased slowly from 228 to
235 K over the course of each flight (1.5 h). Regression analysis on
mean lamellae spacing lL for each sample studied in combination
with the associated freezing substrate temperature revealed no
significant correlation for any TiO2 weight fraction under study.
Similarly, analysis of accelerometer data to determine any sys-
tematic variation in residual gravitational acceleration revealed no
significant correlation for any TiO2 weight fraction.

Coarsening of ice structures can occur in ice-templated mate-
rials if the storage temperature is above the glass transition tem-
perature. In solidified colloidal systems, the glass transition
temperature is dependent on the system's ability to restrict mass
transfer; specifically, the concentration and type of particle and
suspension additives (e.g., polymer binders) within the particle-
packed walls [6]. To assess the effect of storage on coarsening in
microgravity-solidified samples, terrestrial samples were examined
that were stored on dry ice for 0e200 days after solidification at
228e235 K. No significant difference between the mean dendritic
lamellae spacing among these samples could be detected. It is thus
very likely that no appreciable coarsening of the ice dendrites
occurred during storage of the reduced-gravity samples, as the
storage temperature of ~195 K, was well below that of the esti-
mated glass transition temperatures (242e272 K) for all of the
aqueous colloidal systems reviewed by Pawlec et al. [6].
3.3. Crystalline structure

X-ray diffraction (XRD) patterns of as-received TiO2 powder as
well as ice-templated samples sintered for 1 h at 1173 or 1273 K and
subsequently ground into powder are presented in Fig. 1. Compared
with as-received powders in the anatase phase (Fig. 1(a)), the
ased on metallographic investigation of 53 samples (N¼ number of samples) created
nd terrestrial (9.81 m/s2) conditions. Parameters for samples solidified under lunar
spacing (lL) was measured using the method of Deville et al. [34].

e width (mm) Wall width (mm) Linear shrinkage
(%)

n Std. dev. Mean Std. dev.

24 66 30 20
18 46 29
20 53 26 18
12 24 9
25 46 14 16
31 42 27
7 18 6
10 32 8 15
3 19 5
3 19 6
7 20 11



Fig. 1. X-ray diffraction (XRD) patterns of TiO2 (a) initial powder and (b) sintered at
1173 K for 1 h and (c) 1273 K for 1 h.
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sample sintered at 1173 K, with a diffraction peak at 27.4�, has
partially transformed to rutile, but the predominant phase is still
anatase as indicated by the predominant peak at 25.3� (Fig. 1(b)).
Transformation from anatase to rutile is expected to begin around
723 K, however transformation is a time-dependent process [38].
The anatase phase was similarly retained by Ren et al., for ice-
templated TiO2 materials when sintering for 1 h at 1273 K [39].
For comparison purposes, ground ice-templated TiO2 samples sin-
tered at 1273 K, above the sintering temperature used for sample
analysis, were also tested; XRD patterns show full transformation
to rutile (Fig. 1(c)).

3.4. Solidification microstructure

3.4.1. Ice lamellae
Colloidal suspensions from all weight fractions solidified under

micro-, lunar, Martian, and terrestrial gravity exhibited, elongated,
directional pores, aligned in the direction of the temperature
Fig. 2. Longitudinal cross-sections of sintered TiO2 samples sintered from 20 wt% TiO2 aque
(d) microgravity conditions. The 10 mm scale bar in (c) applies to the three micrographs (a
gradient (Fig. 2). After sublimation and sintering, linear shrinkage
ranging from 20 to 15% was observed for 5 to 20 wt% TiO2 samples,
respectively, irrespective of gravity condition (Table 1). The
microstructure of the ice-templated samples is described by the
average lamellae spacing (lL) taken perpendicular to the freezing
direction. This is equivalent to the center-to-center inter-lamellae
spacing, but is measured as the sum of the widths of a ceramic wall
and its adjacent macropore [34]. Fig. 3(a) shows the mean value of
lL as measured for sintered samples solidified under micro-, lunar,
and terrestrial gravitational conditions plotted against the solid
loading fraction. All microstructural experimental data are pro-
vided in Table 1; in total, 664 measurements of lL were taken,
ensuring no measurements were repeated on the same pore
structures. Increasing the solid fraction in the colloid leads to
decreased lL in both microgravity and terrestrial samples. For all
weight fractions studied, lL is highest under microgravity condi-
tions and decreases with increasing gravitational acceleration.
Fig. 3(b) and (c) show pore and wall width, respectively, plotted
against TiO2 weight fraction. As can be expected based on lL, pore
and wall width increase in microgravity samples of similar solid
loadings as compared to terrestrial samples, at all particle weight
fractions.

As the solid loading increases to 20 wt% TiO2, a sharp decline in
the ratio between lL obtained undermicro- and terrestrial gravity is
observed. Specifically, at 15 wt% TiO2, lL increases under micro-
gravity conditions by about a factor of 3; at 20 wt% TiO2, it increases
only by a factor of 2. Fig. 4(aec) shows the mean values of lamellae
spacing (lL), pore width, and wall width, respectively, for sintered
samples with TiO2 loadings of 20 wt% under all gravitational con-
ditions. Mean pore width as measured here for 20 wt% TiO2 under
normal terrestrial gravity (11 mm) is in relative agreement with that
measured by Ren et al. [40], for 20 wt% TiO2 solidified using a
substrate temperature of 255 K (13.6 mm). Decreased pore size
observed here can be explained by the lower substrate temperature
employed (~232 K). A clear dependence of lL and pore width on
gravitational acceleration is observed. Wall width is similarly
increased under microgravity conditions relative to terrestrial, but
remains relatively constant for samples solidified under lunar,
Martian, and terrestrial conditions.
3.4.2. Ice lenses
Periodic ice lenses (i.e., ice banding) were observed in two of the

eight 20 wt% TiO2 colloids solidified under terrestrial gravitational
conditions. These periodic structures consisted of numerous par-
allel ice lenses, which are planar regions of pure ice, interspersed
ous suspensions directionally solidified under (a) terrestrial, (b) Martian, (c) lunar, and
ec).



Fig. 3. Plot of (a) lamellae spacing (lL), (b) pore width, and (c) wall width in sintered samples as a function of TiO2 solid fraction for slurries solidified under reduced and terrestrial
gravitational conditions.

Fig. 4. Plot of (a) lamellae spacing (lL), (b) pore width, and (c) wall width in sintered samples created from 20 wt% TiO2 slurries vs. gravitational acceleration.
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between particle-packed beds oriented parallel to the solidification
direction (unlike lamellae, which are oriented perpendicular to the
freezing direction) [41e48]. Periodic ice lenses are shown in Fig. 5
for one of the two 20 wt% TiO2 terrestrial samples, with red ar-
rows indicating individual ice lenses. For both samples, periodic ice
lenses extended the full height of the sample (with respect to the
freezing direction) and measured 1.5 and 2 mm across the main
diameter of 20 mm in each respective sample. Quantitative mea-
surements were not taken from these samples and they are not
included in the sample count (N) listed in Table 1. Small regions of
periodic ice lenses (extending 50e300 mm longitudinally and
200e350 mm transversely to the freezing direction, respectively)
were also observed in three of the remaining six 20 wt% TiO2 col-
loids solidified under terrestrial gravity. Ice lenses were not
observed in any of the 32 samples solidified under reduced gravity
or for any of the lower solid loadings, independent of gravity values.

4. Discussion

4.1. Primary spacing

4.1.1. Lamellae spacing lL
The dependence of lamellae spacing (lL) on gravitational
acceleration depicted in Figs. 3(a) and 4(a), demonstrates that, in
the case of the TiO2 colloids solidified here, gravity-driven con-
vection reduces lL. In the ice-templating literature [34,49,50], an
empirical power-law dependence of lamellae spacing (lL, some-
times called structure wavelength) on interface velocity (v) is well
demonstrated under terrestrial conditions:

lLfvn; (1)

where n typically varies between �0.2 and �1.3 [18,34,49].
Increasing v leads to faster ice growth and results in thinner
lamellae and lower values of lL [5].

The relationship between v and lL is more complex than that
portrayed by Eq. (1). It is expected that any suspension character-
istic or solidification conditions that alters particle-fluid, particle-
solid, or particle-particle behavior, can affect lL, including, but not
limited to: particle size and volume fraction; temperature gradient
and cooling rate. Additional complexity arises from the interde-
pendent nature of many of these parameters; synergistic and
antagonistic effects are probable, but poorly understood. For
example, Deville et al., found decreasing the size of Al2O3 particles
from 400 to 100 nm resulted in a change in exponent n from �1
to �0.67; that is, decreasing particle size was found to result in a



Fig. 5. Longitudinal cross-sections of a sintered TiO2 sample sintered from a 20 wt% TiO2 aqueous suspension directionally solidified under terrestrial conditions, showing periodic
ice lenses perpendicular to the freezing direction. White areas represent sintered TiO2 particle walls and dark areas represent pores, templated by individual ice lenses (red arrows).
The ~70 mm thick white band at the bottom of the image is the bottom of the sample, consisting of densely sintered TiO2, which was in contact with the freezing substrate. (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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reduction of lL [34]. Comparatively, Miller et al., calculated an
exponent value of n ¼ �0.69 for 350 nm Al2O3 [49]. In our water-
TiO2 system solidified rapidly (~100 mm/s), lL shows dependence on
particle fraction, as pointed out previously for Al2O3 suspended in
camphene, solidified at much slower velocities (ranging from 0.1 to
0.6 mm/s) [8].

4.1.2. Primary dendrite spacing (l1) in binary metallic alloys
Ice-templating has been compared to solidification of binary

metallic alloy systems [49,51,52], where particles (TiO2, in our case)
take on the role of the solute and the fluid (here, water) is the
solvent. Lamellae spacing, lL in ice-templated materials, then cor-
responds to primary dendrite spacing (l1) in metal alloy systems.
The schematic in Fig. 6, illustrates how l1 and lL are measured. In
ice-templated materials, lL is the distance comprising one macro-
pore plus its adjacent wall, whereas, in metal alloys, l1 is measured
by taking the distance between dendrite centers.

Numerous models have been developed for predicting l1 in
metallic alloys [53e55]. However, most of the studies included in
the forthcoming analysis utilize the Hunt and Lu [56] model for
purposes of theoretical comparison. Using this model, a simplified
relation for l1 can be described as a function of solidification ve-
locity (v) and imposed temperature gradient (G):

l1fv�1=4G�1=2 (2)

Similarly to Eq. (1), the above equation predicts a decrease in l1
Fig. 6. Comparison between (a) primary dendrite spacing (l1) as measured in alloys
and (b) lamellae spacing (lL) as measured in ice-templated materials.
with increasing solidification velocity, but also takes into account
the imposed temperature gradient, which is likewise, inversely
related to l1. This model is valid only under diffusive conditions or
for systems in which l1 is not influenced strongly by gravity-driven
convective effects.

4.2. Gravity-driven convective regimes

Convective regimes during directional solidification can gener-
ally be categorized by considering: (i) the direction of solidification
with respect to the gravity vector, and (ii) the relative density of the
rejected solute to solvent (rsolute/rsolvent). Here, we focus on solid-
ification advancing vertically upwards (liquid above and solid
below), against the gravitational field, as this orientation stabilizes
thermal and solutal convection resulting from axial gradients [57].

In classical “thermosolutal convection” (or double-diffusive
convection), solute of lesser density than the solvent is rejected at
the interface (rsolute/rsolvent < 1; e.g., hypoeutectic Pb-Sn alloys). In
this case, buoyancy-driven convective flow results from the com-
bination of thermal and concentration gradients. Conversely, when
solute of greater relative density is rejected at the interface (rsolute/
rsolvent > 1; e.g., hypoeutectic Al-Cu alloys; ice-templating), density
stratifications (whether due to axial thermal and/or concentration
gradients) are stabilized against buoyancy-driven fluidmotion [58].
However, convective fluid motion is still possible in the presence of
lateral temperature and/or concentration gradients. These are
known to occur when (a) the thermal conductivity of the mold is
higher than the solidified solvent [59] and/or (b) there is a thermal
conductivity mismatch between the liquid and solid phases [60]. In
these cases, the macroscopic interface (the overall shape of the
solidification front generated by the dendritic array, rather than the
interface of an individual dendrite) diverges from amacroscopically
flat interface into a concave or convex, curved interface [57].

4.2.1. Macroscopic interface curvature
General patterns of convective fluid motion corresponding to

macroscopic curvature of the interface are shown schematically in
Fig. 7, with relevance to the ice-templating system. Fig. 7(a), rep-
resents the ideal case where the macroscopic interface is flat. In
Fig. 7(b), the solidification interface is convex; latent heat is pref-
erentially evacuated through the solid, and the temperature at the
edge of the sample is higher than the center. Most metallic alloys
exhibit macroscopically convex interfaces as a result of higher
thermal conductivities in the solid phase [60]. In the case of a
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convex interface, convective fluidmotion sweeps particles from the
center of the interface to the sides, causing a build-up of particles at
the mold walls. Conversely, in Fig. 7(c), convective fluid motion,
reflective of a concave interface, sweeps particles radially inward,
causing an accumulation of particles in the center of the solidifi-
cation interface. In this case, there is a thermal conductivity
mismatch at the junction of the mold, liquid, and/or solid, such that
latent heat is evacuated at the interface radially, through the mold
walls [60].

To elucidate the general pattern of convective motion in our
samples, three samples were solidified under terrestrial conditions
for each TiO2 weight fraction. These samples were solidified iden-
tically to all other terrestrial samples except that, to prevent arti-
ficial disturbance of the interface shape, rubber plugs were not used
to seal the top of the sample, and thus, the samples are not included
in microstructural analysis. Care was taken to ensure the mold was
filled evenly with the suspension, without scattering any of the
colloid on the mold inner walls. A concave, “pit” depression [61]
formed within the first 10 s of solidification and increased in
depth over the course of solidification (~30 s). At conclusion of
solidification, the average depth of the depression increased as the
solid loading of the suspension increased, measuring ca. 1.1e1.2,
1.3e1.4, and 1.3e1.5 mm for the 8, 15, and 20 wt% TiO2 suspensions,
respectively.

The concave interface shape indicates a convective pattern
consistent with Fig. 7(c), where latent heat is removed at the
interface radially, i.e., through the mold walls. However, the man-
ufacturer's data for the PVC mold utilized lists the thermal con-
ductivity as 0.19 W/m K. Neglecting effective thermal conductivity
as a result of ceramic particle incorporation within the ice/colloid
matrix and the colloid liquid, conductivity of the mold material
remains significantly lower than that of ice (~2.2 W/m K) and water
(0.6 W/m K). By these approximations, latent heat should be
evacuated through the solid, which has higher thermal conduc-
tivity than both the liquid colloidal suspension and the mold
Fig. 7. Schematic of macroscopic interface curvature; freezing direction is vertically upwa
relatively homogenous across the interface and convective fluid motion is limited to that
motion patterns associated with an (b) convex and (c) concave interface shape. Here, L is l
material. Therefore, the concave curvature of the interface suggests
that the thermal conductivity of the colloid is higher than the ice-
particle composite.

Although not yet explored in ice-templating systems,
nanoparticle-induced increased thermal conductivity of colloids is
a growing field of research [62e64]. The theoretical basis of ther-
mal conductivity enhancement in nanoparticle colloids relies on
particle size-dependent Brownian motion [63], which is very high
for nanometric particles. Indeed, only nanoparticles within the
unsolidified colloid would offer enhancement to thermal conduc-
tivity because random motion is negligible for nanoparticles
incorporated within the ice composite. Thus far, nanoparticle-
enhanced thermal conductivity of colloids has primarily been
studied for relatively low particle fractions (<1 to 5 vol% [63,64]),
making it difficult to extend findings to the sufficiently higher
particle fractions commonly employed in ice-templating systems.

The development of periodic ice lenses in the 20wt% TiO2 can be
explained by the concave shape of the interface. With respect to the
freezing direction, the ice lenses observed here are horizontally
oriented layers consisting of alternating regions of planar ice
(particle-free lenses) and concentrated particles/ice regions (Fig. 3),
consistent with a cyclical pattern of particle engulfment. Ice-lenses
are the most commonly observed defect in ice-templated materials
and they significantly reduce the material's compressive strength
[7]. In the ice lens arrays observed here, the particle fractionwithin
the interface depression likely reached “breakthrough” concentra-
tion [8], wherein the osmotic pressure of the particle colloid
exceeded the capillary pressure necessary to allow ice to invade the
pore space. As shown by Barr and Luijten [65], particles can be
engulfed when the velocity of the solidification front is below the
critical velocity for engulfment (as it was here) if the particle
fraction within the accumulation region is sufficiently high such
that surrounding particles force particles nearest the interface into
the ice front; it is likely that this scenario occurred in the present
experiments.
rds. (a) is representative of a macroscopically planar interface; the particle fraction is
driven by vertical concentration and temperature gradients. General convective fluid
atent heat of fusion and k is thermal conductivity of the solid (s) or liquid (l).



Fig. 8. Plot of literature data reporting ratio of primary dendrite spacing obtained

under microgravity (lmg1 ) and terrestrial (lt1) conditions (defined as: lmg1 =lt1) as a
function of v�1/4 , G�1/2. Hyper- and hypoeutectic systems are shown in triangles and
squares, respectively. Present data are shown as black circles and are offset horizon-
tally within the estimated error range of v�1/4 , G�1/2, to ease visibility of error bars.
Regression lines correspond to: (i) metallic systems where rsolute/rsolvent s 1 (Al-Cu
[68,73,75,76,80], Al-Ni [57,77], Al-Si [78,83,86], Al-Li [81], Bi-Mn [87,88], Cu-Mn [82],
and (ii) non-metallic systems where rsolute/rsolvent z 1 (SCN-Camphor [69] and SCN-
Acetone [85]. Shaded regions about each regression line represent 95% confidence
intervals.
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The ratio of lL obtained under microgravity and terrestrial
conditions ( lmg1 =lt1), which is ~2.3 at 5 wt% TiO2, increases steadily
with increasing TiO2 weight fractions, reaching ~2.8 and ~3.3 at 8
and 15 wt% TiO2, respectively. As the TiO2 fraction increases, par-
ticle diffusion in the liquid becomes increasingly hindered. The
boundary layer height (the height of the particle concentration
gradient from the interface to the bulk liquid) is likewise reduced
[66]. That is, the concentration gradient occurs over a smaller
length scale because particles are not as free to diffuse away from
the interface. The combination of a decrease in both boundary layer
height and particle diffusion within the liquid offers less compen-
sation for the downward component of fluid velocity that is driven
by convection [57,67] and results in increased values of lmg1 =lt1 [57].

A sharp decline in lmg1 =lt1 is observed from ~3.3 at 15 wt% TiO2 to
~2.2 at 20 wt% TiO2 (Fig. 4(a)). At higher solid loadings, lmg1 =lt1
converges for all values of gravitational acceleration. This can be
explained by the macroscopically concave interface. After the
concave shape develops, convective fluid motion sweeps particles
radially from the mold walls toward the center of the interface. As
solidification proceeds, the solid fraction within this region con-
tinues to increase resulting in a concomitant decrease in perme-
ability within the region. As the accumulation region becomes less
permeable, the downward component of interdendritic flow ve-
locity resulting from convection [68] decreases and microgravity
and terrestrial values of lL are observed to be in closer agreement
than for any of the other particle fractions employed here.

It should be noted that any curvature of the liquid/solid interface
resulting from even a slight increase in thermal conductivity of the
colloid relative to the solid ice/particle composite is likely exacer-
bated as a result of the high solidification velocity employed here
[61]. For situations in which a concave depression develops as a
result of an unavoidable thermal conductivity mismatch, booster
heaters, which inject heat at the solidification interface through the
mold wall are commonly used to compensate for heat extraction
during the solidification of organic metallic analogues [69,70] to
control undesired interface curvature. A similar solutionmay offer a
means to control interface curvature, and resulting convective fluid
motion, for ice-templating systems.

4.3. Microgravity solidification of binary alloys

The solidification of metallic alloys [71] and organic analogues
to metallic alloys [72] has been studied in microgravity for over
thirty years to better understand the complex phenomena that
govern solidification. Binary alloy solidification data under
diffusion-controlled (i.e., microgravity) environments are typically
in good agreement with theoretical models describing l1.
Conversely, systems that are influenced strongly by gravity-
induced convection show large deviations from theoretical
models when solidified under terrestrial conditions [73,74].
Increased values of lmg1 =lt1 in alloys such as Al-Cu [68,73,75,76] and
Al-Ni [57,77] is well documented in the literature and attributed to
gravity-driven convective effects during solidification
[57,68,73,75e82]. Values of lmg1 =lt1 below unity are also reported in
the literature for systems such as Al-7 wt% Si [83] alloys when
solidified at relatively low solidification velocities and high thermal
gradients (v ¼ 0.87 mm/s, G ¼ 15.8 K/mm; lmg1 =lt1 ¼ 0.96), and
succinonitrile-0.24 wt% camphor [84] (organic metallic alloy
analogue; v ¼ 0.3e7 mm/s, G ¼ 1.2e2.8 K/mm, with associated
values of lmg1 =lt1 ranging from 0.55 to 0.97, respectively).

Literature values of lmg1 =lt1 in binary alloys are plotted in Fig. 8
against v�1/4 , G�1/2, based on Eq. (2). Two populations of data
can be observed in Fig. 8: (1) non-metallic systems in which rsolute/
rsolvent z 1 (SCN-Camphor [69] and SCN-Acetone [85]), and (2)
metallic systems in which rsolute/rsolvent s 1 (Al-Cu
[68,73,75,76,80], Al-Ni [57,77], Al-Si [78,83,86], Al-Li [81], Bi-Mn
[87,88] Cu-Mn [82,85]). Linear regression lines are shown for
each population, with the bottom and top lines corresponding
respectively to: (1) rsolute/rsolvent z 1 (y ¼ 1.5x þ 0.4, N ¼ 13,
r ¼ 0.85, R2 ¼ 0.72, p < 0.001, where y ¼ lmg1 =lt1 and x is the value
corresponding to v�1/4 , G�1/2 from the Hunt and Lu [56] model of
l1, N is number of observations, r is the correlation coefficient, R2 is
the coefficient of determination, and p is the calculated probabil-
ity), and (2) rsolute/rsolvent s 1 (y ¼ 2.6x þ 1.14, N ¼ 24, r ¼ 0.49,
R2 ¼ 0.24, p ¼ 0.014). Less data scattering about the regression line
is observed in systems where rsolute/rsolvent z 1, as compared to
systems where rsolute/rsolvent s 1. Shaded regions about each
regression line represent a 95% confidence interval.

Data from the present study are shown as black circles in Fig. 8.
For all TiO2-water data points shown in Fig. 8, the value of v�1/4 ,
G�1/2 is estimated to be 0.63. This estimate is based on a measured
average solidification velocity of 100 mm/s and an estimated ther-
mal gradient of 2.5 K/cm derived from in-situ temperature mea-
surements of solidification of the TiO2-water system under normal
terrestrial gravity. As all TiO2-water data points correspond to the
same estimated x-value of v�1/4 , G�1/2 ¼ 0.63, data points for TiO2-
water are offset horizontally in Fig. 8, within the estimated error
range of v�1/4 , G�1/2, to enable visualization of error bars corre-
sponding to the individual points. These TiO2-water data are pro-
vided for comparison to microgravity alloy solidification only and
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were not included in linear regression analysis. Interestingly, these
data are in good agreement with the regression line that corre-
sponds to the rsolute/rsolvent s 1 alloy systems.

Systems in which rsolute/rsolvent z 1, show less dependence of l1
on gravity-induced convection (lmg1 =lt1: mean (M) ¼ 0.97, standard
deviation (SD) ¼ 0.15, N ¼ 13) than systems where rsolute/rsolvent s
1, which show significantly increased values of lmg1 =lt1 (lmg1 =lt1:
M¼ 1.8, SD¼ 0.9, N¼ 24; two-sample t-test for unequal variances, t
(33) ¼ �3.88, p < 0.001). However, a difference in lmg1 =lt1 between
systems where rsolute/rsolvent < 1, and >1, is not observed, sug-
gesting a potential dependence of lmg1 =lt1 on the existence of a
density difference between rsolute/rsolvent, independent of direction.
Indeed, Al-Si and Al-Ni show a similar dependence of v�1/4 , G�1/2

on lmg1 =lt1, as shown in Fig. 7, despite having a rsolute/rsolvent value of
0.86 and 3.3, respectively.

Differences in lmg1 =lt1 are likewise, not observed between hypo-
and hypereutectic alloys (shown in Fig. 8, as squares and triangles,
respectively), which differ with regard to the interface solute con-
centration relative to the bulk. Consider the case of the Al-Cu alloys,
which, in addition to having the largest values of lmg1 =lt1, have a
higher density mismatch between solute and solvent than any of
the other systems (rsolute/rsolvent ¼ 3.3). The cluster of five Al-Cu
data points shown in Fig. 8 correspond to three hypoeutectic al-
loys of 20 [68] and 26 wt% Cu [68,76] (red squares) and two hy-
pereutectic alloys at 38 [73] and 40 [68] wt% Cu (red triangles), with
the 40 wt% having the lowest value of lmg1 =lt1 at 2.4.

Hypoeutectic Al-Cu alloys exhibit similar solute redistribution
behavior as described for the ice-templating system, wherein Cu
solute accumulates ahead of the interface, leading to a higher
concentration of Cu at the interface relative to the bulk liquid. In
hypoeutectic Al-Cu systems, the fluid density at the interface is
greater than the bulk due to the higher concentration of Cu.
Conversely, in hypereutectic systems, the interface is solvent- (Al-)
rich, and therefore, less dense than the bulk fluid. Despite the dif-
ferences in density at the interface vs. the bulk, values of lmg1 =lt1 are
in good agreement between the 20 and 26 wt% hypoeutectic and
the 38 wt% hypereutectic alloys. This is especially the case for the
hypoeutectic 26 wt% [68] and hypereutectic 38 wt% [73] Cu, both
solidified under similar values of v�1/4 , G�1/2 in long-term
microgravity environment, having similar values of lmg1 =lt1 of 3.4
and 3.9, respectively.

The steady-state boundary layer height d, which is an approxi-
mation of the height of the concentration gradient from the inter-
face to the bulk concentration [66], is taken as:

d ¼ 2DL=v (3)

where DL is the diffusion coefficient of solute in the liquid and v is
the solidification velocity. By Eq. (3), the boundary layer height is
estimated to be substantially lower for the hypereutectic Al-Cu
alloy compared to that of the hypoeutectic (d ¼ 0.38 and 1.33 mm,
respectively), meaning that the concentration gradient occurs over
a smaller length scale in the alloy with a higher value of lmg1 =lt1,
which is consistent with the explanation offered for the increase in
values of lmg1 =lt1 for 15 vs. 5 wt% TiO2 observed here.

4.4. Relating microgravity alloy solidification to ice-templating

The microgravity time restrictions of parabolic flight only allow
for ~30 s of solidification time per sample. To maximize sample
depth, solidification velocities explored here (100 mm/s) were the
highest velocities attainable using the dry ice-cooled copper sub-
strate. As such, a range of velocities were not explored and a value
for n from Eq. (1), cannot be calculated. As we have shown, gravity-
driven convective effects reduce l1 in binary alloys, particularly
when rsolute/rsolvent s 1, consistent with the results reported here
for TiO2 colloid solidification. A limitation of this study is that
microstructural datawas obtained from sintered samples. Although
a statistically significant difference between microgravity and
terrestrial sample shrinkage could not be detected, it is known that
sintering shrinkage can alter the templated microstructure in
freeze-cast materials [89].

To explore whether the concept that gravity-driven convection
decreases lL as observed here, can be generalized to other ice-
templating systems, literature data are utilized from ice-
templating studies of sintered, green, and green samples filled
with epoxy, as well as in situ investigations, to determine if lL shows
a similar dependency on the ratio of particle-to-fluid density (rp/rf)
as observed in microgravity solidification of binary alloy systems.
Data from studies employing water as the fluid and reporting v and
lL are shown in Fig. 9, for aqueous suspensions of: (a) lanthanum
strontium manganite/yttria-stabilized zirconia (LSM-YSZ) [90]; (b)
Al2O3 [18,21,34,49,50,91e94], SiC [95], tricalcium phosphate (TCP)
[96,97], Si [98]; (c) SiO2 [99e101] and collagen [10]; and (d) tert-
butyl alcohol (TBA) [102] and acetic acid (HAc) [10]. Systems con-
taining lower density particles (collagen, SiO2) or solute (TBA, HAc)
than water show a weaker overall dependence of lL on solidifica-
tion velocity when compared to systems consisting of higher
density particles (LSM-YSZ, Al2O3, TCP, SiC, Si).

A least squares regression is utilized to obtain a value of n from
Eq. (1), for each particle system. Fig. 9(e) shows the n values ob-
tained plotted against rp/rf; statistical significancewas obtained for
all slope coefficient values with the exception of acetic acid (HAc)
and tert-Butyl alcohol (TBA). All regression statistics are provided in
Table 2.

Excluding HAc and TBA, an inverse relationship between n and
rp/rf is still observed as can be inferred by comparing consecutive
plots from Fig. 9(a)e(c); the slope of each regression line increases
as the magnitude of rp/rf decreases. Values of n as deduced from
Fig. 8(aee), are plotted against relative density values rp/rf for each
system. Linear regression analysis is utilized to obtain the line
depicted in Fig. 9(e) (y ¼ �0.23x þ 0.13, r ¼ 0.93, R2 ¼ 0.86, N ¼ 7,
p¼ 0.002). The relationship depicted between n and rp/rf shown in
Fig. 9(e) is simplified as factors such as solid particle fraction and
size, among others, are not accounted for. Nevertheless, a clear
relationship between n and rp/rf is observed. By Eq. (1), this sug-
gests that systems with a relatively higher ratio of rp/rf have a
greater dependence of lL on v. An empirical dependence of lL on the
ratio, rp/rf, coupled with the experimental results presented here,
is highly suggestive that gravity-driven convective effects influence
lL in ice-templating systems. Additional microgravity in-
vestigations in a longer term microgravity environment, enabling
experiments at a range of solidification velocities, are necessary to
clarify this relationship.

5. Conclusions

This study addresses the role of gravity-driven convection on
microstructural formation during directional solidification of
aqueous suspensions of 5e20% wt% nanometric titanium dioxide
(TiO2) particles. These suspensions were solidified under reduced
(micro-, lunar, Martian) gravitational conditions during ~25 s
reduced gravity periods on parabolic flights as well as under normal
terrestrial gravitational conditions, as the first step of an ice-
templating process. As a result of an induced thermal gradient,
ice dendrites grow perpendicular to the freezing surface, rejecting
particles from the advancing front and later forcing assembly
within interdendritic space. After solidification, the ice dendrites
were removed by sublimation and the resulting TiO2 samples were
sintered to densify particle-packed walls aligned with the



Fig. 9. Plot of lamellae spacing lL vs. solidification velocity v for literature data on aqueous suspensions of: (a) LSM-YSZ [90], (b) Al2O3 [18,21,34,49,50,91e94], SiC [95], TCP [96,97],
Si [98], (c) SiO2 [99e101], and Collagen [10], and (d) TBA [102], and HAc [10]. Data obtained during in situ investigations, microstructural analysis of green bodies and green bodies
whose pores were filled with epoxy are shown in black circles, white and red circles with black outlines, respectively; data obtained from sintered samples contain no additional
marking. Lines are linear regression of data; shaded regions represent 95% confidence intervals. (e) Plot of n (calculated from (a) as Eq. (1)) vs. relative density ratio (rp/rL); colors of
plot points on (e) correspond to systems shown in (a) through (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Summary of least square regression statistics and calculated n values from Eq. (1), for literature values reporting solidification velocity (v) and lamellae spacing (lL) as plotted in
Fig. 9(aed); correlation coefficient (r), number of data points (N), degrees of freedom (d.f.), and probability value (p). The density ratio of particle/fluid (rp/rf) utilized for each
system plotted in Fig. 9(e) is also provided.

System Reference(s) rp/rf n r N d.f. p

LSM-YSZ/Water [90] 6.5 �1.316 0.79 8 6 0.003
Al2O3/Water [18,21,34,49,50,91e94] 3.9 �0.74 0.61 129 127 <0.0001
TCP/Water [96,97] 3.0 �0.704 0.85 20 18 <0.0001
SiC/Water [95] 3.2 �0.77 0.91 5 3 0.01
SiO2/Water [99e101] 2.7 �0.20 0.23 17 15 0.049
Si/Water [98] 2.3 �0.47 0.92 4 2 0.04
Collagen/Water [10] 1.5 �0.18 0.30 24 22 0.005
Water/TBA [102] 1.2 �0.06 0.02 12 10 0.6
HAc/Water [10] 1.0 �0.03 0.04 15 13 0.5
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temperature gradient.
Microstructural analysis of the sintered samples reveals a de-

pendency of ice lamellae spacing (lL; analogous to interdendritic
spacing in alloy solidification) on (i) TiO2 weight fraction and (ii)
gravitational acceleration. Increasing the TiO2 fraction in the sus-
pensions leads to decreased lamellar spacing in all samples,
regardless of gravitational acceleration. Increasing the fraction of
TiO2 from 5 to 20 wt% decreases lL by a factor of ~3.5 in both
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microgravity and terrestrial samples. For all solid loadings studied,
lL is highest under microgravity conditions and reduces with
increasing gravitational accelerations; at 15 wt% TiO2, from ~0 to
1 g, lL decreases by a factor of ~3. This effect is less pronounced at
higher solid loading fractions wherein lL decreases by a factor of 2,
from 0 to 1 g, for the 20 wt% TiO2. This is expected to be a direct
result of reduced convective mixing at higher particle weight
fractions resulting from decreased permeability within a region of
accumulated particles, located ahead of the solidification interface.

Periodic ice lens structures interspersed between particle-
packed beds oriented parallel to the solidification direction, un-
like lamellae, which are oriented perpendicular to the freezing, are
observed in two of the eight 20 wt% TiO2 colloids solidified under
terrestrial gravitational conditions, but not in any of the 32 samples
solidified under reduced gravity (including eight samples with
20 wt% TiO2) or for any of the lower solid loadings, independent of
gravity values. Ice lenses in terrestrial samples are consistent with a
pattern of particle engulfment.

Results of this study are in good agreement with previous
microgravity studies of binary metallic alloy solidification. This
suggests that solidification models of primary dendrite spacing,
where solute is rejected at the interface by advancing dendrites,
and experimental work on alloy solidification in microgravity is
relevant to the solidification behavior of directionally-solidified
aqueous colloids. Long-term microgravity studies are necessary to
clarify these relationships.

Literature data from ice-templating studies are utilized to
investigate a potential dependence of particle-to-fluid density on lL
in ice-templated materials; an empirical power law relationship
between lL and solidification velocity is confirmed. It is suggested
that the particle-to-fluid density ratio is partially responsible for
this dependence.
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