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SUMMARY 

 
In bio-applications, the mechanical properties of macroporous structures are of great 
relevance as they are subjected to significant structural stresses and satisfy specific 
surface requirements such as high wear resistance, which prevents wear debris 
proliferation. The MAX phases, as Ti3SiC2, draw a great interest because of their 
combination of interesting structural properties such as low density and high elastic 
modulus. This compound also has a crystalline structure resembling that of lamellar 
graphite, which makes it interesting as material for wear resistance and high toughness 
applications. The objective of the proposed research work is the optimization of Ti 
micro-powder suspensions in order to use them as filler that could react with the silicon-
rich residue of a polymer as a polycarbosilane, leading to a well dispersed secondary 
phase Ti3SiC2 in a Ti matrix after a thermal treatment in an inert/controlled atmosphere. 
This route has been followed for the manufacture of macro-cellular porous SiC foams 
by direct foaming of polycarbosilane, but in our case the no-oxide ceramic phase will 
appear dispersed in a Ti porous structure. 
 

KEYWORDS: Suspensions, Porous Materials, Reinforcement. 
 

 INTRODUCTION

In bio-applications, the mechanical properties of macroporous structures are of great 
relevance as they are subjected to significant structural stresses and must possess high 
strength and low elastic modulus closer to bone). Moreover implants need to satisfy 
specific surface requirements, such as high wear resistance which prevents wear debris 
proliferation. 
 
In recent years the interest for the development of new approaches for powder 
metallurgy processing of Ti and Ti alloys containing ceramic particles has grown 
considerably. Research in this field is aimed at the possibility of dropping the 
processing cost of the final product, as well as tuning the final microstructure of the 
sintered material. Some of the most important problems to overcome through these new 
processing routes of composite materials are: (i) the grain size coarsening of Ti alloys 
during sintering, (ii) mechanical properties of the sintered material which are highly 
affected by the oxygen content and residual porosity, and (iii) the quality and cost of 
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available powder with low size and adequate properties. Colloidal processing has 
demonstrated to be a valuable tool to overcome the low compressibility of Ti powders 
with small particle size (< 10 µm). In aqueous suspensions, the surface of Ti particles 
passivizes, and preliminary results evidence that processing of Ti through colloidal 
processing doesn�t increase the oxygen content in the final material, promoting the 

densification of a microstructure with lower grain size than conventional powder 
metallurgic (PM) methods [1]. In addition, colloidal processing allows for the 
introduction of small and well dispersed amounts of ceramic particles to anchor the 
grain boundary and to prevent their growth (pinning effect). The approach enables the 
use of non-oxide ceramics to reduce the oxygen supplied to the material, while 
maintaining and even improving the mechanical properties, such as wear resistance. 
 
Among compositions that can be used as reinforcements, in an aqueous suspensions the 
matrix material (Ti), the MAX phases, such as or Ti3SiC2 [2, 3], draw a great interest 
because of their combination of interesting structural properties such as low density and 
high elastic modulus, in addition to good thermal and electrical conductivity, excellent 
thermal shock resistance and high temperature strength. This compound also has a 
crystalline structure resembling that of lamellar graphite, which makes it interesting as 
material for wear resistance and high thoughness applications. For the preparation of 
MAX phases by solid reaction of powders at high temperature, it is necessary to adjust 
the sintering conditions considering the thermodynamics of the process and possible 
phases that can be formed. Silicon-containing preceramic polymers provide the 
possibility of combining shaping and synthesis of ceramics: materials can be shaped by 
plastic forming techniques and later converted into ceramics by thermal treatments 
above 800ºC [4-7]. It has been demonstrated that preceramic polymers can also react 
with fillers of various nature, including metal, oxide or silicide micro- or nano-sized 
particles, to give carbide or oxide ceramics in a near-net-shape process for the 
manufacture of macro-cellular porous SiC foams by direct foaming of polycarbosilane 
[8, 9]. The new processing route is based on the transition of a surfactant stabilizing 
highly concentrated alkane phase homogeneously distributed in a stabilized aqueous 
ceramic/metal powder suspension into high performance ceramic foams with porosities 
up to 90% and cell sizes ranging from 3 to 200 µm. Ti suspensions can be used as filler 
that could react with the silicon-rich residue of a polymer as a polycarbosilane, leading 
to a well dispersed secondary phase Ti3SiC2 in a Ti matrix after a thermal treatment in 
an inert/controlled atmosphere [10]. For this purpose, the stability of Ti-based powders 
in an aqueous suspension should be studied to optimize further parameters of the 
process, such as amount of blowing agent and blowing temperature, which determines 
the final porous macrostructure. 
 
2. EXPERIMENTAL PROCEDURE 

A commercial titanium powder (Ti grade 1; AP&C Inc, Canada) were used. Aqueous 
suspensions of both powders were prepared by mixing the particles with deionized 
water containing 1 wt.% of dispersants, such as polyethyleneimine (PEI, Sigma-Aldrich 
Mw 2000) or polyacriclic acid (PAA, Across Mw 2000). A milling process was also 
carried out in a 125 ml mill using nylon balls for 1 h. 
The powder density and specific surface area were measured by helium pycnometry 
(Monosorb Multipycnometer, Quantachrome Instruments Co., Florida, USA) and N2 
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adsorption� desorption by the BET method (Monosorb Surface Area Analyser MS-13, 
Quantachrome Instruments Co., Florida, USA), respectively. Particle size distribution 
was measured with a laser analyzer (Mastersizer S, Malvern, UK). Scanning electron 
microscopy (SEM) observations were made for the powder morphology. Suspensions 
dispersion and stability were evaluated in terms of zeta potential and rheology. Zeta 
Potential was measured by laser Doppler velocimetry in a Zetasizer Nano ZS (Malvern 
S, UK). For that measurement 0.1 g/L suspensions were prepared in deionized water 
and pH was adjusted by the addition of small amounts of HNO3 or TMAH. Sonication 
(Ultrasonication Probe, UP 400S, Hielscher, Germany) was then used as dispersing 
method, in order to break soft agglomerates. Rheological characterization was carried 
out using a rheometer RS50 (Haake, Germany) with a double cone/plate sensor 
configuration (DC60/2_, Haake, Germany) that requires a sample volume of 5 ml and a 
testing temperature of 25 ± 0.5 ºC. The flow behavior was measured by two different 
testing modes (controlled rate, CR, and controlled stress, CS). To obtain the high shear 
flow behavior CR experiments were carried out employing a measuring program in 
three stages; first a linear increase of shear rate from 0 to 1000 s-1 in 2 min; a plateau at 
the maximum shear rate (1000 s-1) for 1 min, and a decrease to zero shear rate in 2 min. 
The characterization at the low shear rate region and the yield point determinations were 
performed through CS experiments. In these measurements, shear stress is linearly 
increased until viscous flow occurs. 

 
3. RESULTS AND DISCUSSION 

Ti powders as a specific surface area of 0.18 m2/g, a density of 4.51 g/cm3 and a main 
particle size of 10 µm. The figure 1 shows the SEM micrographs of as-received powder, 
evidencing the spherical morphology of Ti particles. The presence of a wide fine 
fraction within the Ti powder can be also observed. 

 

  
Fig. 1. SEM micrograph of Ti powder 

 
For the optimization of the stability and dispersion of the suspension, the evolution of 
the zeta potential versus pH of free-surfaces of bare Ti particles was determined as 
reference. The behaviour of Ti particles, modified by the adsorption of two different 
polyelectrolytes, was also determined. Anionic and cationic polyelectrolytes have been 
considered based on their functional groups, R-COOH and R-NHx, respectively. Zeta 
potential curves are showed in figure 2. The point of zero zeta potential is called 
isoelectric points (IEP). When the free-surfaces are tested, this point is characteristic for 
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each inorganic particle, in composition and surface crystallography. For the 
polyelectrolytes, the zero zeta potential evidences the deionization state of the organic 
chains adsorbed onto the particles. In both cases, this point is associated to the 
maximum instability of the suspensions, because of the attracting forces are greater than 
the repulsion. At the IEP, the particles form flocks or agglomerates and then they 
sediment. Oppositely, the zones of maximum stability are the pH intervals where the 
particles have higher absolute values of zeta potential. 
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Fig. 2. Zeta Potential curves for Ti-bare powder and for the addition of 1 

wt.% in the base of solids of PEI and PAA 

In the case of bare Ti, the IEP is located approximately at pH 4, while the modified Ti 
particles have the IEP at 9 when PEI is adsorbed and at 2 for the dispersion with PAA. 
The addition of PEI and PAA changes the sign of the Ti particles, evidencing the 
effective adsorption of the cationic and anionic polyelectrolytes. The structure of 
branched PEI, contains primary, secondary, and tertiary amino groups in the ratio 1:2:1 
[11]. At low pH values almost all the amine groups become positively charged as they 
acquire protons, and the PEI molecules are in a fully extended state with maximum 
repulsion. These protons are gradually lost as pH increases, and all are completely 
uncharg  [12,13]. In this way, the curves in Figure 2 show how PEI shifted 
the isoelectric point of the Ti powders to higher pH values, pointing out an effective 
adsorption of the additives onto the particle surfaces. On the view of Ti surfaces 
behavior vs the suspension pH, the addition of the anionic stabilizer (PAA) was also 
evaluated. At high pH values almost all the carboxyl groups become negatively charged 
as they lose protons, and the PAA molecules are in a fully extended state with 
maximum repulsion and therefore of maximum stability. In short, in the case of Ti 
surfaces modified with PEI will work at a pH of about 7-8, with a value of zeta potential 
around +40 mV, where the surface charge is maintained at a mean value high enough to 
consider the suspension is dispersed and stabilized. In the case of Ti surface modified 
with PAA, the optimal pH is between 9 and 10 with a value of zeta potential around -
100 mV so that the suspension can be considered better dispersed. 
 
In the colloidal processing, rheology is a key factor because it determines both the 
stability of the suspension and the viability of shaping. This measurement considers 
from a macroscopic view all the particle interactions that occur at the same time in the 
suspension. The addition of dispersants improves fluidity achieving low viscosities for 
the Ti suspensions, concluding that 1wt.%, based on the solids content, is an optimal 

MATERIALES COMPUESTOS 15580



 MATERIALES COMPUESTOS 15 5 

amount of additive. The Figure 3 shows the log-log plots of the rheological behavior of 
Ti slurries. The flow curves of Ti suspensions prepared with both polyelectrolytes, PAA 
and PEI are showed, but also the flow curve for the Ti suspension prepared without 
additives was plotted for comparative proposes. The rheological study of adsorption of 
additives was held using Ti suspensions with 50 vol.% of solid content, prepared at pH 
10 adding HTMA and following the methodology described previously. 

  

Fig. 3. Flow curves in a log-log plot of the Ti slurries with the different 

additives in each optimal amount and the rheological parameters. 

 

The bare-Ti slurry exhibits a strong thickening behavior. Stabilizers can provide 
different effects on the slurry stability and later during the particles packing, 
strengthening electrostatic and/or steric mechanisms, according to their structures and 
capability of adsorption to the particle surface. In general, the addition of both 
stabilizers smothers the shear-thickening behavior of the slurry. The Ti slurry achieves a 
quasi-Newtonian behavior with the addition of 1 wt.% of PEI and PAA.  Both are large 
organic chains, whose plastic character compensates for the dilatant behavior of the Ti 
slurry prepared without additives. However, the suspension exhibits lower viscosity 
values with the addition of PEI since this stabilizer provides a moderate charge to the Ti 
particles in suspension (see figure 2). In fact, the zeta potential at pH 10 is -20 mV for 
the PEI addition and, higher than 100 mV (in absolute value but negative in charge) for 
the PAA adsorption. 
 
Figure 4 shows the image of a macro-cellular porous Ti foam shaped by direct foaming 
of 50 vol.% suspensions stabilised adding 1 wt.% of PEI at pH 10. The oxygen content 
of those materials shaped from Ti aqueous suspension is under 2,11 wt.% after a 
thermal treatment of 1100ºC for 30 min in vacuum.  
 
4. CONCLUSIONS 

The influence of a cationic and an anionic stabilizer, such as PEI and PAA, on the 
preparation of stable and concentrated aqueous suspensions of micro-sized Ti particles 
(10 µm) has been studied. The use of both stabilizers in suspensions at pH 10 reduces 
the dilatant behavior of Ti slurries, providing an adequate rheology for shaping. Under 
this pH condition, the addition of an amine-based polyelectrolyte, like PEI, provide to 
the particle with a moderate charge and leads to lower values of viscosity. Ti foams can 
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be shaped using optimized aqueous suspensions. This dispersant protect the Ti surfaces 
from the suspension media by reducing the oxygen pick up, leading to sintered materials 
with oxygen contents in the range of commercial grades. 

 

 
Fig. 4. Ti foam 
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