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Abstract

Microstereolithography (MSL) is a rapid prototyping technique to fabricate complex three-dimensional (3D) structure in the microdomain
involving different materials such as polymers and ceramics. The present effort is to fabricate microdimensional ceramics by the MSL system
from a non-aqueous colloidal slurry of alumina. This slurry predominantly consists of two phases i.e. sub-micrometer solid alumina particles and
non-aqueous reactive difunctional and trifunctional acrylates with inert diluent. The first part of the work involves the study of the stability and
viscosity of the slurry using different concentrations of trioctyl phosphine oxide (TOPO) as a dispersant. Based on the optimization, the highest
achievable solid loadings of alumina has been determined for this particular colloidal suspension. The second part of the study highlights the
fabrication of several micro-dimensional alumina structures by the MSL system.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Microfabrication of both polymer and ceramic structures has
become important since the introduction of non-silicon based
MEMS technology over the last decade [1]. Different fabrica-
tion methodologies have been patented and commercialized for
fabricating polymer structures in microdimensions for various
applications [2]. However, the microfabrication of 3D complex
ceramic structures has not been significantly explored. Though
there are several methodologies and techniques (Stereolitho-
graphy (SLA), Fused deposition modelling (FDM), Ink jet
printing etc.) [3,4] that have evolved to create 3D complex
structures, very few techniques have been successful in
creating complex ceramic structures in microdomains [5,6].
Microstereolithography (MSL) is one such technique, which
has been used in recent years for the microfabrication of
ceramic structures [7–9].
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MSL is a rapid prototyping technique which involves
freeform layer by layer microfabrication of photopolymeriz-
able liquid resin when selectively exposed to UV (preferably
laser) irradiation [10,11]. Ceramic microfabrication by the
MSL is carried out by blending nano to micron (mean particle
size d50�200 nm to 2 μm) sized ceramic particles with the
photopolymerizable monomer containing an appropriate
amount of photoinitiator, dispersant and diluents at an opti-
mized solids loading. This is termed ceramic resin [12]. During
the operations of MSL, wherever the laser strikes the resin, it
photopolymerizes and entraps the suspended ceramic particles
forming a near net shape green ceramic body [13], which can
be realized by successive debinding and sintering operation
[14]. However, there are few major issues, which need to be
addressed for achieving dense solid structures with moderately
low dimensional shrinkage [13].
In order to achieve low dimensional shrinkage after debind-

ing and sintering, ceramic particles should be loaded in the
monomer suspension at an optimum amount. However, in a
highly loaded ceramic suspension, viscosity increases drasti-
cally and makes it inconvenient to handle. This happens
because of the inter-particle attraction due to the van der
ghts reserved.

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.09.059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.09.059&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.09.059
http://dx.doi.org/10.1016/j.ceramint.2013.09.059
http://dx.doi.org/10.1016/j.ceramint.2013.09.059
mailto:giridhar@chemeng.iisc.ernet.in
mailto:giridharmadras@gmail.com


Scheme 1.
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Waals (vdw) interaction between the neighboring particles
[15,16]. The repulsive inter-particle forces create colloidally
stable suspensions by reducing the vdw forces in the powder
suspension to achieve the low viscosity. Therefore, the
rheology of the suspension plays an important role in
determining the colloidal stability of the ceramic suspension
[17].

The repulsive inter-particle forces can be manipulated
mainly by the introduction of electrostatic or steric forces.
The former is limited mostly to the polar media where the
dispersion can be stabilized by controlling the solvent pH [18].
The latter plays a dominant role in both polar and apolar media
where dispersion is stabilized either by introducing extended
chain diblock copolymers or short chain dispersants [15].

The rheological behavior of different volume fractions of
alumina suspensions was studied in trimethylol propane triacry-
late (TMPTA) and 1,6 hexane diol diacrylate at 20:80 (v/v
respectively) mixture (TH2080). This was to determine the
optimum volume fraction for the microfabrication of alumina
structure by the MSL. After the realization of the near net shape,
it is important to remove the polymer by a thermally activated
process, which becomes the binder for the green ceramic body.
This debinding process should be diffusion controlled to ensure
a defect free structure. TMPTA is a highly viscous monomer
(130 mPa s) with low polymerization shrinkage (11.5 vol%)
whereas HDDA shows high shrinkage (22.7 vol%) upon poly-
merization with low viscosity (9 mPa s). However, after poly-
merization, diffusion controlled degradation upon heat treatment
in inert atmosphere is observed for HDDA but not for TMPTA.
We have proposed in our earlier work [19] that TH2080 is an
ideal composition in terms of viscosity, shrinkage and degrada-
tion mechanism for MSL based ceramic microfabrication.
Therefore, we extend our study of the rheology of alumina
suspension and its microfabrication by MSL using this particular
copolymer composition.

In order to ensure the maximum dispersion of these alumina
suspensions in TH2080 monomer, trioctyl phosphine oxide
(TOPO), was chosen as the dispersant. TOPO has an anchor-
ing head group of phosphorous with extended tail of octyl
group (as shown in Scheme 1) and has been used because of its
dipolar phosphorus oxygen bond, which can easily bind with
metal ion of alumina while the octyl group has an affinity to
low polar media like monomer and aprotic solvent.
In addition, high boiling and low viscous solvent has been
used to reduce the viscosity of the suspension. Therefore,
decalin has been chosen as a solvent based on the above
properties [20].

The objective of this study was threefold. The first objective was
to determine the TOPO concentration to ensure the stability of the
alumina suspension in the above resin (TH2080). The second
objective is to achieve the highest solid volume fraction at
moderately low viscosity (r10 Pa s) at medium shear rate (40–
50 s�1). In order to ensure the stability of the suspension, the
concentration of TOPO was varied at different weight fractions and
the best concentration was determined by sedimentation studies
and fractal analyses. Thixotropic characterization was used to
support the sedimentation and fractal analysis for choosing the best
concentration of TOPO. Once the TOPO concentration was
optimized, further studies were carried out to ensure the highest
achievable volume fraction of alumina loading in this monomer
solvent suspension. Further, the viscosity was determined as a
function of solids loading and temperature for these suspensions.
This was fitted to the Liu model [21] in order to determine the
highest achievable theoretical solid volume fraction. The final
objective of this study was to use the optimized solids loading and
fabricate few alumina structures by the MSL system.

2. Experimental details

2.1. Materials

The details of the materials and their sources are listed in
Table S1 (see supplementary information). The size distribu-
tion, surface area and the density of the alumina powder used
in this study are d50�0.5 μm, d90�2.9 μm and 8.9 m2 gm�1

(BET), 3.98 g cm�3. HDDA, TMPTA monomers, TOPO and
decalin were used without any further purification. BP was
used after it was twice recrystallized from ethanol (EtOH).
TH2080 monomer solution was prepared by mixing TMPTA
and HDDA at 20:80 vol% at 25 1C.

2.2. Slurry preparation

Before the preparation of the alumina monomer slurries,
physisorbed alumina suspensions were prepared at different
concentration of TOPO in EtOH. The concentration of TOPO
was varied in the EtOH suspension from 0 wt% to 5 wt% of
alumina. Initially, the respective concentration of TOPO was
predissolved in EtOH followed by the preparation of alumina
suspension. To ensure better physisorption an ultrasonic probe
sonicator has been used to encapsulate the alumina particles by
TOPO. After 15 min of sonication, the suspensions were kept
in hot air oven at 45 1C to remove all EtOH. The dried TOPO
adsorbed alumina powder was de-agglomerated by passing it
through a sieve of �120 mesh. Six different concentrations of
TOPO adsorbed alumina (i.e. 0 wt%, 0.5 wt%, 1 wt%, 2 wt%,
3 wt% and 5 wt% TOPO in alumina suspension) were pre-
pared and kept in a different batch. In order to carry out
rheological studies to determine the best concentration of the
dispersant, 25 vol% of alumina suspension with respect to
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TH2080 monomer and decalin (diluent) was prepared. The
monomer (M) to diluent (D) ratio was kept at 4:1, which
is termed as TD41. However, the monomer to diluent ratio
was also varied for viscosity measurement and the terminology
is mentioned in Table S1 (see Table in supplementary
information). During the slurry preparation, the monomer–
diluent mixture was stirred using a magnetic stirrer. TOPO
adsorbed alumina was added incrementally to this monomer–
diluent mixture and stirred vigorously (For 5 h) until a
homogeneous suspension was obtained. Five suspensions of
different concentrations of TOPO were prepared and subjected
to the rheological studies. Once the dispersant concentration
was optimized by rheological experiments, different solids
loading of alumina (10 vol%, 15 vol%, 20 vol%, 25 vol%,
30 vol% 35 vol% and 40 vol%) in monomer–diluent suspen-
sions were prepared and the optimization of solids loading was
further carried out by the rheological studies. For preparing
higher volume fractions of alumina (30 vol%, 35 vol% and
40 vol%), slurries were subjected to ball milling for an
additional 5 h to achieve a homogeneous suspension. The
steps involved in the preparation of the suspension are shown
in Fig. S1 (see figure in supplementary information).

2.3. Sedimentation studies and fractal analyses

The state of flocculation can be easily monitored by a simple
sedimentation experiment, which provides an estimate on
colloidal stability. For non-interacting ceramic particles in a
fluidic suspension, the terminal velocity (ν) of the particles is
governed by the following Eq. (1).

ν¼ ðρ�ρ0Þgd2
18η

ð1Þ

where d is the diameter of the particle, η is the viscosity of the
fluid media, ρ and ρ0 are the densities of the solid particles and
the liquid media respectively, g is the gravitational constant.

In order to carry out the sedimentation experiments, it is
important to limit the concentration of the solids media to less
than 1 vol%. Eq. (1) cannot be employed above this concentra-
tion due to the introduction of reverse flow in the suspension [22].
Hence, in order to carry out the sedimentation experiments,
0.5 vol% of the alumina suspension was prepared in the mixture
of TH2080 and decalin (diluent) solvent [23]. These solvent
mixtures were prepared at 4:1 ratio (monomer:diluent) to compare
with the rheological studies where a similar solvent mixture was
used. Different concentrations of TOPO treated alumina suspen-
sions were prepared and kept in six different measuring cylinders
of 10 ml volume with a lid at the same time and left undisturbed
for 1.5 Ms (�17 days). All the measuring cylinders were
calibrated for volume against height with the same solvent from
a standard buret. Data were taken at definite time intervals (in this
case 86.4 ks–24 h interval) from the mark of the measuring
cylinder up to which supernatant solution is observed.

Fractal analyses have been also adopted in order to quantify the
dispersion of different concentrations of TOPO treated alumina
suspension using microscopic imaging of the drainage films
developed on the glass microscope slides. Before beginning the
experiment, glass slides were cleaned in piranha solution (H2O2:
H2SO4� (1:3)) for 24 h, dried at 120 1C for 24 h followed by
purging of dry nitrogen. The slides were clean and this was
confirmed by complete wetting by distilled water. Different
concentrations of TOPO treated alumina suspension was dropped
on the clean glass slides and were allowed to wait for 60 s to
develop the characteristic pattern. Before imaging, the suspen-
sions were further diluted to 0.2 vol% by the same solvent
mixture in order to obtain clear microscopic images. Nikon
LV100 optical microscope has been used to capture the images in
the transmitted light mode. The images were analyzed by
quantifying the isoperimetric quotient and Euler number using
the image processing code in MATLAB.

2.3.1. Rheological experiments
Rheological studies were carried out by TA DHR 2 (TA

instruments, New Castle DE, USA) rheometer using 40 mm
parallel steel plate geometry with 1 mm gap. The slurry was
kept on top of Peltier base plate that maintains a constant
temperature (25 1C) during the measurement. In order to carry
out the best possible dispersant concentration, 25 vol% alu-
mina suspension containing different concentrations of TOPO
was tested first. Initially, the slurry in the rheometer was
subjected to a pre-shear at 10 s�1 for 2 min followed by a zero
shear rate for 3 min. Once these two measurements were
carried out, the samples were tested under oscillatory time
sweep at 0.5% strain with an angular frequency of 10 rad s�1

for 4 min in order to determine the stability of the sample. This
measurement provides the storage (G′) and loss modulus (G″)
of the sample that indicates the viscoelastic behavior of the
sample. Subsequently, the viscosities of all the slurries were
measured in an upward and downward sweep (ηuw and ηdw)
with a shear rate increasing from 0.1 to 300 s�1. The complete
cycle of upward and downward sweeps was completed in
120 min. During the flow sweep, the steady state sensing was
maintained for 3 min to collect each data.
The thixotropic behavior of the samples was examined by

the viscosity measurement in upward and downward sweep.
The thixotropic behavior is quantified in terms of the viscosity
difference between the downward and the upward sweep
i.e (ηdw�ηuw). The rheological studies of different volume
fraction of alumina in monomer–diluent suspension were
carried by varying the shear rate from 1 to 100 s�1 at 25 1C.
In addition, the temperature dependent viscosity measurements
were also performed (25–75 1C) at a constant shear rate of
45 s�1 for different volume fractions of the ceramic suspen-
sions. The rheological behavior of the suspension was ana-
lyzed by Cross model and the non-linear behavior and the flow
index were determined using this model. The Liu model was
used to determine the highest achievable ceramic volume
fraction in the suspension [24].

2.4. Microfabrication of alumina structures by
microstereolithography (MSL)

The microstructure of the alumina ceramics was fabricated
by the in house built scanning based MSL system. This system
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consists of an argon ion laser (wavelength predominantly
�364 nm), an AOM, computer controlled XY–Z stage, optical
mirrors, 0.5 mm variable aperture, UV transparent lens with a
focal length of 50.2 mm. The setup is placed on the top of a
vibration isolation table. The detailed description of the setup
can be found in our earlier work [11]. Fig. S2 (see
supplementary information) shows the schematic of this setup.
Few 2D and 3D ceramic micro-components have been
fabricated by this in house built MSL setup with an optimized
dispersant concentration of TOPO in the presence of 0.1 wt%
(of alumina weight) photoinitiator (BP). The fabricated struc-
tures were debinded and sintered after forming the net shape.
Debinding and sintering protocols are the following: the green
net shape ceramic bodies were heated to 120 1C at 0.3 1C
min�1 for 30 min followed by heating to 500 1C at 0.2 1C
min�1 and kept constant for 30 min to remove the organic
content. Debinding process was carried out under N2 atmo-
sphere in order to avoid the exothermic decomposition of the
polymer and to maintain a diffusion controlled reaction [19].
Then, the temperature was increased to 1550 1C at 15 1C
min�1 followed by 5 h soaking period in order to obtain dense
sintered alumina microceramics.

3. Results and discussion

3.1. Optimization of dispersant concentration

The optimization of dispersant concentration was carried out
by three different measurement namely sedimentation, fractal
analyses and rheological studies. Initially, a sedimentation
experiment was performed to quantify the settling of alumina
particles for different concentrations of TOPO treated suspen-
sions. Fig. 1 shows the sedimentation plot of alumina suspen-
sion in 4:1 of TH2080 and decalin (solvent) mixture. Fig. S3
(a) and (b) (see supplementary information) show the photo-
graphs of the sedimentation of the alumina suspension for
different concentrations of TOPO at t¼0 and t¼1.3 Ms. It is
observed from Fig. S3(b) that the suspension containing 0 wt%
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Fig. 1. Photograph of sedimentation of alumina in TD41 solvent. Fig. 1:
Variation of sedimentation volume with time of alumina in TD41 solvent.
TOPO settles faster than the higher concentrations of TOPO
treated suspensions. In case of 2 and 3 wt% concentrations, the
settling was observed to be much slower. However, in all the
cases, a clear supernatant is observed leaving a faint boundary
on the settling layer. The viscosity of the solvent mixture used
in this study is 24 mPa.s at 25 1C and the terminal velocity
calculated from the sedimentation data corresponds to the
Stokes diameter of 120 nm and 75 nm for 0 wt% and 3 wt%
TOPO treated alumina suspension, respectively. However,
when the concentration was increased to 5 wt%, the corre-
sponding Stokes diameter was found to be 100 nm. Therefore,
the primary observation suggests that the effective Stokes
diameter decreases with increasing TOPO concentration, due
to the steric repulsion between the neighboring alumina
particles. Nevertheless, after a certain concentration, the
agglomeration increases because of the depletion flocculation
mechanism [25]. However, suspensions are quite stable after
1500 ks (�18 days) for 2 and 3 wt% TOPO treated suspen-
sions. In order to quantify this dispersion behavior, the
following fractal analyses were carried out.
The patterns formed from the droplet of the six different

suspensions of alumina containing TOPO were characterized
by optical microscopy and are shown in Fig. 2(a). It is
observed that the alumina suspension without TOPO has an
agglomerated feature, which suggests that there was floccula-
tion of alumina particles due to the interplay of vdw forces
between the interparticles. With the addition of TOPO in the
suspension, dispersion is observed to be predominant. The
following image analysis technique proposed by Evans et al.
was adopted for the quantification of the dispersion behavior
[22].
All the images were converted to bilevel images and are

shown in Fig. 2(b). It is evident from the figure that large
agglomerations are formed for the poorly dispersed suspension
and hence large connected black and white regions can be
observed in the figure. Evans proposed that the sizes of these
regions are much smaller but much larger in total numbers for
the well dispersed suspension. This can be better understood
from the topological concept of the Euler number [25]. For a
given bilevel image, Euler number is defined as the difference
between the total number of regions (summation of black and
white region) and the total number of holes (total number of
either white or black).
Another way of quantifying the dispersion uniformity of the

images is by calculating Dido's isoperimetric quotient (Q).
This quotient is defined as the ratio of the area A enclosed by
curves of length L to the area of the circle of same length or
perimeter (L) i.e Q¼4πA/L2 [26]. In case of a circle Q¼1,
otherwise Qo1. Mathematically, the regions containing more
holes shows longer perimeter than its area and thus shows
lower Q. Therefore, the higher uniformity of an image can be
quantified by the lower Q values. Thus, the dispersion can be
quantified by higher Euler number and with lower Q values for
a given bilevel image.
Fig. 3 shows the plot of Euler number and the isoperimetric

quotient with respect to the different concentrations of TOPO
treated alumina suspensions calculated from the optical
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Fig. 2. (a): Optical micrograph of the drainage film of alumina in TD41 solvent (b) Bilevel image of all micrograph of the drainage film.
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micrograph shown in Fig. 2(b). It is evident that 3 wt%
concentration of TOPO shows lower Q values with higher
Euler number. Therefore, this particular concentration shows
the highest dispersion behavior. The rheological properties
were studied for further confirmation.

Fig. 4(a) shows the rheological studies of different concentration
of TOPO containing alumina in 25 vol% suspension in TH2080
(monomer) and decalin (solvent) (monomer:solvent �4:1). With
increasing TOPO concentration in the suspension, the viscosity
decreases steadily at 3 wt% concentration of TOPO at 45 s�1

shear rate. Further, the increase of TOPO concentration does not
lead to the significant change in the viscosity.

Fig. 4(b) shows another important characterization of dispersant
concentration by thixotropic properties of the suspension, which
indicates the kinetics of network formation over the experimental
time. Faster restoration signifies the suspension is more stable. The
restoration of the structure can be better understood by plotting the
difference in viscosity during downward and upward shear rate
sweep [27]. Zero difference indicates that the structure is restored
completely within the applied shear rate whereas negative values
suggest there is delay in the restoration of the network structure to
the original state. It is observed from Fig. 4(b) that all the slurries



Fig. 4. (a): Viscosities of 25 vol% alumina suspension in TD41 solvent at
different TOPO concentrations at shear rate of 45 s�1. (b) Thixotropic
behavior of the same suspensions by measuring the difference of viscosity in
upward and downward shear rate sweep with the function of shear rate.

Fig. 5. (a): Viscosities of alumina suspension at different solids loading
(20 vol%, 25 vol%, 30 vol% and 35 vol%) in TD41 with the function of shear
rate. (b) Relative viscosities with the function of alumina volume fraction. Data
are fitted to the Liu Model.
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were almost restored to their original structures within 10 s�1.
However, at low shear rates, the restoration is delayed. 3 wt%
TOPO shows the maximum recovery of the network structure and
thus is an optimized dispersant for this ceramic resin.

It is observed that the suspension does not show the
desirable rheological property either below or above 3 wt%
concentration of TOPO. The suspension is not stable below
this concentration and the dispersant remains non-adsorbed to
the surface above this concentration. If the non-adsorbed
dispersant concentration crosses the critical limit, the floccula-
tion mechanism starts dominating due to osmotic effects,
which is known as depletion flocculation (especially in
highly concentrated suspension). Consequently, high degree
of agglomeration and high viscosity is observed after the
optimized concentration of the dispersant [28].

3.2. Rheological study to optimize solids loadings of alumina

The optimization of solids loading of alumina suspension in
the same resin has been performed by rheological studies.
Fig. 5(a) shows the shear viscosity curve with the function of
shear rate for different volume fractions of alumina in the same
solvent of 3 wt% TOPO. The volume fraction of alumina was
varied from 20 vol% to35 vol% at an interval of 5 vol%.
At this monomer to solvent ratio (4:1), the solids loading of
more than 35 vol% cannot be achieved since the viscosity of
the slurry becomes very high because of the moderately high
continuous phase viscosity (ηc) of the slurry medium. From
Fig. 5(a), it is observed that all the suspensions show
shear thinning behavior. However, a slight shear thickening
phenomena is observed for the intermediate shear rate regime
in case of 35 vol% loading. This observation is common
in monodisperse particle suspensions where, after a critical
shear rate, the formation of jamming clusters occurs by
hydrodynamic lubrication forces. This inhibits the motion of
the particles and thus increases the viscosity [29]. Foss et al.
have studied this phenomenon by Stokesian dynamics simula-
tion using the concept of Péclet number (Pe) [30], which is
defined as the ratio of hydrodynamic shear to the thermal
forces. It is expressed as Pe¼ ̇γa2=D, where ̇γ is the value of
shear rate and D¼kT/6τηa is the Stokes-Einstein diffusivity of
an isolated spherical particle having a radius of a and thermal



Table 1
Calculated flow index from Cross model.

Vol% (Solvent) η0/Pa.s η1/Pa.s C m R2

20 (TD41) 8.22 0.114 0.19 1.08 0.99
25 (TD41) 72.49 0.278 2.17 0.95 0.99
30 (TD41) 189.41 0.362 1.37 1.09 0.99
35 (TD41) 402.77 0.876 0.71 1.13 0.96
40 (TD11) 327.08 0.91 1.52 1.17 0.99
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energy kT in fluid whose viscosity is η (in this case η¼ηc). The
occurrence of unusual behavior of shear thickening is found to
be over the range of volume fraction (φ) of 0.316rϕr0.49.
However, the regime of shear thickening depends on the value
of Pe. It has been argued that for low Peo10, Brownian
motion dominates the behavior thereby shear thinning is
observed and the suspension is well dispersed. For higher
Péclet number (Pe410), shearing force dominates over
Brownian motion, which pushes the particles into close
proximity where short-range hydrodynamic forces prevail.
Therefore, higher forces are required to overcome this hydro-
dynamic force and thereby the suspension exhibits shear
thickening behavior.

In case of the suspension containing 35 vol% solids loading,
the estimated Pe number is found to be of the order of 8–9
(o10) in the regime of 1–5 (s�1) shear rate indicating the
suspension has an initial shear thinning behavior. At a higher
shear rate, Pe increases (410) and thus exhibits shear
thickening behavior. However, at a shear rate higher than
20 s�1, the suspension again shows a shear thinning phenom-
ena because of the reduction of the continuous phase viscosity
(ηc). In case of 30 vol%, shear thickening is not prominent, but
a small Newtonian window is observed in the regime of 2–
5 s�1 shear rate. This volume fraction is just lower than the
limiting volume fraction (0.316rϕr0.49) for this unusual
phenomena to occur [30]. Nevertheless, all the volume
fractions studied here show an overall shear thinning behavior
and thus can be fitted to the Cross model (given by Eq. (2)),
which is often employed to determine the shear thinning
viscosity.

η¼ η1þ η0�η1
1þðC ̇γÞm ð2Þ

In Eq. (2), η1 and η0 represent the asymptotic viscosities at
very high and low shear rate, respectively. m is the rate
constant and C is the consistency index. Essentially, m¼0
signifies the suspension is Newtonian, while at higher values
of m (40.8), indicate the suspension is shear thinning.

Table 1 shows the values of different rheological parameters
for different volume fractions based on the rheological
analyses using the Cross model. It is observed that the
asymptotic viscosity at low shear rate (η0) increases with
increasing volume fraction of the alumina particles in the
suspension. This is due to the higher hydrodynamic interaction
due to the increase in number of particles with increasing
volume fraction of the solids loading. However, the asymptotic
viscosity at high shear rate does not show any significant trend
since catastrophic failure of the internal structure occurs at
higher shear rate (450 s�1). In all the cases, the exponent (m)
lies in between 0.85 and 1.13. This shows that all the
suspensions show shear thinning behavior and show a finite
C value suggesting that all suspensions exhibits pseudo
plasticity and require a critical shear rate to start the flow.

It is observed that the suspension becomes very viscous after
a certain volume fraction. Hence, it is important to predict the
highest theoretical volume fraction up to which the ceramic
can be loaded in the suspension. Therefore, the Liu's model has
been adopted [24]

ηr ¼ ½aðϕm�ϕÞ��n ð3Þ

In Eq. (3) ηr is the relative viscosity of the suspension,
which is calculated by dividing the viscosity of the suspension
at particular solids loading (ϕ) by the viscosity of the
suspension at zero solids loading at a given shear rate. ϕm is
the maximum theoretical solids loading at which the viscosity
of the suspension becomes infinite. a is the empirical constant
and n is the flow dependent parameter, which is suspension
specific. In most cases, reliable fitting was obtained at n¼2.
Fig. 5(b) shows the ηr�ϕ plot of alumina suspension at

different solids loading fitted to the Liu's model at 45 s�1 shear
rate. It is observed that ϕm¼0.47 is the maximum theoretical
volume fraction in this resin (i.e. TD41) at 45 s�1 at which the
viscosity will be infinitely high. Therefore, the optimization of
monomer to solvent ratio is important in order to achieve
higher solids loading with lower viscosity.
3.3. Optimization of monomer to solvent ratio

It is observed (Fig. 5(a)) that at high solid volume fraction
(�35 vol%), the suspension shows shear thickening behavior
for an optimized solids loading with the particular monomer to
solvent ratio (�4:1) in the intermediate shear rate. Hence, it is
imperative to optimize the monomer to solvent ratio at this
particular solids loading to obtain a uniform shear thinning
behavior. Therefore, four rheological studies have been per-
formed at different monomer to solvent ratio at 35 vol% solids
loading. Fig. 6(a) shows the shear viscosity plot of the alumina
suspension (35 vol%) for different monomer to solvent ratio.
It is observed that when the ratio of monomer to solvent
becomes 1:1, shear thickening diminishes and uniform shear
thinning is observed. This happens because of the reduction of
continuous phase viscosity (ηc) of the suspension due to the
addition of more diluent (decalin). With this motivation, the
solids loading was increased up to 40 vol% in which monomer
to solvent volume ratio was kept 1:1 (i.e TD11). Rheology was
performed at this loading (40 vol%) and it is found that the
viscosity of this solids loading shows completely shear
thinning behavior in the intermediate shear rate (Fig. 6(b)).
This indicates the optimal volume fraction of alumina is 40
vol% for this monomer to solvent ratio (1:1) for MSL based
ceramic fabrication.
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Fig. 6. (a): Viscosities of alumina suspension of fixed solids loading (35 vol%)
at different monomer to diluent ratio.(b) Viscosity of alumina suspension of
40 vol% solids loading at TD11 solvent.
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3.4. Effect of thermal dilution

Thermal dilution is an another method to reduce the
viscosity of the suspension [20]. The viscosity of the liquid
medium (both monomer and diluent) decrease as the tempera-
ture increases. This results in the decrease of continuous phase
viscosity (ηc), which reduces the suspension viscosity. On the
other hand, with an increase of temperature, liquids show
larger thermal expansion than solids that eventually reduces
the actual solids loading in the suspension. Chu et al. proposed
the temperature adjusted solids volume fraction (φ(temp)) by the
following expression [31]

ϕðtempÞ ¼
Vs

VsþVLþΔVL
ð4Þ

The volumetric coefficient of thermal expansion of acrylate
monomer is found to be of the order of 6� 10�4 1C�1 and for
alumina, it is 8.1� 10�6 1C�1 [20]. Hence, the liquid media has a
larger effect in the reduction of volume fraction of the ceramic
particles. Therefore, φ¼0.35 volume fraction of alumina
suspension at 25 1C becomes 0.34 at 75 1C and shows a significant
reduction in viscosity. This happens because the viscosity is more
sensitive to the volume fraction at high solids loading. Fig. 7(a)
shows the reduction of viscosity at different solids loading of
alumina at a heating rate of 3 1C min�1 at 45 s�1 constant shear
rate. The viscosity of the suspension shows an Arrhenius
dependence with temperature and can be expressed by the
following Eq. (4).

ηðTÞ ¼ A:exp
Ea

RT

� �
ð5Þ

Table 2 shows the apparent activation energies (Ea) due to the
reduction of viscosities with temperature at increasing volume
fraction of the alumina suspensions. The activation energies
significantly increase with the volume fraction in the suspension
due to the reduction of solid volume with increasing temperature.
The actual volume fraction at different temperatures (Eq. (3)) and
corresponding relative viscosities from the Liu's model (Eq. (2))
have been calculated and listed in Table 2. It is observed that the
reduction of the relative viscosity with increasing temperature is
more pronounced in case of higher volume fraction suspension
because of the larger increment of effective space (ϕm�ϕ) in the
suspension. Therefore, larger Ea is observed for the suspension
with high volume fraction of solids.
It is important to note the volume fraction in Fig. 7(a) has

been taken as nominal volume fraction of the suspension.
However, the plot of relative viscosity with the function of
corrected volume fraction is shown in Fig. 7(b). It is observed
that both the relative viscosity and the temperature corrected
volume fraction collapse on to a single plot and can be
represented by the Liu's model.
Thus, it is clear that that the high volume fraction of solid

loadings can be achieved by reducing the continuous phase
viscosity of the suspension. The reduction in the viscosity can
be accomplished either by increasing the diluent amount in the
monomer–diluent mixture or by increasing the temperature of
the suspension. Since the monomer only takes part in the
photopolymerization process, it is always better to keep a
higher monomer concentration than the solvent to ensure better
binding of the ceramic particles. Therefore, the second strategy
would be more preferable to ensure better green density.
To employ the second strategy, 35 vol% suspension (mono-
mer: diluents (4:1)) can be heated in situ up to 50 1C while
operating the microfabrication process by MSL. However, this
will require a modification in the existing setup to include an
in situ heater attachment on the slurry container. Therefore, in
this study, we have employed the first strategy i.e. using 40 vol
% alumina in TD11 to microfabricate the alumina structures.

3.5. Microfabrication of alumina ceramic by MSL

40 vol% of alumina in TD11 has been chosen to fabricate few
simple and complex structures. BP has been used as a photo-
initiator in the suspension at 0.1 wt% of the alumina loading in
order to photopolymerize the suspension under laser. The
exposure energy (ln Emax) was maintained at 10.3 J/m2. BP
was chosen since it shows lower curing width because of its low



Fig. 7. (a): Temperature dependent viscosities at different solids loading
(20 vol%, 25 vol%, 30 vol% and 35 vol%). (b) Relative viscosity plot with the
function of alumina volume fraction at different temperatures. All the data are
fitted to single the Liu model.

Table 2
Temperature adjusted solids loading of suspension (φ) at different temperature
and corresponding relative viscosities (ηr).

25 1C 40 1C 50 1C 75 1C Ea/kJ mol�1

φ ηr φ ηr φ ηr φ ηr

0.2 347 0.199 344.7 0.198 342.7 0.195 334.8 15.7
0.25 521.2 0.248 512 0.247 507.4 0.243 489.9 21
0.3 868 0.298 848 0.297 838.8 0.293 801.8 120.8
0.35 1726 0.348 1670.7 0.346 1618.1 0.343 1543.7 447.5

Fig. 8. Micrographs of 2D (a) square mesh and (b) impeller with a central
hole. All are green bodies. Inset of Fig. 8(a) shows the porous morphology of
green ceramic body. Inset of Fig. 8(b) shows the confocal image of impeller.
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efficiency [11]. Fig. 8(a and b), Fig. S4 (a) and (b) (see these
figures in supplementary information) show the 2D net shape of
the alumina green bodies. The structures are square mesh,
impeller (with a central hole), crosshatch mesh, and hollow gear,
respectively. The inset of Fig. 8(a) shows the porous morphology
of the green ceramic object. The inset of Fig. 8(b) depicts the
confocal microscope image of impeller, which shows the profile
of the 2D impeller structure. Fig. 9(a)–(c) and Fig. S4 (c) (see
supplementary information) show the sintered body of gear (with
no hole), gear (with central hole), solid impeller and square mesh
structures fabricated by the in house built MSL at 40 vol% solids
loading. The insets (right top corner) of Fig. 9(a)–(c) and Fig. S4
(c) (see supplementary information) show the sintered grain
morphology of the gear and mesh. The insets (left bottom corner)
of Fig. 9(a) and (c) show the confocal micrograph of the gear
(with six teeth) and impeller (with five teeth) structures which
show the 3D profile of the sintered body. The 2D structures are
cured once while the 3D structures are cured thrice by laser
scanning which are formed at a height of 500 mm from the base.
In all the cases, the shrinkage of the structures is nearly 25–28%
from its initial dimensions.

4. Conclusions

In this article, the focus was to study the colloidal behavior
of alumina monomer gel for fabricating alumina microcera-
mics by microstereolithography. The optimization of colloidal
stability was demonstrated by sedimentation, fractal and
rheological studies. The analysis of sedimentation and fractal



Fig. 9. Images of (a) microgear (no hole), (b) hollow gear with six teeth and
(c) solid impeller fabricated by MSL. All are sintered at 1550 1C for 5 h. Inset
(Right top corner) of Fig. 9 (a), (b) and (c) show the sintered morphology of all
the structures. Inset of Fig. 9 (a) and (c) (left bottom) show confocal images of
the gear and impeller.
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studies helped in choosing the required concentration of
dispersant. The rheological results were in agreement with
these two experimental studies. Further, rheological studies
were carried out to determine the maximum achievable volume
fraction using this monomer and solvent ratio. The increment
of volume fraction of alumina particles without compromising
the viscosity has been demonstrated by choosing the optimum
monomer to diluent ratio. The fabrication of several alumina
micro-ceramics was accomplished with the optimized para-
meters obtained by these studies. Thermal dilution was also
proposed to reduce the viscosity of the suspension at high
solids loading. Further studies will examine the fabrication by
modifying the MSL setup by attaching a heater for the
container containing colloidal ceramics. This will help in
reducing the viscosity during the process of fabrication at
even higher solids loading and also reduce the post sintering
shrinkage.
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