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Abstract

This paper reports the use of a micro X-ray CT scan system to measure the

viscosity increase during in-situ gelation of a gelcasting slurry. Three small steel balls

were dropped in the slurry at a desired time interval after the addition of the gelling

agent, while being monitored by the CT scan system. It was determined that the plot of

the logarithm of the calculated viscosities based on the settling velocity of the falling

ball versus the gelation time can be classified into three regions with increasing slopes.

The first region is designated as the idle time during which the gelcasting slurry can be

further processed and cast into a mold. The second region is the onset of gelation

during which the polymer networks start to form with a gradual increase in the
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viscosity, whereas the third region is attributed to the increased concentration of the
polymerized networks as typified by the significant increase in the slurry viscosity.
Moreover, the falling ball method was found to be more sensitive to detecting the onset

of gel formation in the gelcasting slurry than stress-controlled rheometric analyses.
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1. Introduction

The gelcasting process [1-3] is one of the promising methods for shaping a
ceramic body, which employs an in-situ solidification technology for a slurry mixture
through formations of polymerized network structures. The slurry mixture typically
consists of a ceramic powder, dispersant, and a small amount of chemical agents. The
slurry mixture is dispersed and cast into an impermeable mold, followed by in-situ
polymerization of the chemical components promoted by chemical agents such as an
initiator and catalysts. The gelled green body possesses a uniform particle packing that
results in a homogeneous microstructure after high temperature treatment. One of the
advantages of this method is the convenient manufacturing of a green body with a
complex-shape and homogeneous particle compact. For example, Moen Young et al. [2]
reported application of the gelcasting process to the near-net shaping of a turbine rotor
with a complex geometry. Moreover, some successful accounts of using gelcasting

technology have been demonstrated by Janney et al. and Niihara et al. [4,5].
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The success of the gelcasting technology in shaping a ceramic body relies on
the proper knowledge of the processing and gelation parameters of the gelcasting slurry.
Among these gelcasting parameters, the gelation parameters, such as idle time, viscosity,
gelation behavior, concentration of initiator and accelerator, etc., must be carefully
studied. The idle time, one of the important gelation parameters, is defined as a time
length between the addition of the promoting reagents (i.e., initiator and catalysts) and
the start of the temperature increase due to exothermic polymerization in the slurry [6,7].
This is the time at which the catalytically treated gelcasting slurry can be further
processed and cast into a mold [8]. The accurate determination of such idle time during
the rise in temperature of the polymerizing slurry has been difficult due to the limited
accuracy of the temperature sensor, and the gelation behavior of the slurry cannot be
determined by that method. An alternative approach to address these problems is to
know the profile of the increasing behavior of slurry viscosity versus time during the
gelation. There are some reported studies that followed the progress of such a viscosity
increase versus time using a stress-controlled rheometer system [9-11]. However, based
on these methods, the gelcasting slurry is stressed during testing which may alter the
information about the actual in-situ solidification behavior of the slurry. Hence, there is
a need to explore other techniques that only moderately disturb the progress of gelation
while the slurry viscosity is monitored.

Noninvasive techniques [12,13] are promising tools for observing particle
dynamics in relation to the viscosity of a ceramic suspension. These include optical and
X-ray visualization techniques. In opaque liquids containing solid particles, the optical

method is not preferable because the observation of the particle dynamics is obscured



by the liquid itself [14]. An easy alternative to the optical technique is the use of X-rays,
such as real-time radiography, but the attenuation properties of the suspension blur the
particles to be observed. To circumvent this problem, an X-ray computed tomography
scanning technique has been explored because of its technical maturity and
compatibility with a vapor-liquid contacting system [15-17]. The images, produced
using an X-ray CT, have very high resolutions that produce clear pictures of the particle
dynamics in a liquid-based suspension. The X-ray CT involves directing a beam of
X-rays at a model object and measuring the intensity of the beam after it passes through
to a set of detectors. This generates an image representing one thin segment of the
object and the process can be repeated several times to produce a series of images from
the object. The set of images can then be combined to provide a three-dimensional
representation of the object. Hence, this imaging technique can be potentially applied to
view a time-dependent position of any opaque objects in the gelcasting slurry.

The aforementioned imaging techniques usually employ a falling opaque object
[18,19] in a suspension to determine its viscosity. The analysis is similar to a
falling-ball rheometer based on Stokes' solution of the terminal velocity of a sphere
falling in creeping flow through an unbounded, incompressible, Newtonian liquid. Since
the gelcasting slurry normally exhibits a non-Newtonian flow, an apparent viscosity of
the slurry can be measured as if the slurry were a hypothetically Newtonian fluid [14].
Moreover, the flow behavior of the gelcasting slurry can also be described as a
power-law fluid in which the equation for the drag coefficient factor, Cp, is
approximated as proposed by some researchers [20-22]. With the use of an X-ray CT

scanning system having a higher resolution capability, the accurate determination of the



time-dependent position of the falling object through the originally opaque ceramic
slurry is made possible. Therefore, in this study, we employed a micro X-ray CT scan
system to monitor the settling velocity of a small falling steel ball in a gelcasting slurry
during the progress of gelation. The settling velocity of the falling steel ball was
determined versus the increasing gelation time and was used to calculate the slurry
viscosity using Stokes equation. Accordingly, a plot of the calculated viscosity versus
gelling time was made in order to gain insight into the gelation behavior of the slurry.
Subsequently, the calculated viscosities were compared and discussed using the

measured rheological data obtained from the stress-controlled rheometric analyses.

2. Experimental methods
2.1 Preparation of gelcasting slurry

The gelcasting materials and processing procedure employed in this study were
the same as used in our previous report [8]. Table 1 shows a list of gelcasting chemicals
and ceramic powder used for the preparation of the gelcasting slurry. The slurry was
prepared by ball-milling for 24 heurs and manually mixed with an initiator (1.03uL/g)
to start the polymerization process. The gelation process was accelerated with the
addition of the catalyst (0.17uL/g), and this additive was manually stirred for 120
seconds to homogenize the gelcast mixture. Subsequently, the bulk density of the

gelcast slurry, p, was measured at about 2.50 x 10° kg/m®.

2.2 Measurement of the slurry viscosity by falling ball velocimetry using the micro

X-ray CT scanning system



In this experiment, we measured the actual settling velocity of a small steel ball
in the gelcasting slurry. Three steel balls of bearing grade quality were used and each
had the same density, p,, of 7.85 x10° kg/m® and diameter, D,, of 0.500 mm.

Figure 1 shows the set-up for the experimental apparatus that consisted of a
microfocus X-ray CT scanning system (inspeXio SMX-90CT, Shimadzu Co. Ltd.,
Kyoto, Japan), a sample bottle, computer with monitor, and a high-density video camera.
Figure 2 shows a schematic diagram of the sample bottle used to contain the gelcasting
slurry. The inside diameter and height was were 40mm and 120mm, respectively. Three
magnets were respectively used for holding the three steel balls at the top of the sample
bottle. When one of the magnets was removed, the corresponding steel ball started to
free fall through the slurry. The time interval between ball droppings was determined
based on the time it takes for the preceding ball to get closer to the bottom of the sample
bottle. To record the ball dropping process, the video data from the monitor attached to
the X-ray system was recorded by another computer with the aid of a high--density
video camera. The higher frame rate (about 12fps) of the microfocus X-ray CT scanning
system was used throughout the experiments at the resolution mode of 512x512 pixels.
The video monitoring of the micro X-ray system was then started 300 secends after the
addition of the catalyst. X-rays were then emitted from a fixed source. As time elapsed,
the distance between the X-ray source and the falling steel ball changed very slightly.
Therefore, the coordinates of the falling steel ball were corrected for the size of steel
ball and diameter of the sample bottle on the PC monitor. The time elapsed for the

falling ball was then determined using a stopwatch program shown on the computer



screen. Finally, the settling velocity of the steel ball was evaluated from the stored video
data.

The slurry viscosity was calculated using the Stokes equation [20-22]. In this
experiment, the generalized Reynolds number, Re, was approximated on the order of
10™. The drag coefficient, Cp, can then be simplified by neglecting the fluid inertia

effect as

C, = %1(1+E3Re] ~ R—: (1)
In this case, the effect of multi-particle hydrodynamic interactions on the friction [16]
along the surface of the falling steel ball was negligible because its diameter
(Dp=0.5mm) was much greater than the alumina particles (Dso=0.55um). Therefore, the

slurry viscosity, 7, can be evaluated from the settling velocity, u, using the Stokes

equation,
D,’ )

where g is the acceleration due to gravity.

2.3 Measurement of the slurry viscosity by the rheometer

For a comparative evaluation, we performed strain oscillatory shear
experiments using a rheometer (RheoStress 600 system, Haake Corp.). The rheometer
was equipped with a parallel plate type sensor with a diameter of 35mm and a glass
enclosure to prevent the slurry from drying out during the measurement. A surface dip
treatment was applied to both surfaces of the set of sensors to avoid slipping while the

plate gap was kept constant at Imm. The progress of gelation was followed in terms of
7



the complex viscosity versus time at a constant frequency of 1 Hertz and varying shear
strains of 0.1, 0.5, and 1. Finally, the gel point of the gelcasting slurry was also
determined by plotting the loss tangent data versus the increasing gelation time

subjected to different frequencies.

3. Results and discussion
3.1 Measurement of slurry viscosity by falling ball viscometry

Figure 3 shows a time series of photographs extracted from the PC video data
for the falling steel ball through the slurry in the sample bottle. The falling steel ball can
be clearly seen as a black spot at the center of dashed circle on each panel. It was
observed that the descending steel ball followed a vertical path indicating that the
assumptions of neglecting the wall effect and particle friction were probably satisfied
[23,24]. To ensure repeatability of the results, three runs were carried out under
videotaped observations. The captured real-time data provided an accurate
determination of the time-dependent position of the falling ball for calculating its
velocity. Hence, Figure 4 depicts the settling velocity, u, evaluated from the extracted
video data for the three runs. The horizontal axis is the gelation time, t, defined as the
elapsed time after the addition of the catalyst. As can be seen from Fig. 4, the settling
velocity gradually decreases with the increase in the gelation time. Moreover, the plots
of the three runs are smoothly connected, indicating a good reproducibility of the
experiments.

Based on the measured settling velocity of the descending ball through the

slurry, the slurry viscosity can be calculated using Eg. (2) and the data were plotted on



the logarithmic scale shown in Figure 5. It can be observed that the logarithmic
viscosity profile can be divided into three regions. The fitting of a straight line to every
region provided three different slopes in an increasing manner. The first region is the
plateau of a constant viscosity region that may correspond to the idle time of the slurry.
Young et-al et al. [2] showed that the slurry viscosity remains constant during the early
stage before the start of the gelation. The intersection [6,9] of the straight lines for
regions 1 and 2 may provide a good estimate of such idle time. It can also be deduced
that regions 2 and 3 are depicting the progression of the gelation process through
polymerization that causes the rise in slurry the viscosity. The evolution of the viscosity
increase can be schematically illustrated by the slurry microstructure shown in Figure 6
as proposed in the present study. During the early stage after casting, the contributing
effect to the viscosity is the prevailing bulk viscosity of the slurry as shown in Fig-6Fig.
6 (i) when the monomer is not yet reacted or connected. This corresponds to the
observed time length (the idle time) of about 300s, which is represented by the plateau
viscosity depicted en in Fig—5Fig. 5. Immediately after the first region, the slurry
viscosity began gradually increasing and entered the next region. The second region
depicts a gradual increase in the logarithm of the viscosity versus the gelation time. In
this region, a small amount of the polymer chains is formed and forms a random
network configuration as schematically shown en_in Fig-6Fig. 6 (ii). After about 550s,
the slope of the fitting line increased again up to about 2.5 times higher than the one in
the second region, which may correspond to the increasing formation of the chain
entanglements of the polymers as schematically illustrated in Fig—6Fig. 6 (iii). This

behavior is demonstrated by region 3 in Fig—5Fig. 5, which is a consequence of the



increasing concentration of the interconnected polymer networks due to the increasing

polymerization rate.

(Figure 6)

The rate of radical polymerization, r,, can be expressed as
0.5
r, =K1 [m] 3)
where K is the reaction rate constant, [I] is the initiator concentration, and [m] is the
monomer concentration [25]. During the initial stage of polymerization, the monomer
concentration [m] can be assumed to be constant. If the initiator concentration [I] is

considered constant, the polymer concentration [p] is proportional to the gelation time, t,
which is expressed as

[p]ockt (4)
where k is the proportionality constant.

It is well known that the viscosities of polymer melts and solutions show a shift
with a linear dependence on the product of polymer concentration [p] and molecular
weight My, (i.e., [p]My) in the lower value region. However, when the value of the
product [p]M,, exceeds a certain level at about 600s, the dependence of the product will
be increased up to 3.4 times longer than the linear dependence case due to the effect of

the polymer entanglement [33-3526-28] as represented by-eguation Eq. (5).

34
noc([pIM,,) (5)
As can be seen from Fig—5Fig. 5, the slope of the line is 2.5, which is slightly

lower than the expected power number in Eq. (5). It is postulated that this discrepancy
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might be due to the polymerization network that is affected by the presence of a large

amount of alumina particles.

3.2 Measurement of slurry viscosity and gel point by the rheometer

The graph in Figure 7 shows the typical dependence of the complex viscosity
on time during the gelation process of the gelcast suspension at 25°C. It was observed

that at the constant frequency of 1 Hz, the complex viscosity decreased with the
increasing shear strain. This slurry behavior is typical tendency for a non-Newtonian
slurry with flow described by the power law model [29]. This effect might be attributed
to the disturbance of the applied straining force to the polymerization process.

Nevertheless, all the curves exhibited an increasing trend as the gelation time increased.

(Figure 7)

By observing curves (A), (B), and (C) in Figure 7, the viscosity trend exhibited
only two stages of increasing viscosity. The first stage, which is the idle time, was
missing which might be due to large strains imposed on the rheometer at the controlled
deformation (CD) and controlled stress (CS). A very small strain oscillation [9,11]
might be used on the rheometer to determine it, but it was not pursued because the data
were too erratic to provide reasonable information. Instead, an experiment was done
using a continuous shear rate (CR) with the steady rate of 50 s™. The resulting viscosity
profile is represented by curve (D) in Fig.7, which exhibited the lowest viscosity resulting
from the imposed condition in the continuous rotational mode. This indicated that the

measurement of the viscosity under the rotation mode causes considerable destruction of the
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polymer networks typified by the large decrease in the slurry viscosity. Therefore,
measurement by a steady rotation is unsuitable for following the progress of slurry gelation.
Nevertheless, it can be observed that there is almost a constant viscosity until about 500
seconds which could be the idle time. However, such a measured idle time does not reflect the
actual in-situ solidification of the gelcasting slurry.

The gel point of the gelcasting slurry was also evaluated in terms of the viscoelastic
properties of the gelling slurry. Takahashi [30,31] has suggested a method of gel point
determination involving loss tangent curves at different frequencies. These curves are
expected to cross at a common gel point, t, representing the transition point of the viscous
slurry at which the energy dissipation is high during gelation to an elastic solid with a
low energy dissipation. Moreover, at the transition point, the loss tangent of the slurry
becomes frequency independent that roughly indicates the gelation time [32]. Hence,
the experimental curves in Figure 8 depicted a similar loss tangent (tan o) profile versus

gelling time for a gelcasting slurry subjected to different frequencies.

(Figure 8)

It is clearly observed that all the curves revealed a gelling time of 980 s as their common point
of intersection. It is worthwhile to point out that the viscous region on the loss tangent curve
corresponds to the schematic diagram of the slurry in Fig—6Fig. 6 (ii) whereas the solid-like
region is represented by Fig—6Fig. 6 (iii). Moreover, the falling ball method used in the
present study is only applicable in the viscous region where the gelcasting slurry has a

sufficient fluidity for the ball to descend.
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3.3 Comparative evaluation between slurry viscosities measured by the falling ball
and the rheometer

The falling ball method presents a potential tool to follow the viscosity increase
while the gelcasting slurry is polymerizing. The merit of this method over a viscoelastic
study stems from the nonaggressive nature of the test using the X-ray CT scan.
Comparing Fig—5Fig. 5 and Fig. 7, it can be deduced that the profile of the logarithm of
the measured viscosities of the falling ball method is closer to rheometric studies
employing a lower shear strain and frequency during the measurements. However, the
rheometric study failed to clearly detect the appropriate length of the idle time. It
requires careful implementation of rheological settings during the measurements to
provide reproducible results. The detection of the end of the idle time is crucial during
the casting step because it provides allowance for further processing steps such as
mixing of the additives, degassing, and casting operation. The falling ball method was
found to be quite sensitive and convenient in exactly detecting the end of the idle time
as compared to the rheometric experiment. This is may be because the falling ball
method allows the network structure of the polymer to smoothly grow without much
disturbance. As the steel ball enters the growing network structure of the polymer, it slowly
breaks the polymerizing structure while descending at a low speed. Therefore, the actual
evolution of the viscosity increase during in-situ solidification is clearly observed. In the
present experiment, the falling ball method detects the starting increase in the slurry viscosity
after 350 s whereas the rheometric study detects it at about 500 s. It is also noted that the
viscosity obtained by the rheometric study is lower than the falling ball during the method at

earlier stage of the reaction. This is maybe because the applied shear strain in the rheometric
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experiment reduces the growth of the network structure during polymerization as the slurry is
continuously disturbed in an aggressive manner [33].

Knowledge of the viscosity profile for a given gelcasting slurry is indeed important
during the processing of additives and subsequent casting of the slurry into a mold. If the
casting operation is done to efficiently fill the slurry in the mold, the slurry must have a
sufficient fluidity as schematically illustrated in Fig—6Fig. 6 (i) and then gelation can be
allowed to proceed in order to solidify the slurry in a homogeneous manner. In contrast, if the
casting operation is done when the slurry is under the condition specified by Fig-—6Fig. 6 (ii)
or (iii), mold filling is difficult to achieve as the developing polymer networks are disturbed
under shear flow. As a consequence, the gelled ceramic body possesses nonuniform
distributions of the polymerized structure while introducing high stresses to the freshly gelled
body. The stressed body ultimately develops serious cracks during the drying and sintering
steps. Therefore, sensitive monitoring of the viscosity increase is required for a particular

gelcasting mixture which could be provided by the falling ball method.

4. Conclusion

A micro X-ray CT scan system was successfully employed to monitor the
settling velocity of the small falling steel ball in the gelcasting slurry during the
progress of in-situ gelation. The falling ball method sensitively detected the start of gelation
of the gelcasting slurry at an earlier time as compared to the rheometric study. Such
determination of the gelling time under stress conditions overestimates the time of gelation
because the polymer networks are disrupted thus leading to a low viscosity slurry. The

measured viscosity by the falling ball method is only closer to the one obtained by the
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rheometric experiment under stress-controlled conditions involving a lower strain and
frequency. The profile of the logarithm of the calculated viscosities based on the velocity of
the steel ball was found to be classified into three regions having increasing slopes. These
regions described the gradual progression of the gelling slurry from a highly fluid state to a

solid-like behavior due to the increasing concentration of the polymerized networks.
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Caption of figures

Figure 1. Experimental set-up of X-ray CT scan system.

Figure 2. Schematic diagram of the falling-ball experiment inside a bottle.

Figure 3. Series of images of the falling steel ball (Dp=0.500mm) obtained by the X-ray CT
scanning system (RUNL).

Figure 4. The velocity of the falling steel ball (Dp=0.500mm) from three runs.

Figure 5. The calculated viscosity based on the velocity of the falling ball using Stokes law.

Figure 6. Proposed schematic evolution of slurry microstructure during in-situ solidification
(three stages).

Figure 7. The complex viscosity of gelcasting slurry in terms of gelation time measured by the
rheometer. (A and B obtained at controlled stress (CS); B taken at controlled
deformation (CD); and D taken at controlled rate (CR)).

Figure 8. Loss tangent versus gelation time for gelcasting slurry at different frequencies.
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Table 1. The composition of aqueous gelcasting slurry.

Agent Vendor Conc.(wt%)
Alumina _
powder AL160-SG-4(Dso=0.55um) Showa Denko Corp. 80.01
. Seruna D-305(Ammonium .
Dispersant Polyacrylate) Chukyo Yushi Corp. 0.72
Reactive . ]
monomer Methacrylamide(MAM) Wako Pure Chemical Co. 3.15
. N,N’methylenebis-acrylamide .
Cross-linker (MABM) Wako Pure Chemical Co. 1.05
Water Distilled water 15.07
. Ammonium peroxodisulfate .
Initiator (10% solution) Wako Pure Chemical Co. -
Catalyst N.N.N".N -Tetramethyl- Wako Pure Chemical Co. -

ethylenediamine
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Figure 1. Experimental set-up of X-ray CT scan system.
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Figure 2. Schematic diagram of the falling-ball experiment

inside a bottle.
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Figure 3. Series of images of the falling steel ball (D,=0.500mm) obtained by the

X-ray CT scanning system (RUN1).
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Figure 4. The velocity of the falling steel ball (D,=0.500mm) taken at three runs.
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Figure 5. The logarithm of calculated viscosity based on the velocity of the falling

ball using Stoke law.
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(1) During idle time

(i) Start of network formations

(iii) Increased polymer networks

Figure 6. Proposed schematic evolution of slurry microstructure during in situ

solidification (three stages).
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