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ABSTRACT

Gel-casting is investigated as an alternative manufacturing process to additive manufacturing 
(AM), having the potential to produce complex titanium parts that are cost-efficient. In this 
study, two typical gel binder systems were investigated in order to develop a gel-casting process 
for pure titanium (CPTi). The gel binder systems are defined by their primary monomer 
constituents; namely, methacrylamide (MAM) for the first system and Isobam® for the second.
The suitability of the two binder systems for titanium gel-casting was studied by evaluating the 
slurry formulation, mixing process, quality and ease of the gel-casting process, including the
properties of the gel-cast part. 
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1. INTRODUCTION:  AN OVERVIEW OF GEL-CASTING

In the biomedical field, the total number of hip replacement surgeries are expected to increase 
by 137 % and knee replacement surgeries by 607 % between 2005 and 2030 in the United States 
of America [1]. Costly additive manufacturing (AM) techniques, such as direct laser metal 
sintering (DLMS), use titanium powders to directly produce complex custom net-shape implants, 
that are porous, to produce parts with a structure closer to that of human bone [2]–[4]. Gel-
casting, as an alternative manufacturing  process to AM, holds the potential to produce titanium 
parts with the same advantages as AM, but more cost-efficiently [3].  These advantages include 
creating highly complex titanium structures with minimal material waste and a high degree of 
design freedom.  Gel-casting is a near-net-shape ceramic processing technique developed by 
the Oak Ridge National Laboratory in the early 1990’s [5].

The gel-casting process is shown in Figure 1.  Powder of the material required for the final 
product is mixed with a liquid binder system to form a slurry.  The binder system contains various 
chemicals that allow even dispersion of the powder in the slurry, flowability of the slurry during 
the casting process and eventually forms a gel in which the powder particles are evenly 
suspended in the cast part.  After drying, the polymers in the gel remain, gluing the powder 
particles together in the gel-cast part.  Thereafter the part is fired, during which the remaining 
binder polymers burn off and the powder particles sinter together into a solid part.

Figure 1: Gel-casting process [6]

Titanium powder is very reactive, so selection of gel systems is important in order to avoid 
contamination of the microstructure, which in turn degrades the mechanical properties.  
Previous research has investigated the 2-Hydoxyethyl methacrylate (HEMA)/N,N’-
Methylenebisacrylamide (MBAM) gel system for gel-casting of titanium, however the results 
showed defects during casting [7].  The primary constituent of a gel-based binder is the 
monomer that connects the powder particles together, giving the green part structural strength.  
Additional binder constituents include the solvent, dispersant, defoamer, initiator and catalyst.  
The purpose of this study is to investigate alternative gel systems in order to improve the gel-
casting process for pure titanium.
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2. EXPERIMENTAL PROCEDURES

2.1 Materials

Two binder systems were chosen for evaluation, based on their primary monomer: Binder 1 used
methacrylamide (MAM), chosen  for its low-toxicity [8], and Binder 2 used Isobam®, chosen for 
its favourable rheological properties, complete decomposition at low temperatures and it is 
environmentally friendly [9], [10]. Both binder systems have been successfully used for gel-
casting in other studies [8], [9].  MBAM, as cross-linker and co-monomer, and ammonium 
hydroxide (NH4OH), as dispersant, were used as additional constituents to the MAM system. MAM 
has a polymeric structure of a single double bond and MBAM at least two double bonds.  When 
polymerized together in a certain ratio, the initial linear polymer is strengthened. All binder 
constituents were supplied by Sigma Aldrich®.  Distilled water was used as solvent for both 
binder systems.  Spherical commercially pure titanium powder (CPTi) with a particle size of 10-

, supplied by Advanced Powders & Coatings® (AP&C®), was used in this study. This is a 
typical AM powder, due to its high packing density and flowability, achieving solid loadings up 
to 60 vol% [4], [11]. These properties should provide similar advantages for gel-casting as 
particle packing and flowability of the slurry aid in producing high quality gel-cast materials.

2.2 Dispersive Quality of Slurry Systems

Recommended gel-slurry design criteria are to achieve the highest solid loading with a viscosity 
below 1 Pa s at a shear rate of 20 s-1 [12].  Factors that influence the viscosity of the slurry are 
monomer content, monomer cross-linker ratio, dispersant content, solid loading and the mixing 
time.  It is important that the powder used to create the slurry remains dispersed within the 
gel-binder during casting in order to produce a green part with an even distribution of powder 
particles. The premix solution of the slurry is formed when the monomers, cross-linker and 
dispersant are dissolved in the solvent (distilled water).  Different premix solutions were 
prepared, varying the monomer:cross-linker ratio, monomer- and dispersant contents. In order 
to investigate the dispersive quality of the binder system for the chosen CPTi powder, settling 
time of powder in the premix solution was measured.  This will give an indication of how well
the polymeric network of the different premix solutions is able to suspend the titanium powder 
particles, without mechanical stirring, before settling to the bottom of the solution.  

Table 1: Varied parameters of the MAM/MBAM binder system

Monomer content [wt %] 20, 30
Monomer: cross-linker ratio 6:1, 90:1
Dispersant content [wt %] 0, 0.4, 0.8

The different parameters used to evaluate the MAM/MBAM binder system are shown in Table 1.
The monomer (MAM) and cross-linker (MBAM) were first dissolved in the solvent for 2 hours at 
room temperature.  Thereafter, the dispersant was added to the solution and dissolved by 
mixing with an overhead mixer for an hour.  20 ml of the premix solution was mixed using a 
DLab OS40-Pro overhead stirrer, supplied by United Scientific®, at a speed of 450 rpm. For the 
second binder system, 0.3 wt % (of powder weight) of the Isobam®, a co-polymer of isobutylene 
and maleic anhydride, was dissolved in the solvent for 1 hour at room temperature to form a
premix solution.  No cross-linker or dispersant is required for this binder system [13]. The same 
mixing procedure and equipment was used for this binder system. 

The settling time of the titanium powder in the various premix solutions was investigated by 
pouring 1 g of CPTi powder into 20 ml of the prepared premix solution in a measuring cylinder.
The time for all of the powder to settle down from the 20 ml to below the 10 ml mark on the 
measuring cylinder was measured to characterize the settling time.
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2.3 Slurry Preparation for Gel-casting of CPTi Powder

The results from the settling tests showed that the CPTi powder does not suspend in either of 
the binder systems.  A novel approach, deviating from the typical ceramic gel-casting process 
described in Figure 1, was developed.

A 55 vol% solid loading slurry was prepared with a MAM/MBAM binder system of 20 wt % monomer
content at a 6:1 ratio.  The premix solution was prepared the same as explained in 2.2.  The 
CPTi powder was then added and mixed for 1 hour at 450 rpm to obtain a homogenous slurry.
After adding the catalyst and initiator the slurry was mixed for 13 min at a lower speed, 5 min 
at 300 rpm and 8 min at 150 rpm, allowing the slurry to start polymerizing.  The slurry was then 
cast, using a syringe, and deaired for 5 min before allowing the cast part to fully polymerize in 

In the typical ceramic gel-casting process, the slurry is mixed for a long time after adding the 
powder to allow hydroxylation of particle surfaces to achieve a stable slurry surface that results 
in a well dispersed powder slurry [10].  The slurry is cast immediately, after adding the catalyst 
and initiator, before the slurry polymerizes.   

3. RESULTS AND DISCUSSION

3.1 Dispersive Quality of CPTi Powder in Binder Systems

At a monomer content of 20 wt % and monomer:cross-linker ratio of 6:1, the effect of dispersant 
content in the MAM/MBAM system on the settling time of titanium powder was investigated.  
The results, as shown in Figure 2, shows an increase in settling time of the CPTi powder with 
increase in dispersant content from 0 to 0.8 wt %. The settling time increased by 105 % with 
dispersant content increasing from 0 to 0.4 wt %, but only with 7.3 % when increasing dispersant 
content from 0.4 to 0.8 wt %.  A total increase in settling time of 120 % was observed, using 0.8 
wt % of dispersant against using no dispersant at all. In all these cases, it should be noted that 
the powder settled down in the premix and the powder particles did not remain suspended in 
the solution, as seen in Figure 3. The purpose of the experiment is to find a premix solution 
more likely to suspend and disperse the powder upon full mixing. These results indicated that 
this system does not hold much promise for dispersing the powder.

Figure 2: Effect of dispersant content in MAM/MBAM system on settling time
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Figure 3: Settling of powder in a premix solution with 20 wt % monomer at a 6:1 ratio with 0.8 wt %
dispersant

Increasing the monomer content from 20 to 30 wt %, resulted in a heterogeneous premix solution
(the monomer did not fully dissolve during premix mixing).  Even with increase in the mixing 
time, the monomer did not fully dissolve in the solvent for either content level. Increasing the 
monomer: cross-linker ratio to 90:1, with a monomer content of 20 wt %, also resulted in a 
heterogeneous premix solution.  The settling time of CPTi powder was not tested in these premix 
solutions.

A homogeneous premix solution was prepared with 0.3 wt % of Isobam®. The CPTi powder 
settling time measured was 130 s.  This is a decrease in settling time of 69.2 % compared to the 
MAM/MBAM system with a monomer content of 20 wt % and dispersant content of 0.8 wt %. A 
decrease in settling time indicates faster settling, thus this system appears to be less suitable 
than the MAM/MBAM system.

It is clear that neither binder systems suspend the CPTi particles.  This can be explained through 
reviewing the physics involved in the dispersion of particles in a liquid.  Gel-casting was 
developed using ceramic particles, that typically have lower density and smaller particle size
than metal particles. Thus, the surface charge of a particle in a ceramic powder slurry has a 
greater effect on the dispersion of the particles than the particle density.  The zeta potential 
of a slurry, relates to the surface charge of the particles, and gives an indication whether a 
slurry has sufficient electrostatic repulsion to maintain dispersed [14].

3.2 Slurry Formulation for Gel-casting of CPTi Powder

The novel approach to preparing a CPTi slurry, as explained in 2.3, resulted in a slurry of higher 
quality than a CPTi slurry prepared by the typical ceramic gel-casting process.  No settling of 
the powder was observed during casting, indicating that the powder particles were suspended 
well.  The flowability of the slurry, at the point of casting, allowed for easy casting using a 
syringe to deposit the slurry into the mould.

The reason for the improved quality of the slurry with this novel approach is that the stability 
of a metal powder slurry is affected more by density than by electric charges on the surface of 
the metal powder particles [15]. The zeta potential of metal slurries plays a lesser role in the 
dispersion of the particles than in ceramic slurries.  The principle of Stokes law was thus useful 
in obtaining a stable titanium slurry [15].  The law explains the rate of sedimentation of a 
particle in a medium:

0 s 270 s
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densities of the powder and medium respectively, µ is the viscosity of the medium and g is the 
gravitational constant.

By allowing the slurry to be mixed for 13 min at lower speed after adding the initiator and 
catalyst, the slurry started to polymerize while mixing.  This caused an increase in the viscosity 
of the medium while maintaining a sufficient flowability for casting, decreasing the rate of 
sedimentation and allowing the powder particles to be better suspended in the cast slurry. 

4. CONCLUSION

For this study, the polymeric network formed by the MAM/MBAM system was found to suspend 
titanium powder particles more succesfully than the Isobam® system.  A MAM/MBAM monomer 
content of 20 wt % and monomer:cross-linker ratio of 6:1 was found as the only suitable 
condition to form a homogenous premix solution. For further improvement of the slurry quality,
a novel approach was developed for the gel-casting process that keeps the powder particles 
suspended in the CPTi slurry during the casting process, while maintaining a suitable flowability 
for casting.
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