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Porous materials manufactured by freeze-casting are demonstrating potential application as oxygen carriers for
the production and purification of hydrogen, or anode material for lithium-ion batteries. However, to obtain the
required pore morphology and sufficient mechanical strength, the suspension processing parameters must be
controlled. Fe;O3 nanoparticles/camphene suspensions were fabricated using stearic acid as the dispersant agent
showing a low-viscosity (130 mPa-s) with a high solid volume fraction (0.3). Suspensions show a shear-thinning

behavior according to the Sisko model and a maximum packing fraction of 0.569 estimated from a zero porosity
sample. A modified Krieger and Dougherty model was introduced to incorporate the influence of the particle-
aspect ratio. The FeyO3 scaffolds manufactured by freeze-casting shown a gradient pore size along the
freezing direction, which was diminished with the solid volume fraction, the compression strength was improved
with the pore size reduction and fitted according to the minimum solid area model.

1. Introduction

The interest in the freeze-casting technique has grown over the last
20 years due to its ability to build porous materials with a wide diversity
of raw powders [1-4]. The potential of this technique lies in the possi-
bility of tailoring the pore morphology by controlling the parameters of
the manufacturing process, especially those related to the cooling and
solidification of the liquid vehicle. The freeze-casting technique begins
with the formation of a stable particle suspension, which later solidifies
directionally to allow dendrites to grow. Dendrites push the suspended
particles and stack them into interdendritic spaces; the solid solvent is
then removed by sublimation and the green samples are finally sintered.
Ceramic materials have been the leading choice [5-9] for decades due to
their chemical variety and abundance in the submicrometric range.
However, metals [10,11], plastics [12], and metallic oxides [13,14] are
now being extensively employed to create porous materials. Today,
FeoO3 particles [15,16] or scaffolds [13,17,18] are drawing major
attention due to their redox properties, which constitute a feasible and
valid alternative for the production, storage, and purification of
hydrogen. However, the operational temperature of the redox cycles
promotes particle sintering and the reduction of open porosity, which
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cause a significant drop in performance efficiency due to the diminishing
of accessible reactive surfaces. A simple solution is to dope the metal
oxide to add elements such as Al, Mg, Zr, or Ce [15] and increase the
open porosity to counterbalance the sintering process. In the case of the
freeze-casting technique, open porosity could be increased by control-
ling the solidification process, reducing the powder load in the initial
slurry, and decreasing the effective particle size to allow dendrite
replication and proper stacking during solidification.

Although water has been the main solvent used for obvious reasons,
camphene is also employed as a liquid vehicle to fabricate porous ma-
terials [19]. Camphene (C;0H;¢) is a non-polar organic component of the
terpene family, with a melting point of 48—51 °C [20,21], an ability to
form branched dendrites during solidification, and it sublimates under
ambient conditions. Due to the non-polar characteristic of camphene,
the numbers of suitable additives are limited. Polystyrene (PS) has
proved to be a suitable binder [22], while fatty acid polymer [23] and,
the most common, polyester oligomer [24,25] (i.e., Hypermer KD4®,
Zephrym®, Solsperse 3000®, etc.) are the main choices as dispersant
agents. Polyester oligomer has been used to create zirconia suspensions
in non-polar [26] and organic media [27]. According to Moloney et al.
[26], polyester oligomer employs its carboxyl functional group as a
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particle anchor. This functional group allows the formation of chelate
complexes around the particle surfaces by keeping it strongly adsorbed
to the particle while the other side of the molecule shows good affinity
with the solvent. Thus, the 90-carbon chain molecule forms a steric
barrier (10 nm in length) that reduces the particle attraction forces,
thereby creating a more stable suspension. In the case of metal oxide
nanoparticles with a typical range size of 10—50 nm, this dispersant may
form a heavy and thick stearic barrier that could lead to unwanted ef-
fects during freeze-cast processing, such as: particle precipitation, inef-
ficient particle stacking, and excessive viscosity at high particle loading.
Therefore, the use of a carboxylic acid with a lower hydrocarbon chain,
such as stearic acid, could improve the handling of slurries with high
solid loading and improve the mechanical properties of the metal oxide
scaffolds created by freeze-casting.

This work is focused on the use of stearic acid (SA) as a particle
dispersant and its effects on the pore structure and mechanical perfor-
mances of Fe;O3 scaffolds. The SA is a carboxylic acid with an 18-carbon
chain molecule and produce a steric barrier length of just 4 nm [27],
which appears sufficient for nanoparticle to achieve a complete stearic
stabilization, to improve the particle staking during solidification, and,
lastly, to enhance the mechanical properties. The viscosity of camphene
suspensions has been characterized as a function of the solid volume
fraction. These suspensions have been employed to manufacture he-
matite scaffolds with gradient porosity by freeze-casting, the size and
morphology of which have been characterized by optical microscopy
and scanning electron microscopy (SEM). This study was completed
with the mechanical characterization of the material through the re-
sponses to compression loads.

2. Experiment and method
2.1. Scaffold manufacturing

Feo0O3 nanoparticles/camphene suspensions with 10, 20 and 30 vol.
% of solid load, i.e. a solid volume fraction ¢ = 0.1, 0.2, and 0.3, were
made by ball-milling at 60 °C. The nanoparticle a-Fe;O3 powder (99.8
%, GNM, Saint-Cannat, France) employed has a rod-like shape with a
particle size of 30 nm in length by 8 nm in diameter, confirmed by
transmission electron microscopy observation (TEM), and has a specific
surface area of 101 m?/g determined by BET (Brunauer, Emmett and
Teller) theory. Camphene (95 %, Sigma Aldrich, Madrid, Spain) was
used as liquid media. An 8 wt.% of stearic acid (SA) (98 %, Alfa Aesar,
Barcelona, Spain) according to the powder load was added as the
dispersant agent. The scaffold manufacturing procedure was based on a
previous study [13]. Firstly, the dispersant agent was mixed for 30 min
in camphene and the powder was subsequently added to the media and
ball-milled for a further 24 h to achieve proper particle dispersion.

Before pouring, the suspensions were sonicated for 10 min to remove
any air bubbles formed during the ball-milling process. The degassed
suspension was then poured into a cylindrical mold of 30 mm in diam-
eter by 15 mm in height made of PTFE walls and a copper base, which
was pre-heated at 60 °C in an incubator. The poured suspension was pre-
rested for 15 min before any cooling was applied. The directional
cooling was performed by running water at 42.5 °C across the mold base
and gradually reducing the incubator temperature at a rate of 0.2
°C.min~"! until complete sample solidification was attained.

Once the samples reached complete solidification, they were kept at
room temperature for 48 h to allow the solid camphene to sublimate.
Finally, the green samples were heat-treated in a tubular furnace (Tube
furnace Thermolyne 21100, Merck, Germany) at 600 °C for 2 h for
organic burn-out and sintered at 1100 °C for 3 h. All heat treatments
were carried out in an air atmosphere. The heating and cooling rates
were set at 1 °C-min~! and 5 °C-min ", respectively, to prevent cracks or
sample distortions. The sintered samples were approximately 9 mm in
height by 20 mm in diameter.
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2.2. Rheological characterization

Rheological characterization was conducted using a stress-controlled
rheometer (AR2000, TA Instruments). Steady-state flow curves were
obtained for each suspension immediately after being ball-milled for 24
h and shear viscosity values were recorded from 1 to 100 s~!. Experi-
ments were performed using a 50 mm-diameter parallel-plate geometry,
with a 500 pm gap between plates. The temperature was fixed at 60 °C
for all experiments using a Peltier system accessory. Additionally, 4
suspensions with ¢ = 0.1 were prepared with different concentrations of
SA (1, 2, 4, and 8 wt.%) to determine the point of minimal viscosity
measured at 100 s 1.

2.3. Scaffold microstructure characterization

The pore structure of the sintered hematite scaffolds was analyzed
with Field Emission Scanning Electron Microscopy (FESEM) and Optical
Microscopy (OM). Several images of the central axial plane were taken
at different heights (h = 0, 3, 6, 9 mm) to quantify the average pore and
wall sizes using the non-redundant maximum-sphere-fitted image
analysis technique [28]. An area of approximately 1 mm? was analyzed
at each h. Pore size distributions were measured by Quantachrome
Poremaster 60GT mercury porosimeter using a sample of 3 x 3 mm in
area by 9 mm in height (the longest axis was parallel to the freezing
direction). Total porosity (%) was determined by three procedures: a)
Archimedes’ method: soaking the sintered samples into boiling water for
5 h and leaving them immersed in the hot water for a further 24 h; b)
Mercury Intrusion Porosimetry using a Quantachrome Poremaster 60GT
porosimeter; and c) Image analysis: the free access ImageJ software was
used for image processing (8-bit binarization, threshold, and removal of
4-pixel outliers).

2.4. Mechanical characterization

Compression tests were carried out at room temperature using an
Instron 5505 with a 100 N load cell and a cross-head speed of 2 mm-
min L. The tests were performed over cubes with 4 mm in length which
were cut from the sintered samples of the top (h = 9 mm) and bottom (h
= 0 mm) sections. Loading directions were applied either parallel or
perpendicular to the solidification direction, 3 samples were tested on
each condition. All tests were halted when a decrease of over 30 % on
the applied stress was detected. The results showed the mean of these
replicates and uncertainty was expressed in terms of SD (standard de-
viation) using Excel from the Microsoft Office 2019 statistical package.

3. Results and discussion
3.1. Rheology of nanoparticle suspensions

The steady-state flow curves obtained as a function of the solid
volume fraction (Fig. 1) showed an increase in the measured viscosity
with the powder loading, as was expected [19,29]. The use of SA as a
dispersant agent produced slurries with sufficiently low viscosity to pour
without difficulty, where the viscosity of the molten camphene at 60 °C
is 1.60 mPa-s [30]. The curves showed a reduction in the measured
viscosity (1)) as the shear rate () increased. At low }, no constant values
of the viscosity (n,) were determined, but at approximately 100 s71 the
measured viscosity (1,qo) achieved nearly a constant value, which
increased with the solid volume fraction (¢) in the slurries. The viscosity
curves were strongly dependent on the shear stress, as the measured 1
decreases with the y (Fig. 1). The slurries with a solid volume fraction of
¢ =0.2 and 0.3 were close to each other and showed a significant drop in
viscosity as the shear rate increased compared with that of the 0.1 slurry;
this behavior could be attributed to the rod-like shape of the Fe,O3
nanoparticles. At the lower y, the particles were randomly oriented and
the measured viscosity was high, whereas, as the y increased, the
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Fig. 1. Viscosity of Fe,O3 nanoparticles/camphene suspensions with different
solid volume fractions (¢).

particles were aligned to the flow direction and the viscosity decreased.
This situation became more relevant as the volume fraction of the solid
increased. This shear-thinning behavior could be fitted with the Sisko
model in accordance with Eq. 1 [31]:

n=n,+Kjy"" (€8]

Where n_ represents the viscosity when y — o0, K is the consistency
parameter, and n is the flow index. This model was selected between
many others available in the literature because its use is recommended
for systems exhibiting infinite shear rate viscosity (n_).

The rheological parameters (Table 1) of the Fe;O3 nanoparticles/
camphene suspensions according to the ¢ with the Sisko model were
calculated using 1, as 1, since nearly constant viscosity was achieved
in all measurements in that shear rate. As the ¢ increases, the n value in
the flow index falls from 0.25 for ¢ = 0.1 down to zero at ¢ = 0.2 and
0.3. When n = 0, it agrees with a complete shear-thinning behavior,
which transforms the Sisko model to a power law expression (i.e., Ost-
wald model) with the inclusion of the n_, factor, by showing the effect of
the shear stress and the particle alignment with the flow direction.

In fact, the particle alignment could be intensified by the effect of the
SA as dispersant agent. The SA is a fatty acid with an 18-carbon chain
molecule with a carboxyl functional group at one of its ends and mo-
lecular weight of 284.48 g-mol~! (almost 5 times lower than the mo-
lecular weight of Hypermer KD4®, 1414.35 g-mol™! [27]). The
functional group forms a strong anchoring bond via ionic interaction
with the hematite particle surface, the SA layer formed reduces the
particle attraction forces and produces low viscosity FepO3 nano-
particles/camphene suspensions by steric hindrance. This effects have
been reported previously for NiO nanoparticles suspensions [32] and
calcium sulfate whisker [33] with SA as dispersant agent. Then, the
adsorbed layer of SA is about 2 nm, and keep the particles apart around
another 4 nm, these distances are within the order of magnitude of the
rod-like shape Fe;O3 nanoparticles used, therefore, the particle align-
ment is not hinder by the SA molecules as the shear stress increased
during viscosity measurements.

Table 1

Rheological parameters (consistency (K), flow index (n — 1), viscosity at 100 s™*
(M100)> as well as 1) of the Fe;O3 nanoparticles/camphene suspensions ac-
cording to the solid volume fraction (¢) with the Sisko model [Eq. (1)].

[ K (mPa-s™) n—-1 N0 (MPa-s) N (mPa-s)
0.1 13 —0.75 9 7

0.2 1062 —1.00 61 29

0.3 1352 —1.00 130 97
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Fig. 2 shows the effect of the SA dispersant concentration over 1.
At 1 wt.% SA, the measured 1,,, was 142 mPa-s; as the concentration
increased, the viscosity decreased continuously down to a minimal
viscosity of 2.5 mPa-s with SA set at 4 wt.%. Furthermore, an increase in
SA concentration produced a viscosity increment of up to 9 mPa-s.
Therefore, the initial 8 wt.% could be considered to be above the optimal
concentration of the dispersant agent, since several studies have deter-
mined an optimal dispersant concentration around the minimum vis-
cosity value [27,34,35]. Lu et al. [29] verified how the minimal viscosity
value moves towards a higher concentration of dispersant when the load
of solid particles increases. Thus, as the dispersant concentration was
kept constant for the different values of ¢ studied, the 8 wt.% dispersant
concentration may be closer to the optimal dispersant concentration for
¢ = 0.3. Table 2 shows the porosity measurements and the pore features
of the Fe;03 scaffolds according to the solid volume fraction (¢); the
wall density of samples with ¢ = 0.1 and 0.2 was significantly low due to
the poor packing of the particles during solidification. Since 8 wt.% SA
lies above the optimal concentration, the particles were completely
surrounded by the dispersant, while the excess dispersant remained
suspended in the solvent, which caused an increase in the values of 1.
The excess dispersant isolates the particles and hinders their adhesion
during the solidification process, which prevents them from packing
efficiently [36,37]. As ¢ approached 0.2, the wall density increased,
since particles approached the optimal dispersant concentration. At ¢ =
0.3, the wall density increased significantly (Table 2) due to a better
particle packing during camphene solidification. It is possible that the
surface of the particles was not completely covered because the optimal
dispersant concentration could have been unattained, which allowed the
decrease of micro-porosities in the walls, since the particles were packed
closely due to the dominance of the van der Waals forces [35]. Open and
close porosity were obtained by the Archimedes’ method where the
maximum porosity combined should equal to the volume fraction of
camphene used to fabricate each Fe,O3 scaffolds. During freeze-casting,
the camphene dendrites grows within a more stable particle suspension,
where Fe;O3 nanoparticle sedimentation have been reduced by the use
of SA, as no significant differences among the total porosity were
observed across the sample height. Also, the dendrite replication was
improved due to the lower effective particle size promoted by the short
tail length of the SA molecule, this feature allows the primary/secondary
arms to grow and produces a higher interconnected pore structure, even
with an high particle loading, i.e. ¢ = 0.3. This pore interconnectivity
would allow the gas streams of reductant and oxidizing gases to flow
alternatively throughout the scaffold and carry out the redox cycles.
Clearly, lower ¢ will produces sample with higher open porosity but

1000

100 E

1 1 1 1
0 2 4 6 8 10

Dispersant concentration (wt.%)

Viscosity (mPa-s)

Fig. 2. Influence of the stearic acid dispersant concentration on the viscosity
(N109) Of FeyO3 nanoparticles/camphene suspensions with 0.1 solid volume
fraction (¢).
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Table 2
Porosity measurements and microstructural features of the Fe,O3 scaffolds according to the solid volume fraction (¢) using 8 wt.% of SA.
Archimedes’ method Mercury Porosimetry Optical Microscopy
¢ Wall density (g/ Open/close porosity Total porosity Bulk density (g/ Total Porosity h Total porosity Pore size Wall thickness
em®) (%) (%) em®) (%) (mm) (%) (wm) (pm)
9 74.7 103 + 65 17 £8
6 74.8 105 + 65 15+7
0.1 1.51 66.3/4.8 71.1 1.31 75.0 3 746 103 + 62 1648
0 75.4 54 + 31 12+t6
9 65.3 58 + 38 16 £7
6 67.5 70 + 32 17+7
0.2 2.51 48.1/4.0 52.1 2.20 57.9 3 67.9 42+ 36 1446
0 60.0 30+21 13+6
9 27.2 33+15 30 £12
6 25.1 35+16 28 +£13
0.3 3.53 24.2/8.4 32.6 3.71 29.4 3 26.0 34116 31114
0 23.1 32+15 31+14

minor mechanical properties, however this drawback might be reduced
with an improvement in the particle stacking within the scaffold walls.

3.2. Pore morphology and microstructure

Fig. 3 shows the effects of the directional solidification and the solid
volume fraction over the final scaffold microstructure, where the FESEM
micrographs analysis shows a decrease in porosity and pore size with the
solid load (Table 2). The use of axial directional cooling to fabricate the
Fe,03 scaffolds produced a variation in the thermal gradient and in the
solidification rate along the sample height [13]. This situation led the
pore size to increase with no significant differences in the total porosity,
although this gradient was attenuated with the increase of ¢. Due to the

combination of: 1) the SA as dispersant, 2) the pre-resting process and,
3) the cooling condition, no dense layer at the bottom of the samples was
observed (Fig. 3a). The particle sedimentation was reduced and, the
Fe;O3 nanoparticles/camphene suspensions encounter a lower thermal
gradient at the beginning of the solidification.

Regarding pore morphology, the samples with ¢ = 0.1 tended to be
elongated due to the dendritic growth of the camphene crystal with the
primary arm oriented parallel to the direction of solidification (Fig. 3b),
the small and equiaxed pores were created by the secondary arm ori-
ented perpendicular. However, due to the increment of the solidification
temperature with ¢, the thermal gradient decreased, and the solidifi-
cation front velocity increased during the progression of the front across
the sample height. Thus, the tendency to form dendrites decreased and

a)

Total Sample height

01 0.2

Solid volume fraction

0.3

1000 pm
—

Sample height (mm)

0.2
Solid volume fraction

200 pm

Sample height (mm)

200 pm

0.2

Solid volume fraction

Fig. 3. Effect of the solid volume fraction (¢) on the pore morphology through the sample height: OM images of the overall morphology of the longitudinal section
(a), FESEM images of the longitudinal (b), and cross-sections (c). FESEM micrographs were taken using the same magnification (200x) and the scale bar placed at the

bottom left represents 200 pm.
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the pore became equiaxed. This behavior was especially observed in
samples with ¢ = 0.2 (top part) and 0.3. FESEM micrographs of the
cross-section (Fig. 3c) shows significant pore connectivity on samples
with ¢ = 0.1 and 0.2 throughout the height due to a dendrite coales-
cence during camphene solidification. Samples with ¢ = 0.3 present
scattered pores about 150 pm -most likely- due to some trapped air.

Table 2 shows the porosity values of the Fe;O3 scaffolds in terms of
measurement techniques and ¢. The total porosity of the samples
decreased with the increment of ¢, with a major reduction at ¢ = 0.3 due
to the volume contraction during sintering. The Archimedes’ method
and the Mercury Porosimetry measurements were similar in all ¢ as they
calculated the open porosity of the samples by an intruded procedure.
The optical measurements differed from those, most likely due to the
extrapolation of 2D data to a volume magnitude and the lack of reso-
lution of the small pores within the solid walls, which was particularly
noticeable in the samples with the highest loading of close porosity. The
close porosity increased significantly at ¢ = 0.3 due to the particle
entrapment promoted by the enhancement of the solidification rate and
the increment of the solid concentration [38,39].

Table 2 also shows the average values of the pore size and wall
thickness. Samples with ¢ = 0.1 and 0.2 showed a gradient behavior
throughout the sample height, with the smaller values being located at
the bottom of the samples, where the highest cooling rate occurred. Due
to the quantification method, the elongated pores were counted in terms
of their thickness rather than their height, thus lowering the average
pore size reported; however, a significant number of pores were round-
shaped and were located within the solid walls. Gradient porosity is
commonly observed in directional solidification samples [40], which is
attributed to the variation of the thermal gradient and the camphene
growth rate as the solid-liquid interfaces move across the sample. In the
case of ¢ = 0.2, a slight decrease in the average pore size was observed at
the top of the sample (12 mm in height), probably caused by the increase
in the local particle concentration due to the evaporation of camphene
[41]. The gradient of the microstructure features decreased with the
solid loading, since it was practically neglected at ¢ = 0.3. At high solid
loading, the local increment in particle concentration due to the pushing
of the growing crystal, increasing the effective particle radius and
lowering the critical velocity for particle engulfment [42], therefore,
solid particles are being entrapped or engulfed rather than pushed, and
the camphene crystal bridged during solidification. Later, those bridged
are responsible for the significant level of interconnected porosity (open
pores) achieved. The pore size distribution calculated by mercury
intrusion (Fig. 4) shows wide histograms with mean pore sizes of 57, 13,
and 12 mm for ¢ of 0.1, 0.2, and 0.3, respectively. The mean pore size
determined by this technique represents the mean pore throat of the

0.80 T T T

0.70 i+ Mean pore size: 57 pm )

g

o}

=}
T

Solid volume fraction (¢)
—0.1——02——0.3

o

)

o
T

0.40

=

w

=}
T

i Mean pore size: 13 um

Log Differential Intrusion (cm®/g)

0.20 - E Mean pore size: 12 ym |
0.10 | |
0.00 ]

1000 100 10 1 0.1

Pore Diameter (um)

Fig. 4. Pore size distribution of the sintered Fe,O3 scaffolds for different solid
volume fractions (¢). Mean pore size was calculated over the shaded area.

197

Journal of the European Ceramic Society 42 (2022) 193-201

porous structure, which was significantly smaller than the pore size
determined by OM analysis. This effect is already described in the
literature [43] and it was enhanced by the interconnected pore structure
obtained in the sintered Fe;O3 scaffolds.

3.3. Effect of the solid volume fraction (¢) on viscosity

As was previously established, the interactions between particles in
the liquid camphene caused an increase in the viscosity with the increase
of ¢. Despite the numerous correlations between the solid volume
fraction (¢) and the apparent viscosity (1), the Krieger and Dougherty
model [44] (Eq. 2) is commonly accepted for particles in camphene
[19]:

3 ¢ )*[W]"bnmx
q)max

Where 7y, is the viscosity of the solvent (1.60 mPa-s), Pmax is the
maximum packing fraction, and [n] represents the intrinsic viscosity. In
this model, [n] is a factor to describe the particle shape, which is typically
reported as 2.5 for monodispersed hard spheres according to the Ein-
stein relation. Since rod-like shaped nanoparticles were used in this
study, a more suitable expression for low-aspect radio spheroids (R <
15) could be that as proposed by Zirnsak et al. [45] (Eq. 3):

n= nso]vem‘ (1 (2)

] = 2.5 +0.408:(R — 1)"** (3)

[n] could have values ranging from 4.64 for a nominal R = 4-11.89
for R = 9. This range provides a better understanding of how sensitive
the slurries’ viscosity could be to the morphological features of rod-like
particles. Likewise, ¢, could be obtained from the critical solid volume
fraction (¢,), known as breakthrough [23], in which particles are no
longer pushed by the growing camphene crystal, thereby forcing the
solid/liquid interfaces to bypass (engulf) the packed particle, according
to the following equation (Eq. 4):

3
3KT
G =+ | 3
327pSar (R,)

where K is Boltzmann’s constant, T is the solidification temperature, p is
the hematite density (5.24 g-cm~2), S, is the specific surface area, y is the
solid/liquid interfacial energy for the camphene (0.0044 J-m~2) [46],
and R, is the particle radius. Eq. 4 was adapted to cylindrical particles
with a nominal R = 4. The ¢, value could be linearly extrapolated from
the solid volume fraction of a zero-total porosity (i.e., fully dense)
sample by the Archimedes’ method as ¢, = 0.469. Finally, the maximum
packing fraction ¢,,,, was estimated to be 0.569.

The solid volume fraction (¢) is affected by the SA adsorption layer
(5) bonded to the solid particles, which, assuming the deprotonated
molecule length in a perpendicular disposition, is approximately 2.4 nm.
Thus, an effective solid volume fraction (q;eﬁ) was calculated by modi-

4

fying the Krieger-Dougherty equation [44] to consider rod-like particles,
as follows (Eq. 5):

26pS.\°
¢eﬁ:¢(1f . ) ®)
Eq. 3 can be rewritten as:
P, =[] bmax
N = Tlcamphene' (1 - q) - (6)

Fig. 5 shows the influence of the solid volume fraction of Fey,O3
nanoparticles/camphene suspensions with 8 wt.% of stearic acid on the
viscosity. Initially, the increment of n_ observed with the ¢ follows the
Krieger-Dougherty model, although the influences of the particle-aspect
ratio is visible as [n] resulted in 33. Fe3O3 particles had a nominal R = 4.
However, the slurries seemed to follow a trend described by particles
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Fig. 5. Viscosity vs. volume fraction of Fe,O3; nanoparticles/camphene sus-
pensions dispersed with 8 wt.% of stearic acid based on the Krieger-Dougherty
model (Eq. 6). The TEM image inserted shows the rod-like shape of the nano-
particles used.

with a much higher aspect ratio, which could be the case since the
nanoparticles with rod-like shapes usually align when a shear rate is
applied. An R = 18.5 could be obtained using Eq. 3, but it is only suitable
for spheroids with R < 15, however, Kuhn and Kuhn [47] proposed for
high-aspect-ratio spheroids (R >> 1) a more complex expression which
leads to a R = 21, a more appropriated value. Nevertheless, the theo-
retical viscosity of the slurries, used in the Krieger-Dougherty model of
the slurries, could be underestimated, since the influence of the
non-absorbed SA molecules that remained dissolved in the camphene
was not considered. This situation was observed especially at ¢ =0.1, in
which the optimal dispersant concentration was established at 4 wt.%
(Fig. 2). Undoubtedly, the influence of the non-absorbed dispersant
decreased with the further increase of the ¢ in the slurry.

3.4. Mechanical properties

Fig. 6 shows the stress-strain curves of the Fe,O3 scaffolds developed
in this study according to their solid volume fraction (¢), height (h), and
loading direction. Overall, all the curves showed a stepped evolution
during the tests, since parts of the samples were scraped off during
compression, especially at ¢ = 0.1 and 0.2; at the end of the test samples
were unrecovered as their crumbled into coarse/finer particles. The
compressive strength (o) was obtained using the maximum strength
reported on each test before rupture or an abrupt decrease of the applied
stress. In general, ¢ and strain (%) were enhanced by the increase of
solid load and when the samples were loaded parallel to the solidifica-
tion direction. This is due to the influence of a more robust structure

0.1

olid volume fraction (¢)

0.1 ——02—

Compression Strength (MPa)

0.01 L I ! ! L

Strain (%)
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with a lower impact of defects, such as cracks, or to inefficient particle
stacking during solidification. These defects were observed on samples
with ¢ = 0.1 and 0.2 (Fig. 3).

Table 3 shows the average compressive strength obtained from the
stress-strain curves of Fig. 6 In general terms, the samples tested at h =
0 showed a higher compressive strength than those at h = 9. This
behavior is attributed to the increase in pore size observed with h, such
different was reduced on samples tested perpendicular to the freezing
direction and with the increases of ¢. Fig. 7 shows a correlation of the
compressive strength and the structural features, pore and wall size,
with the solid volume fraction. The mechanical resistance increased
when: 1) the pore size decreased, since porosity decreased with the in-
crease of solid load; 2) the sample was measured at the bottom, where h
= 0, the cooling rate was higher, and the solidification progress
decreased; 3) the samples were loaded parallel to the cooling direction.
The pore size reduction caused by the increase of solid load, seems to be
linked to the mechanical performance, rather than to the wall densifi-
cation achieved.

Furthermore, the samples with ¢ = 0.1 showed the lowest strength
due to the low wall density achieved, although at h = 0, an average of
2.6 MPa was reported when stress was applied parallel to the solidifi-
cation direction. When the sample was tested in the top part, the ratio of
compressive strength (5), taken as the parallel/perpendicular, was
decrease. This is related to the presence of defects in the solid walls due
to the poor packing of the particles during solidification, since SA in ¢ =
0.1 lies above the optimal concentration, which counterbalances the
pore morphology structural aspects, thereby making the mechanical
behavior more isotropic. The average compressive strength increased in
samples with ¢ = 0.2, whereby the increase of solid load and the
decrease of pore size presented the principal reasons. In this sample, §
increased to 1.7 and 1.4 at h = 0 and h = 9, respectively. This behavior
indicates that the scaffold structure is less dependent on the presence of
defects and is more influenced by the pore morphology. Surprisingly, &
values were lower than those reported in the literature for ceramic
materials fabricated by freeze-casting [48-50]; this could be caused by
the highly interconnected pore structure created by the solidification of

Table 3
Average compressive strength ¢ of the Fe,O3 scaffolds according to the solid
volume fraction (¢), height (h) and loading direction.

Compressive strength (MPa)

) h (mm)
Parallel Perpendicular S
01 9 1.7 £ 0.5 1.7 £ 0.2 1.0
0 2.6+ 0.7 1.5+ 0.3 1.7
0.2 9 6.3+0.1 4.5+ 0.2 1.4
0 7.5+0.1 4.4 +0.8 1.7
03 9 77.3 £ 3.5 73.0 £ 0.5 1.1
0 106.9 + 12.5 90.0 +£7.1 1.2

Compression Strength (MPa)

Solid volume fraction (¢)
= 1

Strain (%)

Fig. 6. Stress—strain curves of the sintered Fe,O3 scaffolds for different solid volume fractions (¢) and loading directions. Samples were loaded parallel (a) or

perpendicular (b) to the direction of solidification at final h =9 and h = 0.
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Fig. 7. Compressive strength (), pore and wall size of the sintered Fe,O3
scaffolds for different solid volume fractions (¢), loading directions, and sample
positions (h). The error bars represent the standard deviation of each
measurement.

a highly branched camphene crystal [51], which is enhanced by the use
of SA, since it lowers the viscosity and favors solid front mobility. The
samples with ¢ = 0.3 showed the highest compressive strength, with a
noticeable increase at the bottom of the sample due to a reduction in
porosity, however, no significant variation on the compressive strength
was observed according to the loading direction. As is shown in Fig. 3,
no directional porosity was created when the solid loading increased up
to 0.3, and the scaffold pore structure became isotropic.

Fig. 8 shows the increase of the compression resistance with the
decrease of the measured porosity, as the samples were tested either
parallel or perpendicular to the solidification direction. This behavior
could be fitted within the minimum solid area model proposed by Rice
[52], where a mechanical property varies according to the following
equation (Eq. 7):

6 = Ogiare ¥ @)
Where ¢ is the average compression strength measured, o5 is the
compression strength of the fully-dense Fe;Os, P is the porosity volume
fraction, and b is the pore geometry factor. The minimum solid area
model is based on the effect of the pore shape on the loading bearing
area (i.e., minimum solid bond), where b may have 1.4-3 for cylindrical
or spherical pores in cubic stacking, or 5-9 for solid spheres in cubic or
rhombohedral stacking, respectively. In this work, the model indicates b
values of 6 and 6.3 for the ¢ parallel and perpendicular loading di-
rections, respectively, which suggests that the material structure fits
better with a solid/particle stacking arrangement rather than an
elongated-alignment porosity. This behavior is due to the effects of the
excess of SA interfering with the particle packing during solidification
on samples with ¢ = 0.1 and 0.2, which lowers the solid contacts even
after sintering. This effect produces a similar mechanical behavior since
the loading was performed parallel or perpendicular. There is a
noticeable uncertainty in the previous fitting, since no suitable data was
found for o4)iq ; however, fitting curves (inserted in Fig. 8) show a fully-
dense FepOs sample with a parallel and perpendicular compression
strength of 511 + 75 MPa and 460 + 65 MPa, respectively. These values
are similar and comparable (within the same order of magnitude) to
those of other oxide ceramic materials [50,53-55].

4. Conclusion
Stearic acid showed a prominent capacity to reduce the apparent

viscosity () of camphene-based suspension with a high solid volume
fraction (¢) of nanometric particles. The viscosity (1) of this suspension
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Fig. 8. Evolution of the compressive strength vs. the porosity volume fraction
(P). P is the total porosity obtained by Archimedes’ Method, Mercury Poros-
imetry and Optical Microscopy (Table 2).

follows the Krieger and Dougerty model, although the particle shape
modifies the rheological behavior according to the effective solid vol-
ume fraction (q)eﬁ) described in this study.

The samples, prepared by freeze-casting using SA as the dispersant
agent, showed a significant decrease in the porosity gradient with a low
ratio of compressive strength (5). The Fe;Og scaffolds over 70 % of total
porosity were successfully fabricated with notable compressive strength.
The mechanical performance of the Fe;O3 scaffolds improved with the
increase in the solid volume fraction (¢), and showed a compressive
strength of 106.9 MPa loading parallel to the solidification direction.

The use of the SA as the dispersant agent improved the rheological
behavior of Fe;O3 nanoparticle slurries by lowering the viscosity and
improving the particle stacking during freeze-casting. Therefore, Fe;O3
scaffolds may be fabricated with higher porosity levels with no signifi-
cant repercussions in mechanical performance, while the number of
structural defects in the solid walls may be reduced. This leads to an
improvement in the redox performance since the sintering process in the
scaffolds will be delayed or prevented.
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