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Introduction

Although nanotechnology is still an emerging industry, it represents a huge potential in a variety of markets that include bio-
medical, electronics, and energy totaling billions of dollars. However, before these markets are realized, processing methods
must be developed that can produce quality nanomaterials and structures. Whether the material is a powder, thin film, wire, or
composite, an optimal processing method is needed.

Powders of various compositions can be made by a wide range of methods, including freeze casting, chemical, hydrother-
mal synthesis, and solution combustion, among others. Each method has its limitations and advantages. The methods to make
thin films and coatings include chemical vapor deposition, spray pyrolysis, and sol gel. Wires can be made by electrospinning
or hydrothermal synthesis. Other methods are under development for making composites and other structures.

This edition of Progress in Ceramic Technology series contains a select compilation of articles on the topic of nanomaterials
processing of powders; thin films, wires and tubes; and composites that were previously published in The American Ceramic
Society Bulletin, Journal of the American Ceramic Society, International Journal of Applied Ceramic Technology, Ceramic En-
gineering and Science Proceedings (CESP) and Ceramic Transactions (CT).

The American Ceramic Society contributes to the progress of nanotechnology by providing forums for information ex-
change during its various meetings and by publishing articles in its various journals and proceedings.

For other books on nanotechnology, including Progress in Nanotechnology: Applications, visit the ACerS bookstore at
www.ceramics.org or the ACerS-Wiley webpage at www.wiley.com/go/ceramics.
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Method

Blacksburg, Virginia 24061

Kathy Lu*' and Xiaojing Zhu*

Freeze Casting as a Nanoparticle Material-Forming

Materials Science and Engineering Department, Virginia Polytechnic Institute and State University,

Nanoparticle material forming is challenging because of loose packing and agglomeration issues intrinsic to nanoparticles.
Liquid processing shows great potential to overcome such hurdles. This study is focused on nanoparticle colloidal processing
and freeze-casting forming. Al,O3 nanoparticle suspensions are examined, and microstructure evolution of Al,O5 nanoparticle
suspension during freeze casting is discussed. The “Fines” effect influences nanoparticle packing on freeze-cast sample surfaces.
Trapped air bubbles in the suspension lead to a porous bulk microstructure. Prerest is necessary for dense and homogeneous
green microstructure formation. The green strength, fracture mode, and ability to form fine features by freeze casting are also

evaluated.

Introduction

The huge surface area intrinsic to nanoparticles
serves as one of the most striking advantages as well
as disadvantages for nanoparticle material forming.
Because of the natural tendency of nanoparticles in
forming agglomerates, wet forming utilizing a colloidal
suspension has become the most active research area
in nanoceramics. For almost all the nanoparticle wet
forming processes, the first step is to produce a stable
colloidal suspension. A green body with a uniform
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microstructure can then be produced from the fully
stabilized colloidal suspension of nanoparticles.

Freeze casting is a process that pours the suspension
into a nonporous mold, freezes the suspension, demolds
the frozen sample, and then dries the sample under
vacuum. Liquid-state to solid-state conversion is realized
through phase transformation of the dispersing medium
such as water. The process has the potential to form near
net-shape complex geometry parts with low pressure
and often environmentally benign advantages."> The
key requirements are that the suspension is stable and
unagglomerated.3 When the freeze-casting condition is
properly controlled, water separates from solid phases
through sublimation and no capillary force exists to
cause hard agglomerates or cracks.*

Freeze casting has been practiced for some-
time.">>* However, the studies were mainly focused
on micrometer-sized particles and large-sized samples.
For example, Al,Oj3 particles of 0.4 um were freeze cast



and >98% sintered density was achieved.” Enclosed
shells of Al,O3 bodies encapsulating steel parts were
fabricated.® Porous and layered-hybrid materials were
freeze cast.” However, application of freeze casting
to nanoparticle systems and understanding the freeze-
casting behaviors of nanoparticle suspensions have not
been explored. One challenge is that nanoparticle
research in forming bulk components is still evolving;
considerable effort is still needed in achieving high sol-
ids loading suspensions. The other challenge is the dras-
tic capillary pressure increase with decreasing particle
size; it takes a prolonged duration of time and much
improved control to remove water completely by sub-
limation. Our past work has addressed the first chal-
lenge to a certain extent.'®"? To address the second
challenge successfully, it is essential to understand the
nanoparticle microstructure evolution from the colloi-
dal state to the freeze-dried state.

High particle packing efficiency is preferred for
postfreeze casting, handling, and densification purpos-
es. Freeze-cast sample strength and failure mode can be
used to understand and evaluate this aspect. With the
decrease of particle size to nanoscale, the feature sizes
of nanoparticle samples can also be correspondingly
decreased. The potential in forming fine features by
freeze casting should be explored.

This study is focused on Al,O3 nanoparticle sus-
pension viscosity evaluation and the corresponding
freeze casting process for solid sample formation.
Microstructural evolution of nanoparticle suspensions
from a colloidal state to a freeze-dried state is examined.
The surface and bulk microstructures under different
prerest conditions are compared. Special nanoparticle
phenomena during the suspension to solid-state trans-
formation are explained. Equibiaxial strength and frac-
ture mode of the freeze-cast samples are examined. Fine
features produced by the freeze-casting process are
presented.

Experimental Procedure

Al,O3 dry nanoparticles with a specific surface area
of 45 m®/g were used in this study (Nanophase Tech-
nologies, Romeoville, IL). The particles can be redis-
persed in water by ball milling as reported before by
transmission electron microscopy (TEM) analysis.'® In
this study, the particle size distribution was further
measured by a dynamic light-scattering measurement
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Fig. 1. Al;O5 nanoparticle size distribution from dynamic light
scattering analysis: (a) weight basis, (b) number basis.

as shown in Fig. 1 (Zetasizer Nano ZS, Malvern
Instruments Inc., Southborough, MA). Agglomerates
are absent. However, A,O3 nanoparticles are polydis-
persed, consistent with the TEM analysis. Even though
on the weight basis there seems to be ~10wt% of
> 100 nm particles, on the number basis, large particles
are negligible (<0.5%). For the Al,O; nanoparticle
suspension preparation, poly(acrylic acid) (PAA, My
1800, Aldrich, St. Louis, MO) was used as the dispers-
ant with the segment as [-CH,CH(CO,H)-] and glyc-
erol (C3HgOs, Fisher Chemicals, Fairlawn, NJ) was
used as the freeze casting aid with the molecular formula
CH,OH-CHOH-CH,OH. A water—glycerol mixture
at a weight ratio of 10:1 (water:glycerol) was used as the
dispersing medium. The mixture was homogenized for
5 min using a ball mill (755 RMV, US Stoneware, East
Palestine, OH) before use, and the ball mill rotation
speed was 75 rpm. Al,O3 nanoparticles were added to
the dispersing medium in 10 g increments along with a
PAA dispersant at 2.0 wt% of Al,O3. Because low pH
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promotes PAA dispersant adsorption onto Al,O3 nano-
particles,'”> HCI solution was added to lower the pH
to 1.5. The suspension was ball milled for 12h with
periodic adjustment of pH to 1.5. The purpose of the
ball milling was to break the soft agglomerates of the dry
Al,O3 nanoparticles and thoroughly homogenize water,
glycerol, PAA, and Al,O5 nanoparticles. The milling
media were Al,Oj3 rods with 6 mm diameter and 6 mm
height. Breaking down of Al,Oz nanoparticles into
smaller sizes was believed to be absent because of the
low energy that ball milling provided. However, air
bubbles can be introduced into the suspension during
mixing. Suspensions of approximately 20vol% Al,O;
solids loading were made by this procedure. After this
step, Al,O3 nanoparticles were again added in 10g
increments, along with a PAA dispersant at 2.0 wt%
of Al,O3 in order to make a 40vol% solids loading
suspension. The final PAA amount was thus maintained
at 2.0wt% of Al,O;. NH,OH (28-30 wt%, VWR
International, West Chester, PA) was used to adjust
the suspension to pH 9.5 in order to achieve the highest
suspension flowability for freeze c;slsting.10 It should be
pointed out that the liquid volume of NH,OH and
HCI was considered for the 40vol% solids loading
reported. The suspension was then mixed for 24 h for
complete homogenization.

Suspension viscosities without and with glycerol
were characterized using a rheometer with a cone-plate
geometry (AR 2000, TA Instruments, New Castle, DE).
All the viscosity measurements were performed with a
controlled shear rate in a decreasing shear rate order.
Freeze-casting molds were developed using poly(dime-
thylsiloxane) epoxy (RTV 664, General Electric Com-
pany, Waterford, NY). An Al,O3 suspension was filled
into the mold immediately after the suspension prepa-
ration. Some of the filled molds were kept under am-
bient conditions for 1 h; other filled molds were frozen in
a freeze dryer (Labconco Stoppering Tray Dryer, Lab-
conco, Kansas City, MO) immediately. This 1-h resting
period after the mold filling but before the freeze-casting
step is termed as prerest in the following discussion.
During the freezing process, the suspension-filled molds
were kept at —35°C for 2h. Then, the samples were
demolded and exposed to vacuum (<1 x 10%Pa) to
allow ice to sublimate for 36h. The microstructural
differences in the freeze-cast samples with and without
prerest were systematically analyzed using a LEO550 field
emission scanning electron microscope (SEM) (Carl
Zeiss Microlmaging Inc., Thornwood, NY).
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For the freeze-dried sample green strength mea-
surement, circular disks 25.4mm in diameter and
1.58 mm in thickness were freeze cast. The Al,O4
suspension was placed in the mold cavity using a dis-
posable pipette. Care was taken to fill the molds com-
pletely with the Al,Oj3 suspension. After the mold
filling, the samples were allowed to rest for 1h under
ambient conditions. The fracture load was measured
using a Texture Analyzer test console (Stable Micro
Systems, Surrey, U.K.), equipped with a 5 kN load cell.
The equibiaxial flexural strength was then calculated for
each sample, using the following equation:

_3F [u—v)Dg—Di

O = 2 2D
b (1)
+(1+v)In=2
Dy

where o is the fracture strength in units of MPa, F is
the fracture load in units of N, 4 is the specimen thick-
ness in units of mm, v is Poisson’s ratio, D is the sample
diameter in mm, Ds is the diameter of the support ring
in mm, and Dy is the diameter of the load ring in mm.

Results and Discussion

Al,O3 Nanoparticle Suspensions

In the previous study,'" it was identified that for the
Al,Os nanoparticle suspension studied, the PAA
amount adsorbed onto Al,Oj3 particles increases with
PAA concentration increase up to 2.00 wt% of Al,Os.
As more PAA is added to the suspension, the PAA
amount adsorbed reaches a plateau of 0.31 mg/m?. The
adsorption plateau represents the adsorption saturation
at which the Al,O3 particle surfaces are fully covered by
the PAA dispersant. Also, the suspension has the lowest
viscosity from pH 7.5 to 9.5; this pH range is the most
desirable pH range for stabilizing the Al,O; nanoparti-
cles. Based on these results, the PAA concentration is
2.00wt% of Al,O3 and the pH is 9.5 for the Al,O4
nanoparticle suspensions in this study.

Figure 2 shows the viscosities for the 20—45 vol%
Al O3 solids loading suspensions. The viscosities are a
strong function of AlL,Oj nanoparticle solids loading.
With an increase in Al Oj solids loading, the viscosity
increases at all shear rates. Approximately, the suspen-
sion viscosity increases by two orders of magnitude from
20 to 45 vol% solids loading. As the shear rate increases,
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Fig. 2. Viscosity change versus shear rate for different Al,O3 solids
loading suspensions. Each curve is an average of three measurements
and the standard deviation is much smaller than the markers and
cannot be shown on the figure.

the viscosity decreases monotonically but the AlO;
nanoparticle suspension does not obey Newtonian
flow. Instead, the suspension displays a shear-thinning
behavior, reflecting the broken polymeric link between
the nanoparticles provided by the PAA dispersant. At
20 vol% solids loading, the viscosity changes from 0.03
to 0.02Pas when the shear rate is changed from 30
to 200s™'. At 45vol% solids loading, the viscosity
changes from 4.35 to 1.60 Pas when the shear rate is
changed from 30 to 200s™". As the AlLOj solids load-
ing increases, the viscosity difference becomes much
larger at high solids loading levels. This indicates that
the suspension undergoes a more drastic “link break-
age” and that the suspension conditions should be con-
trolled more rigorously and optimized under high solids
loading conditions.

There are two states for a polydispersed nanoparti-
cle suspension like the Al,O3 suspension studied here:
fluid and glass, depending on solids loading.'* For
freeze casting, especially when forming parts with com-
plex shapes, the suspension should be kept at reasonably
high solids loading levels. When the solids loading is too
low, the freeze-cast sample will have a very low particle
packing density and present a challenge for densificat-
ion. However, when the solids loading is too high, the
suspension will be too viscous to flow into the fine fea-
tures of the mold. Ideally, the solids loading should be
chosen at the boundary of fluid and glass suspensions,
slightly on the fluid-state side. Our prior study has
identified that 45% solids loading is approximately near
the fluid-state to glass-state boundary region.'” Based on
this consideration, the suspension of 40vol% Al,O;
solids loading was used for the freeze-casting studies
reported here.

Prerest Effect

In the previous work,'' the critical role of prerest in
forming homogenous and crack-free freeze-cast samples
was reported. However, the microstructural changes
were not understood. In this study, the prerest effects
on the freeze-cast sample microstructure evolution are
examined from two aspects: surface microstructure and
bulk microstructure.

The free surface microstructures of the freeze-cast
samples without and with prerest are shown in Fig. 3.
For the sample without prerest (Fig. 3a), the surface is
rather flat and the Al,Oj particles are densely packed.
For the sample with prerest (Fig. 3b), the surface is
rough and the particles are loosely packed. This surface
smoothness difference can be observed indirectly from
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Fig. 3. Surface microstructure difference for the freeze-cast
samples: (a) without prerest, (b) with prerest.
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the surface luster difference. For the sample in Fig. 3a,
the surface is shiny. For the sample in Fig. 3b, the sur-
face is dull. The unique nature of the freeze casting
process is able to capture this evolution that otherwise
would be missed unless 77 situ analysis is used.'®
Figure 3 reveals phenomena that are in sharp
contrast with the well-established understanding at the
micrometer particle size level. Even though the gravity
effect seems to be a convenient explanation, it can be
eliminated because the suspension is stabilized to pre-
vent sedimentation and the particle size is too small for
gravity to play an essential role within the timeframe
studied. Lue and Woodcock'” generalized this particle
self-arrangement process as the “fines” effect and
showed that the large to small particle size ratio for
the “fines” effect to be effective is 10:1. The “fines”
effect refers to the natural tendency of the small particles
migrating to fill the space between the large particles
under Brownian motion when the suspension is kept
undisturbed. From Fig. 1, the Al,O3; nanoparticle
suspension certainly meets this particle size criterion.
During the undisturbed prerest time period, Brownian
motion causes nanoparticles to move within the sus-
pension. When the small nanoparticles migrate to fill
the voids between the large nanoparticles, the process
causes the large particles on the suspension surface to
open up the network to accommodate the highly diffu-
sive small particles. The net result is a more open and
less smooth surface microstructure. This observation
clearly indicates that Brownian motion is an important
phenomenon affecting nanoparticle material surface
microstructures. From the freeze-cast surface microstruc-
ture comparison, it can be concluded that nanoparticle
size distribution plays an important role when the sus-
pension is directly frozen, even if the large particles only
take up a small percent of the overall distribution. The
particle size distribution should be kept at the narrowest
range for suspension-related forming processes if a uni-
form and consistent surface microstructure is desired.
The fracture surface microstructures of the freeze-
cast Al,O3 samples are shown in Fig. 4. Figure 4a shows
the sample without prerest. Figure 4b shows the sample
with prerest. Both samples are formed under the same
freeze-casting conditions. For the sample without prerest
(Fig. 4a), a porous bulk microstructure develops and the
pores are ~3 um in size through SEM image measure-
ment of about 50 pores. For the sample with prerest, no
micrometer-sized pores are present as shown in Fig. 4b.
For the Al,O; nanoparticle suspension preparation,
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Fig. 4. Bulk microstructure difference for the freeze-cast samples:
(@) without prerest, (b) with prerest.

a high shear process, ball milling, was used to homog-
enize Al;O3 nanoparticles, dispersant PAA, glycerol,
and water. A shear force was constantly present to break
the nanoparticle suspension and encapsulate air bubbles
while homogenizing the suspension. When the shear
ceases, the Al,O3 nanoparticle suspension should be
given time to reorganize for the air bubbles to migrate
out of the suspension. However, it may take a long time
to eliminate the air bubbles completely for the high
solids loading suspensions due to the relatively higher
suspension viscosity and more particle movement hin-
drance. If the nanoparticle suspension is frozen before
such an equilibrium is reached, then observations are
often made for a metastable suspension with air bubbles
dispersed in the suspension.



