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Ceramics are attractive materials for engineering applications
involving high temperatures and corrosive chemicals. Here, an
inexpensive and reproducible ceramic microfabrication technol-
ogy was used to fabricate high-density alumina structures for
applications in microchemical systems. The new method is based
on the gelcasting procedure, but key drying and sintering steps
have been adjusted to avoid warpage and cracking of the final
structures. Centimeter-scale ceramic structures with submilli-
meter features can be accurately replicated from an elastomeric
mold. Further study of the effect of alumina particle size, Dp, on
the smallest achievable and reproducible feature size showed
that excellent replication of patterns can be achieved as long as
the dimensions of features in the mold are greater than 30Dp for
the range of Dp from 0.3 to 3.0 lm.

I. Introduction

MICROCHEMICAL systems such as microcatalytic combustors,
microfuel reformers, microanalytical tools, and devices

for biological applications have gained considerable attention in
the past few years due to their utility in portable applications
and their superior performance compared with their macroscale
equivalents as a result of excellent control over enhanced trans-
port properties. Mass and heat transfer fluxes are much larger at
the microscale than those at the macroscale as a result of the
shorter characteristic lengths and the larger surface area-to-vol-
ume ratios.1–3 These favorable properties make microchemical
systems suitable for various applications, including catalyst de-
velopment, screening, and optimization4–6; on-site synthesis of
hazardous chemicals and reactive intermediates6–8; and the re-
forming of fuels for portable power generation.4,9–12 Polymer-,
silicon-, and metallic-based microsystems have been widely de-
veloped 4,13–17; however, these materials are often not suitable
for reactions under harsh environments, such as high operating
temperatures and corrosive reactants. Most polymers decom-
pose around 4001C, while metals and silicon oxidize in the pres-
ence of oxygen and/or steam above 8001C and can corrode to a
significant extent. Glass (e.g., quartz) is a good alternative due to
its high thermal and chemical stability; however, it is not suit-
able for many portable applications due to its brittleness. Fur-
thermore, machining of glass and its integration with non-glass
components is difficult. Ceramics, on the other hand, have good
mechanical stability in addition to their excellent thermal and
chemical resistance. They are commonly used as the material of
choice for gas turbines,18,19 engine propellers,20 and insulating

devices.21 These same properties also render ceramics an attrac-
tive material for microscale devices involving high temperatures,
corrosive reactants, and mechanically demanding environments
such as microturbines,22 piezoelectric structures,23,24 and struc-
tures in micro-electro-mechanical-system devices.1,25

To date, only a few studies have demonstrated the promise of
ceramic-based microreactors for high-temperature reactions un-
der a corrosive or oxidative environment, such as the oxidative
coupling of methane at temperatures up to 10001C.5,9,26,27 The
reactor housings in these ceramic microreactors were fabricated
using either low-pressure injection molding5,26 or micromachin-
ing technology,9,27 both of which typically involve the use of ex-
pensive equipment. Additionally, the polymer removal process in
the injection molding is time consuming (i.e.,B7 days) due to the
high polymer content in the ceramic slurry, and can cause defects
such as knit lines, short shots, and thermal strains in the final
ceramic structures.18,19,28 Costly fabrication methods, along with
difficulties during the assembly and joining of different ceramic
parts to obtain integrated devices, have held back the develop-
ment of ceramic microchemical systems. Therefore, finding a
simple, inexpensive, reliable, and reproducible ceramic microfab-
rication technology is crucial for the development, production,
and future commercialization of ceramic microscale devices.

Gelcasting is a relatively novel, low-cost ceramic-forming
method that can be used to fabricate high-quality, complex-
shaped ceramic macro- and meso-scale structures.18,19,28–31 In
this method, a concentrated slurry of ceramic powder in a so-
lution of organic monomers is poured into a mold and poly-
merized in situ to form a solid body in the shape of the mold
cavity. The low-viscosity monomer solution facilitates the trans-
port of the ceramic slurry into the mold and the resulting poly-
mer gel network holds the ceramic powder in the desired shape.
A recently reported alternate gelcasting approach achieves poly-
mer cross-linking via metal–ion complexation and is used in the
robocasting microfabrication process.32–34 Gelcasting is highly
preferred over the traditional ceramic-forming methods, such as
slip casting and dry pressing, due to its ability to yield machin-
able green bodies with a high density, high strength, and low
monomer content.35–38 Furthermore, near-net-shape, fully dense
ceramic structures with excellent homogeneity can be obtained
after debinding (i.e., removal of polymer) and sintering of the
green bodies.35,36

Gauckler and colleagues developed an alternative method,
similar to gelcasting, for fabricating thin ceramic structures pat-
terned with micrometer features by casting aqueous suspensions
of ceramic powders with high solids loading onto elastomeric
molds, followed by evaporation of the solvent.39–41 Unlike gel-
casting, this method does not involve organic monomers and in
situ polymerization. High-quality patterns with an aspect ratio
of 1 and a channel width of 3 mm could be achieved using ce-
ramic powders with an average particle size below 0.3 mm. This
novel technique has been successfully used for fabricating po-
rous ceramic microstruts in a miniaturized enzyme reactor.42

Some surface defects in the final sintered ceramic structures,
however, were observed due to shrinkage during in situ drying
(i.e., drying within the molds) and due to mechanical force ap-
plied during demolding of the dried thin structures. Addition-
ally, the absence of a polymer gel network in the green bodies
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reduces the green strength and green machinability. In other
work, Bride et al.43 patterned ceria-zirconia structures by im-
pressing a plasma-etched polyimide micromold onto a soft ce-
ramic green tape to obtain features as fine as 4 mm with an
aspect ratio as high as 3. The ceramic tape was prepared using a
conventional tape-casting machine, and the thickness was there-
fore limited to a submillimeter range.

To date, only a few studies have actually used the gelcasting
method to fabricate ceramic parts for microchemical systems,
such as centimeter-scale reactor housings with micrometer to
submillimeter feature sizes.22,23,44 Liu et al. used gelcasting in
combination with assembly mold shape deposition manufactur-
ing (SDM) to build ceramic micro-gas turbine components with
a feature size down to 200 mm.22 Also, Guo et al. 23 applied the
gelcasting process to the fabrication of piezoelectric ceramic
parts consisting of features as small as 500 mm. Other studies
have noted that the reproducibility of molding and the proper-
ties of the green microstructure (e.g., density and strength) do
depend on the particle size of the ceramic powder used.26,45

Here, we report key modifications to the gelcasting process that
enable the fabrication of centimeter-scale, high-density alumina
structures with micrometer to submillimeter features that are
non-deformed and free of cracks. In addition, we investigate in
detail the relationship between the starting alumina powder par-
ticle size and the smallest reproducible feature size in the final
sintered ceramic structures and express this in a design guideline
for future use.

II. Experimental Procedure

(1) Fabrication of High-Density Alumina Structures

The aqueous gelcasting forming method developed by Young et
al. for macro- and meso-scale structures18,28 was adapted here to
enable the fabrication of centimeter-scale, high-density, non-po-
rous alumina structures with submillimeter features for reactor
housings and lids. High-purity alumina powder (Baikalox GE1,
Baikowski, Charlotte, NC) was initially deagglomerated in a
high-density polyethylene bottle using a jar mill (LABMILL-
8000, Advanced Ceramics Research, Tucson, AZ) containing
milling media (99.9% alumina, Union Process, Akron, OH) for
48 h. The weight ratio of alumina powder to milling media was
1:3.5. The powder was then mixed with monomer solution and
dispersant, and milled further using a jar mill. The monomers,
here methacrylamide (98%, Aldrich, St. Louis, MO), N,N0-
methylenebisacrylamide (99%, Aldrich), and 1-vinyl-2-pyrro-
lidinone (99%, Aldrich) in a 1.5:1:1.5 ratio by weight, respec-
tively, were first dissolved in DI water to form a 20 wt%
aqueous solution of monomers. The dispersant (Darvan 821A,
R.T. Vanderbilt, Norwalk, CT) was then added to the mixture
in the amount of 2 wt% of the total powder used. Staged ad-
dition of powder to the mixture was required to obtain a ceramic
slurry with a high alumina loading, here 50 vol%, as described
previously.35,36 The slurry was then separated from the milling
media using a sieve, placed in an ice bath to prevent solvent
evaporation, and de-aired in a vacuum desiccator for up to 2 h
to remove any entrapped air bubbles. The de-airing step is cru-
cial for eliminating the formation of large internal pores within
the green bodies and sintered structures that can lead to cracking
and low structural strength. N,N,N0,N0-tetramethylethylenedia-
mine (TEMED, 99%, Aldrich) and ammonium persulfate (APS,
99.99%, Aldrich) were added to the slurry (0.1 vol% of
TEMED and 0.1 wt% of APS with respect to the monomer so-
lution used) as a catalyst and an initiator, respectively, followed
by stirring and de-airing in a vacuum desiccator for 30 min while
the slurry was placed in an ice bath.

The alumina slurry was then poured into poly(dime-
thylsiloxane) (PDMS) molds carrying microchannel patterns
in negative relief. These molds were obtained by replica mold-
ing of a master comprised of a positive relief structure in pho-
toresist obtained through photolithography.14 After replica
molding, the surfaces of the PDMS molds were passivated

by treatment with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-
trichlorosilane (United Chemical Technologies, Bristol, PA)
for 12 h after being cleaned by a plasma sterilizer (PDC-001,
Harrick, Pleasantville, NY) for about 60 s. The dimensions of
the microchannels in the master were adjusted to take into ac-
count structural shrinkage during drying and thermal treatment
of alumina structures so that final, high-density alumina with
the desired microchannel dimensions were obtained. Catalytic
polymerization of the monomers makes the alumina slurry com-
pletely solidify in the PDMS mold. The amount of catalyst and
initiator was controlled so that the idle time before polymeriza-
tion started was between 1 and 2 h; therefore, the slurry was
sufficiently fluid during the de-airing and molding steps. In this
study, the polymerization was completed approximately 3 h af-
ter the addition of the initiator. The resulting green bodies were
demolded and dried in a vacuum oven (5831 E Series, Napco,
Winchester, VA) at room temperature under a nitrogen atmo-
sphere. The relative humidity inside the oven was initially main-
tained above 90% for 2 days, and then reduced by 10% every
other day until 40% was reached. The green bodies were dried
further under ambient conditions for 2 additional days. Debind-
ing and sintering of the green bodies were performed in a high-
temperature furnace (1730 HT(c), CM Furnaces, Bloomfield,
NJ) in air according to an optimized thermal processing proce-
dure (Fig. 1) to obtain crack-free and non-deformed high-den-
sity, non-porous alumina structures. The temperature was first
increased to 9001C at a rate of 601C/h and was held at 9001C for
1 h. The polymeric binder was completely removed during the
initial stage of this thermal sequence, typically between 4001 and
5001C.18,38 The temperature was further increased to 16001C at
a rate of 501C/h for the final sintering and was held at 16001C
for 5 h. The temperature was finally reduced to 251C at a cooling
rate of 851C/h. All SEM micrographs of the sintered alumina
structures reported here were taken using a JEOL 6060-LV
SEM (JEOL, Peabody, MA).

(2) Effect of Particle Size on the Smallest Reproducible
Feature Size

Three high-purity a-Al2O3 powders with average particle sizes of
3.0, 1.1, and 0.3 mm (Baikalox GE1, CR1, and SM8, respective-
ly, Baikowski) were used as received. Each of these alumina
powders was processed following the same procedure of deag-
glomeration, slurry preparation, molding, drying, debinding,
and sintering as described above. In this study, the alumina
loading of each ceramic slurry was fixed at 50 vol%, and iden-
tical amounts of organic monomers, DI water, dispersant, ini-
tiator, and catalyst were used. The three different ceramic
slurries from alumina powders with different particle sizes
were poured into PDMS molds patterned with four parallel mi-
crochannel replicas with dimensions of 150, 100, 70, and 40 mm
in width and 150 mm in height. The channel width was limited to
40 mm due to the resolution of the transparency mask used dur-
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Fig. 1. Optimized thermal processing sequence for polymer removal
and sintering to obtain high-density, crack-free, non-deformed alumina
structures.
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ing photolithography: channel replicas o40 mm in width were
not reproducible and showed significant surface roughness,
which could affect the quality of the resulting alumina struc-
tures obtained via the gelcasting method.

III. Results and Discussion

(1) Fabrication of High-Density Alumina Structures

We obtained non-deformed and crack-free centimeter-scale al-
umina structures with submillimeter features as shown in Fig. 2,
after modification of the thermal processing steps of the original
gelcasting procedure developed previously by Young et al. for
the fabrication of ceramic structures with larger feature siz-
es.18,28 Here, we used PDMS molds with patterns of microchan-
nel networks embossed on their surface to obtain the
submillimeter features. All key modifications from the original
gelcasting procedure occur after demolding of the green body.

After demolding, the green bodies were dried slowly in a hu-
midity-controlled chamber over a period of 12 days at room
temperature to avoid thermal stress buildup and non-uniform
shrinkage. In this optimized drying procedure, after keeping the
structures at a relative humidity above 90% for 2 days, the hu-
midity inside the chamber was reduced by B10% every other
day until 40% humidity was reached. Experiments with more
rapid drying sequences by reducing the relative humidity, in-
creasing the drying temperature, or a combination of both al-
ways led to cracking and deformation of the final structures.
Obtaining non-deformed ceramic structures is crucial to allow
for integration with each other or with other components for the
actual envisioned application.

Surface spallation, implying failure in the formation of a
strong binder network that results in green bodies with a pow-
dery surface, was observed for about three in every 10 green
bodies due to the inhibition of polymerization at the surface by
the presence of oxygen in the PDMS molds. If necessary, this
problem could be suppressed either by performing the ceramic
replica molding under a nitrogen atmosphere46 or by adding
polyacrylamide to the monomer solution.47

After completion of the drying process, the green bodies were
debound (i.e., removal of the polymeric binder) and sintered
according to the thermal sequence shown in Fig. 1. The heating
and cooling rates of 501 to 851C/h used in this study were much
smaller than the typical values of 1001 to 3001C/h reported in the
literature for the fabrication of macro- and meso-scale ceramic
structures.18,47,48 The higher heating and cooling rates during
the polymer removal and sintering steps are not suitable for the
fabrication of centimeter-scale ceramic structures. The larger
surface area-to-volume ratio at the microscale leads to a more
rapid heat transfer. The increase in heating rate accelerates
polymeric binder decomposition and thus the rate of gas gener-
ated within the pores of the green body. This increased rate of
gas generation may lead to a pressure buildup within the struc-
ture if the gas is generated faster than it can flow through the
pore network and out of the ceramic body. At lower heating
rates, the generated gas will have more time to escape the struc-
ture without causing deformation or cracking.

In the polymer removal and sintering steps, the dried green
bodies were placed in an alumina boat within the furnace and
were heated to 16001C. During these steps, the green bodies ex-
perience structural shrinkage, resulting in thermal friction be-
tween the pieces and the boat. The surface of green bodies in
contact with the alumina boat experiences a much greater re-
sistance during shrinkage than all other surfaces due to friction.
This leads to non-uniform shrinkage and structural deformation
of the sintered alumina structures. In order to solve this issue, a
layer of the grinding media (here, 3 mm in diameter), which was
also used during the powder milling process, was poured into the
alumina boat. The green bodies were then placed on top of the
grinding media to avoid direct contact with the surface of the
boat, and therefore the friction due to structural shrinkage can
be reduced significantly and the structural deformation can be
completely eliminated. The sintered alumina structures typically
have densities of 95%–98% of the theoretical maximum as es-
timated from volume and weight measurements. The shrinkage
was isotropic and averaged 13%71% linearly for structures
starting from an alumina slurry with a 50 vol% solids loading.
These results also indicate that, for the modified processing con-
ditions used here, gelcasting proves to be a near-net-shape-form-
ing technique with predictable shrinkage.

Figure 2 shows high-density alumina structures patterned
with a single-channel (Fig. 2(a)), five-channel (Fig. 2(b)), and
eight-channel design (Fig. 2(c)) fabricated using the gelcasting
method after modification of the drying and sintering steps.
High-quality replication of channels and walls, including sharp
edges and corners, can be achieved with micrometer precision as
evidenced by the SEM images. Prior work has typically used
gelcasting to fabricate macro- and meso-scale ceramic structures
consisting of parts that were as small as B500 mm. Here, we
were able to produce centimeter- to millimeter-scale ceramic

Fig. 2. Optical and scanning electron microscopy micrographs of high-
density alumina structures containing microchannel slots fabricated us-
ing the modified gelcasting method: (a) one-channel design (250
mm� 150 mm� 5 mm); (b) five-channel design (400 mm� 150 mm� 1
mm) with 1-mm-wide walls separating the channels; (c) eight-channel
design (400 mm� 200 mm� 7 mm) separated by 500-mm-wide walls.
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structures patterned with microchannel features down to 150 mm
or less (see part (2) below). We have used some of these non-
deformed and crack-free alumina structures as reactor housings
for high-temperature reactions under a corrosive or oxidative
environment, such as the on-site production of hydrogen via
the decomposition of ammonia44 and the steam reforming of
propane.49

(2) Effect of Particle Size on the Smallest Reproducible
Feature Size

Many potential applications of ceramic microscale structures
require complex channel designs with submillimeter- to microm-
eter-sized features. To determine the smallest achievable and re-
producible feature sizes for ceramic devices fabricated by the
gelcasting method, we studied its dependency on the starting
powder particle size in the alumina slurry. Others have observed
that a reduction in the particle size of the starting powder in-
creases the corresponding viscosity of the ceramic slurry having
a high solids loading, which in turn influences the reproducibil-
ity of the ceramic structures obtained by replica mold-
ing.18,26,35,45 To date, however, the reproducibility of molding
as a function of powder particle size has not been studied in
detail.

Figure 3 shows the SEM micrographs of high-density al-
umina structures containing four microchannels with dimen-
sions of approximately 130, 90, 60, and 35 mmwidth and 130 mm

height obtained from the replica molding of alumina slurries
consisting of powders with three different average particle sizes:
3.0, 1.1, and 0.3 mm. The solids loading of the slurries was kept
at 50 vol% to achieve a low linear shrinkage (13%71%) after
sintering, which is an important attribute of the gelcasting meth-
od. Additionally, the amount of dispersant added to each slurry
was maintained at 2 wt% of the total powder used to ensure that
the viscosity of the slurries was the only variable affected by
varying the particle size. Other studies typically changed the
amount of dispersant added to different slurries because more
dispersant is adsorbed by smaller particles due to their larger
specific surface area, and thus the optimum amount of dispers-
ant increases with decreasing particle size.18,45

Consistently, we were able to obtain structures with the small-
est feature sizes of approximately 90 and 35 mm when using an
alumina slurry with an average particle size of 3.0 and 1.1 mm,
respectively, and PDMS molds with 100 and 40 mm wide chan-
nels, respectively (Figs. 3(a) and (b)). Structures with smaller
features started to exhibit flaws and significant surface rough-
ness. Based on these results, we defined a design rule of X equals
30Dp, where X is the smallest reproducible feature size and Dp is
the average particle size of the starting alumina powder. This
design rule therefore states that features in the elastomeric molds
with a smallest dimension of X can be replicated as long as al-
umina powder with an average particle size that is 30 times
smaller than X is used. The fact that we were able to obtain
approximately 14 out of 15 sintered pieces from two different
batches of alumina slurry for each ceramic powder illustrates the
validity of the design rule as well as the reproducibility of the
modified gelcasting procedure.

Next, we pushed the limits of the modified gelcasting proce-
dure even further using alumina powder with an average particle
size of 0.3 mm, for which our design rule predicts a smallest
achievable feature size, X, of 10 mm. Such small dimensions,
however, are beyond the maximum achievable resolution of the
transparency masks used in the photolithographic fabrication of
the masters. Not surprisingly, the slurry with 0.3 mm alumina
powder yielded excellent replication of patterns for a 35 mm
channel (Fig. 3(c)), and obtaining structures with even smaller
feature sizes should still be possible, provided the desired molds
are available. An earlier study by Gauckler and colleagues found
that ceramic powder with an average particle size of 0.19 mmwas
best suited for the reproduction of thin structures patterned with
B5 mm features.39–41 The result indicates that the design rule of
X � 30Dp developed in our study may also be applied to other
ceramic casting methods involving suspensions with high solids
loading.

IV. Conclusions

A modified gelcasting procedure for the fabrication of non-de-
formed and crack-free centimeter-scale alumina structures has
been introduced. This optimized gelcasting method provides a
simple, low-cost, reliable, and reproducible microfabrication
route to obtain high-quality replication of channels and walls,
including sharp edges, in alumina structures with micrometer
precision. Reproducibility issues related to the use of ceramic-
forming methods for the fabrication of microscale structures
that, to date, have hampered the synthesis and integration of
ceramic microdevices can now be avoided by using the opti-
mized gelcasting method described herein. The production of
microreactors, micro-fuel reformers, microburners, microtur-
bines, and other mechanical tools that require small features
can now be achieved inexpensively. For example, we use the
high-density ceramic structures fabricated in this study as reac-
tor housings for applications involving high temperatures and
corrosive reactants, such as the decomposition of ammonia and
the steam reforming of propane up to 10001C.44,49

A detailed study of the effect of alumina particle size, Dp, on
the smallest achievable and reproducible feature size, X, showed
that excellent replication of features with a smallest dimension

Fig. 3. Scanning electron microscopy images of sintered alumina struc-
tures patterned with four microchannel slots with dimensions of (from
left to right) 130, 90, 60, and 35 mm in width and 130 mm in height,
obtained using the optimized gelcasting procedure starting from ceramic
slurries consisting of alumina powders with different average particle
sizes of (a) 3.0 mm; (b) 1.1 mm; and (c) 0.3 mm.
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of X can be achieved as long as alumina powder with aDp that is
30 times smaller than X is used for the range of Dp from 0.3 to
3.0 mm. We expect that the optimized gelcasting protocols and
the design rule of X � 30Dp as reported here will aid researchers
in the design and fabrication of high-quality ceramic structures
with micrometer to submillimeter features.

Acknowledgment

We thank Dr. Michael Mitchell for helpful discussions.

References

1K. F. Jensen, ‘‘Microchemical Systems: Status, Challenges, and Opportuni-
ties,’’ A.I.Ch.E.J., 45 [10] 2051–4 (1999).

2T. A. Ameel, R. O.Warrington, R. S. Wegeng, andM. K. Drost, ‘‘Miniaturiza-
tion Technologies Applied to Energy Systems,’’ Energy Convers. Mgmt., 38 [10–13]
969–82 (1997).
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