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INVESTIGATING THE EFFECTS OF GEL CASTING PARAMETERS ON THE SUSPENSION RHEOLOGY 
AND MECHANICAL PROPERTIES OF TITANIUM CARBIDE GREEN BODY

In this paper the chemo-rheological behavior of aqueous TiC suspension and physical properties of gelcasted green body were 
investigated. The monomer system used in this project was acrylamide (AM) and methylenebisacrylamide (MBAM). Polymerisa-
tion reaction was promoted by the addition of tetramethyl ethylenediamine as a catalyst and ammonium persulfate as a initiator. 
The effects of tetramethylammonium hydroxide (TMAH), polyethylenimine (PEI) and polyethylene glycol (PEG) dispersants on 
the premix solution containing TiC powder have been studied via observation of the zeta potential and rheological behavior. The 
optimal amount of TMAH was achieved 0.4 wt.% at pH 9. The chemorheological results showed that the gelation time decreased 
and viscosity increased with increasing the monomer content, solid loading, initiator amount and temperature. The highest flexural 
strength of gel casted green body was obtained with 50 vol% solid loading and 25 wt.% monomers content.
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1. Introduction

Because of good mechanical properties, corrosion resist-
ance, excellent wear resistance and good thermal properties 
such as low coefficient of thermal expansion and high thermal 
conductivity of TiC, it was introduced as a superior candidate 
for improving mechanical properties and has been widely used 
for high temperature applications [1-5]. However, it is difficult 
to produce ceramic bodies with complex shapes and accurate 
dimensions by the conventional forming techniques. For many 
of these applications, the gelcasting process is extensively used 
[6-9].

Gel casting is a novel forming technique for fabricating 
ceramic green parts with near-net shapes, possibility of complex 
shaping, cost effectiveness, simplicity, high quality final products 
and flawless structure. It is a promising technology combining 
advantages has been widely used for producing high-integrity 
ceramic components [10]. In gelcasting, a concentrated ceramic 
slurry is created by mixing a ceramic powder and a monomer 
solution. During the process of these suspension-based forming 
techniques and in order to produce ceramic products with good 
performance, dimensional stability and high green strength, it 
is important to yield suitable suspensions with as high solids 
loading and low viscosity as possible [11,12]. 

The rheology of suspension and the physical properties of 
the ceramic green body are quite dependent on many factors. For 
example, they are easily affected by dispersant type, monomer 

composition, monomer content, monomers ratio, amounts of 
initiator and catalyst additives, solid loading and temperature 
[13-15]. So far, a lot of studies have been conducted to investi-
gate the effects of various dispersants on rheological behavior 
of different aqueous ceramic suspensions such as Al2O3, SiC, 
YSZ, TiC and Si3N4 suspensions [16-21]. But up to now, a few 
studies have been conducted on the chemorheological aspects 
of gelcasting systems and on the influences of the gelcasting 
parameters on the properties of the green body. A number of re-
searchers investigated chemorheology of aqueous-based ceramic 
suspensions during gelation process but the idle time, as a very 
important factor in processing, was undeterminable [22,23]. 

In this paper, the chemorheology of gelation of aqueous 
based TiC suspensions was investigated using viscometry tech-
nique. The effect of various parameters such as monomer content, 
monomer ratio, initiator and catalyst amounts, solid loading and 
temperature on the idle time, viscosity and mechanical properties 
were considered and discussed.

2. Experimental

Aqueous gelcasting of TiC was carried out using acryla-
mide (C2H3CONH2, AM) as a monomer, N,N´-methylenebi-
sacrylamide [(C2H3CONH)2CH2, MBAM] as a cross-linker, 
N,N,N´,N´-tetramethylethylenediamine (TEMED) as a catalyst 
and ammonium persulphate as an initiator. The commercial high-
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purity titanium carbide with an average particle size of 3-5 μm 
was used as the raw material. Tetramethylammonium hydroxide 
(TMAH), Polyethylene imine (PEI) and Polyethylene glycol 400 
were used as the dispersants. The quantity of dispersants applied 
with respect to the previous studies [25], were selected at the 
0.4, 2 and 0.5 wt% of the ceramic powder, respectively. In the 
gelcasting process, first the TiC ceramic powder was added to 
a premix solution containing dispersant and organic monomers. 
The slurry was degassed for 10 min when the initiator and cata-
lyst were added. The slurries were degassed for another 10 min 
after casting in the mold. After the monomers had polymerized, 
the green bodies were demolded. After gelcasting, the samples 
were dried in a commercial oven, at 60°C with relative humidity 
of 70% for 60 h.

At first, the influence of various dispersants and solids 
loading on the zeta potential and rheological behavior of TiC 
suspension was investigated. And then, various monomer pre-
mix solutions, with different monomer contents, monomers ratio 
and initiator contents were prepared and the gelation behavior 
of these systems in the presence or absence of ceramic powder 
and at different temperatures was investigated and compared 
with each other. Gelation was initiated immediately after adding 
predetermined amounts of initiator and accelerator. 

Z-potential measurements were performed by an acous-
tic and electroacoustic spectrometer (DT-1200, Dispersion 
Technology Inc., Bedford Hills, NY). The zeta potentials were 
recorded as a function of the pH of the suspension. The titration 
was automatically performed by means of a built-in autotitrator 
using 0.1M HCl and 1M NaOH solutions. The shear viscosity 
and the time dependency of pre-mix solutions and viscosities 
during gelation were measured by a Visco 88 viscometer with 
a concentric-cylinder having a diameter of 30 mm. Steady state 
shear flow curves were measured in a shear rate range between 
0.03 and 200 S–1. A digital thermometer (i.e. pH-mV-temperature 
meter with an accuracy of 0.1°C, Lutron TM-905, Taiwan), was 
used to measure the temperature of pre-mix solutions and suspen-
sions during the progress of gelation. The bending strength of 
the dried samples were determined by a three-point flexure test 
in accordance with ASTM C1161 with Universal Testing Ma-
chine (ZWICK, Z050) at 0.5 mm/min loading rate. The fracture 
surfaces morphologies of the fabricated porous ceramics were 
investigated by scanning electron microscopy (SEM V18 ZISS). 

3. Result and discussion

Zeta potential of TiC powders in the absence of any disper-
sant in deionized water is shown in Fig. 1. The isoelectric point 
(IEP) of TiC powders is at pH 3.1. The TiO2 surface oxide in 
the presence of water, hydrolyzed to Ti-OH groups. When the 
pH is lower than the IEP, Ti-OH reacts with H+ leaving Ti-OH+

2 
with positive zeta potentials. When the pH is higher than the 
IEP, Ti-OH reacts with OH-, yielding Ti-O– with negative zeta 
potentials [26]. Zeta potential of TiC powders in the presence 
of the monomer (premix solution), was decreased compared to 

TiC suspension without dispersant. It suggests that the uncharged 
monomer molecules screen the charge developed at the solid/liq-
uid interface and decrease the stability of suspension [27]. TMAH 
dispersant dissociates to (CH3)4N+ and OH– in the presence of 
water [26] and Hydroxyl group promotes the production Ti-O– 
inducing more negative charge on the TiC surface. The IEP of TiC 
suspension disappeared with 2 wt. % PEI addition (Fig. 1) and 
a highly positive surface charge was achieved at the low pH. PEI 
is a cationic polymer with repeating unit composed of the amine 
group and two carbon aliphatic CH2CH2 spacers. When an amino 
group is protonated, it will be attracted to the negatively charged 
Ti-O– surfaces group. The protonation of the amine groups in 
PEI molecules and subsequent expansion of the polyions due to 
the mutual charge repulsion are responsible for highly positive 
zeta potential in the wide pH range (positive zeta potential with 
a value of 30 to 44 mV was obtained in the pH range 5 to 10). 
In the high pH range (pH > 10), PEI actually carries no charge 
and the polymers exist as free molecules and thus zeta potential 
values decrease gradually. PEG is a nonionic dispersant and in 
the presence of the PEG, the surface charges remain unaffected. 
In low concentrations, long chain molecules of PEG are absorbed 
on the surface of TiC particles and by increasing the thickness 
of the electric double layer, zeta potential slightly increases. The 
results show that the TMAH dispersant provides good dispersion 
compared with the PEI and PEG dispersant [29].

Fig. 1. Zeta potential of TiC suspention without dispersant and TiC in 
the premix solution with and without dispersant

Fig. 2 shows the effect of dispersant concentrations on the 
viscosity of premix solutions containing 50 vol. % TiC, 20 wt. % 
monomers content (AM + MBAM) and the ratio AM/MBAM 
of 10, as a function of shear rate at the pH = 9. In any concen-
tration, the flow curve deviates from a Newtonian behavior or 
shear thinning behavior. This behavior is characterized by the 
decrease in viscosity at increasing shear rates [30]. It is obvi-
ous that the viscosity of the slurry decreases with an increase in 
the dispersant dosage. It is worth mentioning that an optimum 
concentration of the dispersant is 0.4 wt. %. The viscosity of 
slurries increases gradually as the concentration of the dispersant 
increases to 0.6 wt. %. Additional dispersant ions cause the com-
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pressive effect on the electrical double layer (EDL) and so, the 
thickness of the charge cloud on the surface of titanium carbide 
particles decreases, thereby decreasing the repulsive forces and 
suspension stability.

Fig. 3 shows the rheological properties of the TiC suspen-
sions vs. different solids loading at the 0.4 wt. % dispersant. 
It can be seen from the curves that the suspensions in all of 
the solid loading show shear thinning behavior and belong to 
pseudoplastic fluid. It also can be found from the curves that the 
viscosity of suspension increases with the solid loading again. 
In the solid loading below the 50 vol. %, suspension viscosities 
are lower than 1 Pa.s and to be enough to provide the required 
stability to the slurry. There is a substantial increase in the 
viscosity, when solid loading reaches 60 vol. %. The viscosity 
increases to >1 Pa.s at shear rate of 75 s–1, which is not suitable 
for the gelcasting process [30].

Fig. 2. The effect of dispersant concentrations on the viscosity of premix 
solutions containing 50 vol. % TiC

Fig. 3. Variation of viscosity with the solid loading in the 0.4 wt. % 
TMAH dispersant at different shear rates

Fig. 4 shows the fracture surface of the resulted green 
body (20 wt. % monomers content, 50 vol. % solid loading and 
0.4 wt. % dispersant) with a compact and homogeneous distribu-

tion appearance and a limited number of pores. As seen in the 
figure, the TiC powders have been almost uniformly dispersed 
and also the grains are connected by 3D polymeric networks 
which are responsible for the strength of the green body. The 
limited number of the holes in the sample can also be caused by 
the air caption in the gelcasting process.

Fig. 4. SEM micrograph of fracture surface of TiC green body gelcasted 
with 0.4 wt. % dispersant

The radical polymerization of acrylamide is an exothermic 
reaction. The heat of acrylamide polymerization (19.8 ± 0.7 
Kcal/mol) [31], becomes a heat source increasing the system 
temperature. Thus, the initiation of polymerization in pre-mix 
can be determined by changes in the temperature of solution. 
The idle time, tidle, i.e. the time between the addition of the 
initiator and the catalyst and the beginning of polymerization 
that is equivalent to the time available for casting the slurry, can 
be monitored. Idle time is affected by several factors such as 
monomer concentration, monomer to cross-linker ratio, initiator 
concentration, amount of solid loading and solution temperature. 

Figure 5, shows the changes in the tidle and solution viscos-
ity of a pre-mix solution as the function of monomer content 
and gelation time, respectively, with constant monomer ratios, 
initiator and accelerator at 23°C. As shown in Fig. 5a, idle time 
decreases with the increase of monomer concentration and as 
seen in Fig. 5b, viscosity increases relatively slow during a cer-
tain period and then increases rapidly with increasing monomer 
content. The higher the concentration of the monomer, the faster 
polymerization. It is due to an increase in the polymer chain 
length and formation of intermolecular crosslinking through 
more crosslinking sites at intence concentrations of the polymer. 
Hence, the gel formation reaction increases, which decreases 
the gelation time. In the low monomer content, the polymer 
chains are too distant from each other and to form intermolecular 
crosslinking readily [32].

Fig. 6 shows the gelation time and viscosity changes versus 
various concentrations of AM with constant other parameters. 
According to the diagram, the gelation time reduced and the 
viscosity increased with an increase in AM concentration as 
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a germ of polymerization. The gelation of a polymer with high 
molecular weights will be faster than the polymers with lower 
molecular weights. The higher the amount of AM, the increased 
the polymer chain length and the average molecular weight of 
polymer chain. As the molecular weight increases, the probability 
for a polymer chain to form entanglements with the neighbor-
ing polymer chains increases and therefore the probability of 
polymerization reaction increases [33,34].

The role of MBAM concentration on gelation kinetic of 
solution and viscosity of pre-mix solution with constant AM 
and APS concentrations in 23°C can be found from Fig. 7. The 
results showed that the gelation time decreases and the viscosity 
increases with increasing MBAM concentration as a cross-linker. 
Polymer chains are often interconnected to form a nonlinear, 
branched, or crosslinked polymer. Branching is analogous to 
the extra arms growing out of a polymer chain; thus, the prob-
ability of the entangled, physical connections among the chains 
increases with the MBAM concentration increase. Comparing 
Figs. 6 and 7 shows that AM concentration affects the idle time 
and viscosity more significantly than MBAM concentration 
(higher slope) [35].

Fig. 8 shows the variation of the gelation time and viscosity 
of pre-mix solutions with respect to the amount of the initiator 
(APS) with constant AM and MBAM concentration at 23°C. 
As seen in the figure, the reduction of the initiator concentra-
tion increases tidle and decreases the viscosity. Polymerization 
is initiated by the generation of free radicals from persulfate, 
so that an increase in APS amount results in a decrease in tidle. 
Dependence of gelation time and viscosity on the solid loading 
is shown in Fig. 9. AM and MBAM molecules can be absorbed 
by TiC particles, increasing the concentrations of the monomers 
and cross-linkers around the particles increases. As a result, 
it becomes easier for the MAM and MBAM in the slurry to 
copolymerize and so the idle time is reduced significantly. The 
variation of the gelation time and viscosity with pre-mix solu-
tion temperature is shown in Fig. 10. The results show clearly 
that the gelation time is decreased when the temperature of 
pre-mix solutions is increased. Temperature has a direct effect 
on the rate of gel polymerization; the polymerization reaction 
is also exothermic. Consequently, the generated heat quickens 
the reaction, considerably. Thus, gelation usually occurs very 
rapidly once polymerization begins.

Fig. 5. (a) tidle as a function of the monomer contents and (b) apparent viscosity as a function of the gelation time

Fig. 6. (a) tidle as a function of the AM concentration and (b) apparent viscosity as a function of the gelation time
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Fig. 7. (a) tidle as a function of the MBAM concentration and (b) apparent viscosity as a function of the gelation time

Fig. 8. (a) tidle as a function of the initiator to monomers ratio and (b) apparent viscosity as a function of the gelation time

Fig. 9. (a) tidle as a function of the ceramic loading and (b) apparent viscosity as a function of the gelation time

The relationship between the gelation time and the tempera-

ture may be expressed by the Arrhenius equation: exp
aE
RT

idlet A  
[36]. Where, tidle is the gelation time, A is the pre-exponential 
factor, R is the universal Gas Law constant, T is the temperature 

in kelvin and Ea is the activation energy for the gelation reac-
tion. Fig. 11 illustrares the semi log plots of tidle as a function 
of inverse of temperature (T –1), for both pre-mix solution and 
the slurry with 50 vol.% of TiC powder. A plot of ln tidle vs 1/T 
will yield a slope equal to Ea /R which is used to calculate the 
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activation energy of the gelation reaction. The activation energy 
was found to be 55.54 and 39.61 kJ/mol for 0 and 50 vol.% solid 
loading, respectively. The calculated values of activation energy 
detect the catalytic effect of ceramic powder on the gelation 
kinetics of suspensions. Babaluo et al. [37] reported 98.7 and 
50.4 kJ/mol values for the activation energy of alumina-aqueous 
acrylamide gelcasting system with 0 and 35 Vol.% solid loading, 
respectively. The smaller amounts of activation energy of gela-
tion in this paper could be due to the higher amount of monomer 
and solid loading.

Fig. 11. Arrhenius plot of the gelation time versus inverse gelation 
temperature

The variation of bend strength of the green bodies as a func-
tion of monomers ratio and monomer content for 40 vol.% solid 
loading is presented in Fig. 12. As seen in the figure, in different 
monomer contents, the flexural strength of green bodies shows 
similar trends with the monomers ratio change. At first, the flex-
ural strength increases with the monomers ratio increase until it 
reaches a maximum value at 12.5 ratios, then decreases for higher 
monomers ratio. Crosslinking forms bridges between the chains 
and dramatically increases molecular weight. Consequently, the 
physical and mechanical properties vary with the composition 

and extent of the crosslinking for a given polymer system. The 
three-dimensional network of crosslinked polymers increases 
the rigidity. When the monomers ratio is low, the cross-linker is 
excessive and the three badimensional network structures of the 
cross-linked polymer are coarse so as to decrease the toughness 
of network structures and then the flexural strength of the green 
body decreases [38]. On the other side, when the monomers ratio 
is too high, the three dimensional network structures are loose, 
thereby reducing the flexural strength of green body [34]. 

Fig. 10. (a) tidle as a function of the temperature and (b) apparent viscosity as a function of the gelation time

Fig. 12. Dependence of the strength of green gelcast TiC on the 
monomer content as a function of monomer ratio for the 40 vol.% 
solid loading

Fig. 13 shows the influences of monomer content and solid 
loading on the bending strength of the green body. The bending 
strength of TiC green body in the 25 wt.% monomer content 
with 50% solid loading was the highest, reaching about 39 MPa, 
while the bending strength with 20, 30 and 40% solid loading 
were about 21, 29 and 33 MPa, respectively. The higher amount 
of the monomer content results in the increased polymer chain 
length and the bridging sites. The longer the polymer chain, the 
greater the numbers of entanglements that can form along it. 
Therefore, the longer the chain, the more difficult it is to distort 
the polymeric material. In addition to the linear macromolecules, 
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polymer chains are often interconnected to form a nonlinear, 
branched, or crosslinked polymer. In the maximum value of 
the monomers content and solid loading, the three-dimensional 
network of the cross-linked polymer gels is compact and the 
cross-linked gel network adhers to the TiC particles and binds 
them together, providing the way for a uniform distribution of 
TiC powders in the green body. The results suggest that the 
bending strength increase with increasing the monomer content 
and solid loading [39].

Fig. 13. The bending stress of green gelcast TiC with varied solid load-
ing as a function of monomer content

Fig. 14 shows the influences of monomer content and solid 
loading on the shrinkage rate of the green body. Increasing the 
monomer content and solid loading decreases the shrinkage 
rate of TiC green body. The decrease could be attributed to the 
strengthened 3D macromolecular network (as a result of the 
higher amount of the monomer content and solid loading), which 
helps to resist further contraction caused by the water evapora-
tion. However, the higher solid loading means less inter-particle 
spacing and thus less water would be removed from the gel 
casted body resulting in smaller shrinkage which would occur 
during drying [39]. 

Fig. 14. The influences of monomer content and solid loading on shrink-
age rate of TiC green body

4. Conclusion

We have studied the rheological behavior of TiC suspen-
tion and the structure evolution of titanium carbide green body. 
– The rheological tests results showed that TMAH can signifi-

cantly improve the dispersibility of TiC powder compared 
to the other dispersants. In the present of TMAH, the zeta 
potential of TiC suspension increased to –48 mV at the pH 
value 9. 

– The chemorheological tests results showed that the increase 
in the monomer content, AM and MBAM concentration, 
initiator amount and temperature decreased the gelation 
time. It was found that the ceramic suspensions exhibit 
virtually an infinitesimal idle time compared to the pure 
monomer premixes. 

– The green strength TiC bodies prepared by gelcasting was 
shown to vary from 5 MPa to over 39 MPa, depending 
on the solid loading, amount of monomers, and monomers 
ratio. The greatest strength was obtained with the gel casted 
samples containing 50 vol% solid loading, 25 wt.% mono-
mers, and a monomer ratio of 12.5.
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