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 In this work, the colloidal approach was used to promote a gradation in the composition of a cermet, based on the mixture of stainless steel and Ti(C,N) during powder 
consolidation into a bulk part. The colloidal processing of non-oxides in aqueous media requires an elevated control over the evolution of the surface chemistry of the powders, in 
order to obtain stable and high concentrated slurries of the mixture of metal/non-oxide ceramic. The advantage of those methods lies on the fabrication of complex micro-
architectures where the second phases are intimately and homogeneously dispersed in the microstructure of the composite. Moreover, those techniques allow the processing of fine 
particles with low compressibility and flowability which difficult conventional powder metallurgical processing. The results shown in this work evidence the feasibility of obtaining 
continuous functionally graded materials (FGM) through slip casting in porous molds, as well as the relevance of the rheological properties of the composite slurries on the final 
characteristics of the material.

1. Introduction

The FGMs are composites in which the concentration of the compo-
nents continuously varies within the compact from one side to the
other. Changes in composition provide a gradient of specific properties,
which can improve the compatibility between pure phases, such as
metals and ceramics, or inhibit damage or crack propagation [1]. This
is why the FGMs are useful structures for thermal barriers, armor, cut-
ting tools, and biomedical applications. There are numerous techniques
tomanufacture FGMs as a function of the requirements for rawmaterial
and final properties [2]. The variation on the composition can be forced
through a succession of layers of different microstructures, for example
by the film deposition techniques or varying the powder composition
on the press die in PM,which leads to a non-continuous gradedmaterial
with very well defined interfaces between layers. However, a continu-
ous gradedmaterial can be only generated causing themigration or dif-
fusion of a component through the microstructure. Those continuous
structures prevent residual stresses, emerging at the interfaces of lay-
ered structures due to themismatch between thermal expansion coeffi-
cients of joined phases that many times are the cause of the whole
structure failure.

Among the fields of application, the FGM structures are especially
useful in the fabrication of cutting tools [3–5]. This is because of the

gradual increment of the concentration of the reinforcing phase along
the structure, ending in a full consolidated ceramic layer, will increase
themechanical strength and thewear resistance of the tool whilemain-
taining the structural stability provided by the cermet to the whole
structure [6,7]. Regarding the Ti(C,N)-based cermets, there are several
examples in which a FGM structure is generated in the area near the
surface using N and Co as metallic phase. The most commonly used
method for this is the melt metal infiltration [8,9] or by diffusional
processes induced by a reactive gas phase [6,10]. Techniques based
on colloidal processing are proposed in this work, as the successful
application of the colloidal techniques would allow the one-step
shaping of the FGMs, without intermediated compaction steps such
as preform fabrication, metal fusion or infiltration, or combined ther-
mal cycles.

Colloidal processing techniques are widely employed in the ceramic
field, which have been probed to provide better dispersion of the phases
and higher control of the microstructures [11,12]. These advantages
have been tested for the processing of Fe based cermets [12] with the
aim to achieve effective microstructures, through a very intimate mix-
ture of the ceramic and metal phases, using very fine powder particles
and avoiding mechanical milling. The colloidal processing implies the
formation of suspensions in aqueous media, which is a drawback in
the case of both non-oxide ceramic and metal particles, due to the ele-
vated reactivity of these materials with the suspension media. From
an electrochemical point of view, water is one of the more complex liq-
uidmedia toworkwith. It has a very high polarmomentwhich requires
to extreme the control of the conditions of the suspensions [13–15] to
prevent the particle oxidation, while maintaining the interparticle re-
pulsion networks and then the suspension stability. Beyond the
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superficial stability of the particles within the dispersions, a main re-
quirement in the colloidal shaping of slurries is the adjustment of
their flow conditions. The rheological behavior of the high concen-
trated suspensions or slurries should allow the homogeneous mix-
ture of both phases, as well as avoid the segregation during the
processing of the compact. All the requirements imposed to the for-
mulation of slurries can be faced by the employment of different
water compatible organic additives or dispersants which, besides
improving the rheological behavior of the slurry, impede the oxida-
tion of both matrix and reinforcement. Both, the fluidity of the slurry
and the high relative mobility of the particles within it, contribute to
extend the microstructural design to complex micro-architectures,
such as multilayers, coatings and functional graded materials (FGM),
depending on the colloidal processing technique used to shape the
bulk pieces [16].

The objective of this work is the formulation of stable suspensions of
a mixture of stainless steel powder and Ti(C,N) particles and the study
of the rheological properties in order to process a FGM. The aqueous
dispersion of an AISI 430L stainless steel and Ti(C,N) powder with
polyethylenimine (PEI) has been studied. In order to characterize the
FGM structure, bulk materials with different 430L/Ti(C,N) ratios from
50/50 to 30/70 v/v have been prepared by slip casting using a porous
cast.

2. Experimental

2.1. Materials

The raw materials used in this study were a stainless steel (grade
430L) powder (Sandvick, Sweeden) with a surface area of 1 m2/g and
a density of 7.7 g/cm3, and a Ti(C,N) powder (H. C. Stark, Germany)
with a surface area of 3 m2/g and a density of 5.1 g/cm3. Surface area
was determined by Monosorb Surface Area (Quantachrome Corpora-
tion, USA) and density by Monosorb Multipycnometer (Quantachrome
Corporation, USA).

Particle size was determined byMastersizer S (Malvern instruments
Ltd., USA), while zeta potential measurement was done using Zetasizer
Nano ZS (Malvern, UK). For the determination of the electrokinetic be-
havior of the 430L and Ti(C,N) powders in aqueous media, suspensions
were prepared at 0.1 g/L in 10−2MKCl, usingHTMA andHNO3 to adjust
the pH. A 0.4 wt.% of the content of solids of polyethylenimine (PEI)
with high molecular weight (N25,000 KDa, Sigma-Aldrich,Germany)
was added as dispersant.

2.2. Suspension preparation

The high solid content suspensions were formulated using water as
dispersion media. The slurries were prepared in deionized water with
HTMA to adjust the pHup to 10–11,where ferrous surfaces are chemical-
ly stable, then 0.4 wt.% of PEI was added as dispersant. The Ti(C,N) and
430L slurries were prepared separately and milled in a ball mill for 1 h,
using Si3N4 and nylon balls, respectively. After milling, monophasic
slurries were mixed to fit three different compositions: 430L/Ti(C,N)
50/50 v/v (50TiCN), 430L/Ti(CN) 40/60 v/v (60TiCN) and 430L/Ti(CN)
30/70 v/v (70TiCN). The composite slurries, as well as 100% 430L (430L)
and 100% Ti(C,N) (TiCN) slurries, were considered for the study of rheol-
ogy. Tomeasure the rheology, a HaakeMars rheometer (Thermo Scientif-
ic, Germany) with a double-cone plate fix of 60 mm of diameter and an
angle of 2° (DC60/2°) was used. Tests were performed in a control rate
mode (CR) shearing from 0 to 1000 s−1 in 2 min, dwelling at 1000 s−1

for 1 min and shearing down to 0 s−1 in 2 min and control stress from
0 to 6 Pa in 2 min and down to 0 Pa in the same time. All tests were
done at a constant temperature of 23 ± 0.5 °C. The applied high-shear
rates during up-ramps are enough to achieve a reproducible suspension
microstructure, dependent only on the suspension composition, but not
on the slurry preparation history [17]. Then the flow curves presented

are the down-ramps in the log–log plot and fitting following the Cross
model (1):

η ¼ η∞
η0−η∞
1þ Cð Þn ð1Þ

where η0 and η∞ are the extrapolation of the viscosity to zero and infinity
respectively, C is a time constant and n is the rate constant, and it is a pa-
rameter which is related with the dependence of viscosity on the shear
rate. The Crossmodel describes the limit behavior of the standing suspen-
sion and at an infinite shear rate, therefore not only gives information
about which suspension is more viscous but which is more stable.

In order to describe the rheological behavior of the slurries, the other
model used was the Casson model:

σ1=2 ¼ σ1=2
0 þ kγ̇

� �1=2 ð2Þ

where σ is the shear stress,σ0 is the yield stress and k is the consistency.
This model describes the flow curves of shear thinning slurries and al-
lows calculating the yield point, σ0, which is the value of the shear
from which the suspension starts to flow.

2.3. Preparation of the biphasic monolithic and functionally graded
materials

Composite slurrieswere casted on using a porous alumina cast and a
plastic mold. The FGMmicrostructures were shaped by applying an in-
tense magnetic field during casting of the 50TiCN slurries. The magnet
usedwas a neodymiummagnet (NdFeB) parallelepiped shapedwith di-
mensions of 2 × 1 × 0.5 cm and 1.5 T on the surface. The suspensions
were placed in a cylindrical plastic mold and slip-casted using a porous
cast with a magnet attached as shown at the scheme of Fig. 1. The mag-
net was removed after a certain time (from 20min to 15 h) and the dry
green pieces were then characterized and sintered to evaluate the sep-
aration between phases.

2.4. Characterization of the cermets

Casted samples were sintered at 1450 °C for 60 min in vacuum
(10−5 atm) [18]. The micrographs of the green pieces were recorder
using a T-100 scanning electronmicroscopy (Hitachi, Japan). The densi-
ty of the compacts was measured using an Accupyc He Pycnometer
(Micrometrics, USA), and relative densities were calculated using the
mixtures law using the value of as-received powder densities deter-
mined also by pycnometry as described above. The open porosity of
the FGM slides was determined by water immersion using the “Stan-
dard test method for water absorption, bulk density, apparent porosity
and apparent specific gravity of Fired Whiteware Products” (ASTM C373-
88) through Eq. (3), where P is the open porosity, M is the mass of the
water-saturated sample, D is the mass of the dry sample, S is the mass
of the sample immersed in water and ρH2O is the density of the water
at the experiment temperature.

P ¼ M−D
M−S

� ρH2O
� 100 ð3Þ

The microstructure of the sintered samples was registered using a
XL-30 scanning electron microscope (Philips, Netherlands). The hard-
ness of the sintered compacts was measure by Vickers method with
30 kg load, making 7–10 indentations per sample. The hardness values
shown in this paper have a standard deviation of ±10. The image anal-
ysis was carried out by using Image J software (National Institute of
Health, USA) using 5 micrographs of 160 × 120 μm per sample.
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3. Results and discussion

3.1. Chemical and colloidal stability

In powder processing, both the mean particle size and its distribu-
tion are crucial parameters to consider. The particle size distributions
for 430L and Ti(C,N) powders are shown in Fig. 2. Both powders present
a wide fraction of fines. Both mono-modal distributions are skewed to
the right leading to maximum particle sizes of 30 μm and 9 μm for
430L and Ti(C,N), respectively. The mean diameter (dv50) of the
430L powder is 11 μm, while the Ti(C,N) powder has a dv50 of
2 μm, being one order of magnitude smaller than the 430L powders.
Moreover the 95 vol.% of the particles in the 430L powder is over
2 μm, when a 20 vol.% of Ti(C.N) is within the submicronic range
(0.2 μm b dv b1 μm). Such a wide fraction of fines in Ti(C,N) powders,
with its irregular morphology [12], will determine the slurry flux
during casting.

The major difficulty in the processing of metal and non-oxide pow-
ders in water is to control the chemistry of their surfaces. In the case
of metals, it is crucial to avoid the massive oxidation and corrosion of
particles. The chemical stabilization of Fe has been described in a previ-
ous work [12]. The oxidation of the Fe powder could be limited to the
formation of a passivation layer on the surface of the particle at alkaline
pH values, which protects the core of the particle against oxidation. A
similar study was developed for the 430L and its principal alloying ele-
ment: the Cr. Similarly that occurs with Fe: a stable layer of Fe2O3 is
formed on the surface of 430L particles promoting its passivation at

basic pH. The contribution of the Cr to the chemical stability of the
430L powder in an aqueous medium results in the stabilization of the
surface at acid pH values by forming a layer of Cr2O3.

The colloidal behavior of the suspensions was characterized by the
determination of the zeta potential of 0.1 g/l suspensions. In Fig. 3, the
plot shows the variation of the zeta potential versus pH for 430L and
Ti(C,N) bare-powders and when PEI is added as dispersant.

As seen in Fig. 3, the zeta potential of the 430L powder is negative in
all the pH range, obtaining the maximum particle charge at pH 11.
Meanwhile, the Ti(C,N) presents an isoelectric point (IEP) at pH 2.4. At
lower pH values than the IEP, the Ti(C,N) surface is positively charged,
and above the IEP it becomes negative. Notice that both powders have
a negative zeta potential of 35–40 mV in an absolute value when pH
ranges between 10 and 11. At this point, the 430L will preserve its pas-
sivation layer, while the surfaces of both powders are able to adsorb a
cationic polyelectrolyte as the PEI. The colloidal behavior of the 430L
and Ti(C,N) powders when their surfaces are modified at pH 10–11 by
adsorbing a 0.4 wt.% of PEI was also shown at the plot. The adsorbed
PEI changes the charge of the surfaces turning them positive in almost
all the pH range.

The PEI is a cationic additivewhich contains primary, secondary, and
tertiary amino groups (–NHx–) in the ratio of 1:2:1, and it presents the
particularity of maintaining a certain positive charge at elevated pH
[19]. Therefore the positively charged PEI is efficiently adsorbed on the
negatively charged surfaces. This kind of additives, the polyelectrolytes,

Fig. 1. a) Scheme of the preparation of FGM and b) slides for the characterization of the FGM.

Fig. 2. Particle size distribution of the 430L and Ti(C,N) powders.

Fig. 3. Zeta potential evolution vs pH of the 430L and Ti(C,N) with and without PEI
adsortion, and the schemes of a) Tail and b) Train conformation of PEI over the particle
surface.
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usually stabilizes the suspensions by an electrosteric mechanism
through which their lateral charges aid in the dispersion (“tail” confor-
mation in scheme (a) at Fig. 3), where the volume that they occupy on
the particle surfaces prevents contact between them. However, the
lower charge registered at pH 10–11, when PEI adsorbs, evidences
that the PEI conformation on the surface is the “train” type (scheme

(b) in Fig. 3) [20]. This conformation of the dispersant onto the particle
surface promotes the multipoint adsorption, which develops a strong
additive–particle anchoring while provides the particles with a mainly
steric repulsion mechanism. In this conformation, the organic chains
are retracted over the surface and then facilitate the suspension flow.
In those cases, the packaging degree improves, because of the volume
occupied by the polymer is very low and then it allows a better ap-
proaching of the particles during shaping. Taking into account the
chemical and colloidal stability of both powders, high solid content slur-
ries of 430L and Ti(C,N) powders were formulated at pH 11 adding
0.4 wt.% of PEI.

3.2. Dispersion and rheological behavior of composites with different 430L/
Ti(C,N) rates

The solid content of monophasic slurries was optimized in terms of
rheology. In the microstructure of a slurry, the distance between the
particles decreases when the solid content increases, causing an incre-
ment of the particle–particle interactions which difficult the flow [17].
There is a direct relationship between the packing density of themono-
lithic and the flow behavior of the slurry. In order to process dense ma-
terials slurries should contain themaximumpossible amount of powder
in suspension, keeping an adequate viscosity for casting. In order to se-
lect the optimal solid content to formulate the slurries, the flow curves
of the TiCN and 430L suspensionswere recordedwhen the solid content

Fig. 4. Evolution of the viscosity vs the volume fraction of the 430L and TiCN slurries. The
table in the inset summarizes the main parameters of the Krieger–Dougherty approach.

Fig. 5. Flow curves measured in controlled shear and control stress mode of suspensions prepared at 45 vol.% (a and c) and 50 vol.% solid loadings (b and d), respectively.
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increases from 30 up to 57 vol.%. Fig. 4 shows the variation of the vis-
cosity for a shear rate of 100 s−1 versus the volumetric solid fraction
(0.30 b ϕ b 0.60) of the Ti(C,N) and 430L slurries.

The results plotted in Fig. 4 correspond to a distribution described by
themodifiedKrieger–Doughertymodel (Eq. 4), which allows predicting
themaximum packing fraction (ϕm) achieved for a dispersed and stabi-
lized suspension of particles.

η ¼ 1− ϕ
ϕm

� �− η½ �ϕm

ð4Þ

where η is the relative viscosity at 100 s−1 and [η] is the intrinsic viscos-
ity. The [η]ϕm exponent is commonly substituted by n which is a value
dependent on the shape of the particles. For both systems, the adjusted
parameters of the Krieger–Dougherty model are included at the inset in
Fig. 4.

As can be observed in the plot, a higher solid content can be achieved
for the spherical 430L powder (ϕm = 0.76) than for the irregular Ti(C,N)
particles (ϕm= 0.65). Maximumpacking fraction calculated from exper-
imental data of viscosity even exceeds the random close packing calculat-
ed for spherical particles (ϕm= 0.64) for both slurries [21]. This ismainly
due to the wide particle size distributions shown in Fig. 2. So we can esti-
mate that, in our slurries, the fine particles can fulfil the holes among the
coarse particles providing a closer packed structure in themonolithic than
theory predicts for a monomodal distribution of spherical particles. In
order to establish the relationship between rheology and packing degree
in the colloidal processing of the 430L/Ti(C,N) cermets, two different solid
contents (45 vol.% and 50 vol.%) were selected to prepare monophasic
(TiCN and 430L) and biphasic (50TiCN, 60TiCN and 70TiCN) monolithic
bulk pieces.

Plots a and b in Fig. 5 show the flow curves for the slurries with solid
loadings of 45 and 50 vol.%, respectivelymeasured in control ratemode,

and plots c and d are respectively the flow curves measured in control
stress mode. All the curves present hysteresis. In order to determine
how themicrostructure of the suspension evolves when the reinforcing
phase (Ti(C,N) powder is introduced, a pre-shearing of 1000 s−1 for
1 min was applied in all cases, and then only the down curves are plot-
ted [22]. Table 1 collects, among others parameters, the yield stresses
(σ0) of the slurries.

As can be observed in the Fig. 5, the flow curves of 430L present a
shear thinning behavior for both solid loadings, while the TiCN slurry
exhibits a slight shear thickening behavior at high-shear rates. The
shear thickening behavior is usually typical for materials with crystal-
line anisotropy which develop different charges in surface edges and
faces (for example kaolin and ZnO), but in our case this slurry perfor-
mance is due to the irregular morphology of the Ti(C,N) particles.

The 430L slurry shows a pseudoplastic behavior with a relatively
high yield point (σ0 = 4.37 Pa and 0.59 Pa, for the 45 and 50 vol.% slur-
ries, respectively, determined by the Cassonmodel, Eq. (2)). Theσ0 is al-
ways higher for the suspension of 430L than for TiCN (4.37 Pa and
0.59 Pa respectively). Therefore the structures formed within the sus-
pensions of 430L are stronger than for TiCN powders. As the ceramic re-
inforcement is added, fewer 430L structures are formed soσ0 decreases,
with the exception of the 60TiCN suspensions that exhibit an anoma-
lous behavior. When the solid volume fraction increases to 50 vol.%,
the value of σ0 increases but the trend of the rheological behavior is
retained when the ceramic phase is added. Both features, thickening
at high shear rates and the pseudoplastic behavior, are characteristic
of the ceramic (TiCN) and the metal (430L) slurries, respectively.
When the volume of the ceramic phase increases in the fraction of
solids, the flow curves reflect it: the σ0 decreases and thinning behavior
turns to thickening. The “ceramization” of the slurry flux steps up at the
50 vol.% suspensions. In fact, the 50TiCN at 45 vol.% slurry still behaves
as the 430L suspension, while the flow curve of the 50TiCN at 50 vol.%
follows a similar trend than the TiCN slurry.

The flow curves of the 430L, the TiCN and the mixtures (50TiCN,
60TiCN and 70TiCN) were fitted to the Cross model (Eq. 1). The Cross
model allows to extrapolate the viscosity values for shear zero (η0)
and infinite (η∞). The fitting was carried out about using the control
stress curves for calculating the η0 value, and using the control rate curves
to determine the η∞. Fig. 6 shows an example of the fittings done for the
430L, the 50TiCN and TiCN slurries at both solid loadings, while Table 1
collects the value of η0, η∞, and η100 (viscosity for 100 s−1 shear rate)
for the tested suspensions. The η0 is a value of the stability of the suspen-
sions at rest; the higher is the viscosity the greater is the stability against
the sedimentation and/or the segregation of the phases, which regularly
takes place due to differences on densities and/or particle sizes. In our

Table 1
Rheological parameters for the 45 vol.% and the 50 vol.% slurries.

Solid loading 45 vol.% 50 vol.%

Composition σ0 η0 η100s − 1 η∞ σ0 η0 η100s − 1 η∞

Pa Pa s mPa s mPa s Pa Pa s mPa s mPa s

Ti(C,N) 0.59 4.78 31 14 0.78 9.17 48 18
70TiCN 0.66 2.04 45 14 0.56 3.35 62 17
60TiCN 5.84 9.16 119 35 3.65 9.74 114 3
50TiCN 1.02 0.89 57 4 0.92 9.64 72 3
430L 4.37 3.36 85 b1 1.71 39.79 128 18

Fig. 6. The log–log plots for the flow curves of 430L, TiCN and 50TiCN slurries with (a) 45 vol.% and (b) 50 vol.% solid contents. Dotted lines show as an example, how the approximations
were done in order to determine the characteristic parameters η0 and η∞, as well as the value of the viscosity at 100 s−1, η100, collected in Table 1 for all prepared slurries.
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case, the ceramic phase, Ti(C,N), has a lower density (5.10 g/cm3) and
also lower mean particle size (2 μm), if compared with 430L powder
(7.7 g/cm3 and 11 μm). Those differences could promote the segregation
by metal particle sedimentation during casting. Consequently, the η0 is a
relevant parameterwhich shouldbe controlled andoptimized for shaping
homogeneous composites. The physical meaning of η∞ is relatedwith the
stability of the suspensions for high shear rates, determining the efficien-
cy of the milling or the stirring methods. Indeed, it infers in the prepara-
tion of homogeneous suspensions especially for powder mixtures.

Suspension parameters collected in Table 1 quantify how the addi-
tion of Ti(C,N) particles decreases the viscosity of the slurries and their
yield stresses due to the bimodal particle size distribution resulting
from the mixture of both powders (Fig. 2) [23]. Regularly, the incorpo-
ration of a large amount of thefine fraction of Ti(C,N) particles promotes
a better flow, except in the case of 60TiCN slurries, where the synergic
effect of both particle populations leads to the slurry thickening for
both tested solid loadings.

Related to rheological parameters, most of the slurries have an ade-
quate viscosity for casting (η100 b 100 mPa s). Only the 50 vol.% 430L
slurry and both 60TiCN slurries could present difficulties during the
shaping process. The η0 values of 50TiCN and 70TiCN slurries are
lower than the monophasic ones, increasing with the solid content.
But all of measured η0 values are enough to preserve the slurry from
phase segregation [23]. In relation to the η∞ values of the biphasic

slurries, the 50TiCN suspensions show the lowest values of η∞ for both
solid contents, so this composition collects the best rheological charac-
teristics for homogenization and casting avoiding segregation.

3.3. Processing of composites with different 430L/Ti(C,N) rate

Bulk pieces of different 430L/Ti(C,N) compositions were obtained
from the slurries by slip casting. After shaping (Fig. 1), the casted pieces
were dried for 24 h at room temperature, and then characterized. Fig. 7
shows the microstructure of the green bulk pieces of the three compo-
sitions tested (50TiCN, 60TiCN and 70TiCN) for the two different solid
contents (45 and 50 vol.%). The micrographs correspond to an unpol-
ished random fracture surface for each composition.

Fig. 7. SEMmicrographs of the fracture surface of the green samples shaped by slip casting of 45 and 50 vol.% slurries of the threemixtures: (a) 50TiCN at 45 vol.%, (b) 50TiCN at 50 vol.%,
(c) 60TiCN at 45 vol.%, (d) 60TiCN at 50 vol.%, (e) 70TiCN at 45 vol.% and (f) 70TiCN at 50 vol.%.

Table 2
Green and sintered densities and hardness of the bulk pieces.

Solid loading 50TiCN 60TiCN 70TiCN

45 vol.% %ρgreen 64% 60% 63%
%ρ 98% 91% 94%
HV30 520 567 932

50% %ρgreen 66% 62% 64%
%ρ 98% 90% 96%
HV30 652 760 960
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It can be observed in Fig. 7 that the spherical 430L and the irregular-
in-shape Ti(C,N) particles are homogeneously dispersed in all samples,
such that the different compositions can be easily identified. That ver-
ifies that the η0 values of all biphasic slurries (ranging from 0.89 to
9.74 Pa s in Table 1) are enough to avoid any particle settling. In all
cases, the suspension stability is enough to avoid segregation of the
phases at rest.

Table 2 summarizes the green and sintered densities of the bulk
pieces, as well as the hardness values. The green density can be related
with the degree of packing and the rheology of the suspensions: for a
constant solid content, the higher viscosity of the suspensions the
lower the green density of the casted pieces. The elevated viscosity of
the 60TiCN slurries (N100 mPa s in Table 1) leads to a significant low
value of the green density for both solid loadings. On the other hand,
the increase of the solid content from 45 vol.% to 50 vol.% results in a
2% increase of the relative green density for the three compositions.

The green parts were sintered in a vacuum furnace (10−5 atm) at
1450 °C during 1 h. Reached temperature is enough to get a liquid
phase of 430L wetting Ti(C,N) particles during the sintering [21]. All
the sintered parts have metallic brightness. The values of hardness are
higher when the parts were shaped from 50 vol.% slurries, as well as
the density values, except for the 60Ti(C,N) pieces. However, although
the lowpacking degree of 60Ti(C,N) green samples leads to a poor density
of the composites after sintering (90–91%), the hardness increases with
the amount of Ti(C,N) in all cases. The relative increment in hardness
for the samples obtained through slurries with 50 vol.% solid content
compared to 45 vol.% is about 20%, 25% and 3%, for the 50TiCN, 60TiCN
and 70TiCN compositions, respectively.

Comparing with data collected in the literature, recently P. Alvaredo
et al. [18], reported the value of density and hardness for a 430L/Ti(C,N)
cermet with 50/50 v/v composition processed by powder metallurgic
techniques. In this work, composites have 99% of relative density and
535HV30. Comparing those results with these reported here for similar
powders and compositions, but shaped by colloidal processing, the den-
sity of the materials prepared by slip casting is slightly lower than by
powder pressing (98%). However, in the case of the bulk pieces obtained
from 50 vol.% slurries, composites are harder (652HV30) than those

obtained by powder processing. Changes in hardness at similar, or
even lower densities, could be a consequence of themore homogeneous
distribution of the ceramic reinforcement (Ti(C,N)) in the metal matrix
when materials are processed through a colloidal suspension. On the
other hand, the hardness increaseswith the incorporation of the ceram-
ic phase, as well as with the density of the final compact. Hardness
achieves values of 932–940HV30 for cermets of 70/30 v/v Ti(C,N)/430L.

Fig. 8 shows the representative microstructures of 50TiCN at both
solid contents and 70TiCN at 45 vol.%. Micrographs show that two dif-
ferent phases can be distinguished in the composites: a metallic gray
phase corresponding to the 430L and the darkest phase of Ti(C,N). The
black areas are pores. The porosity observed at the micrographs does
not correspond with the values of density in Table 2. In fact, those
pores, square in shape, corresponds to the pull out of small grains of

Fig. 8. SEM micrographs of the microstructure of sintered bulk pieces shaped by slip casting of the samples prepared from slurries (a) 50TiCN at 45 vol.%, (b) 50TiCN at 50 vol.%, and
(c) 70TiCN at 45 vol.%.

Fig. 9. SEMmicrograph of 70TiCN compacts shaped from the 50 vol.% slurry. Arrows point
out the presence of pull out holes due to the polishing, and the circles showmetal and ce-
ramic grains, and the stainless steel completely embedded the Ti(C,N) grains. The inset
shows a photograph of the 70TiCN bulk piece with metal luster.
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Ti(C,N) during polishing. All microstructures in Fig. 8 exhibit a homoge-
nous and high dispersion degree of the two phases, noting that themix-
ture achieved the level of the particle size of the 430L and Ti(C,N)
particles. That means, the particles in the composite are mixed one-
by-one corroborating the high hardness values. This feature, as well as
characteristic pull out of the hard phase, can be also observed at a higher
magnification in the 70TiCN microstructure shown in Fig. 9. In this fig-
ure, the pores caused during polishing are shown as well as the size of
the metal matrix among ceramic particles, which is similar to that of
the starting powders. Ti(C,N) particles are surrounded by the stainless
steel phase, which gives to the whole piece a metallic appearance de-
spite the high ceramic content within the composite as is shown in
the photograph at the inset. The degree of homogeneity of themixtures
noticed at this micrograph supports the increase of harness, but also
supports the idea of the consolidation of a strengthenedmicrostructure.

3.4. Processing of FGM samples with 50% v/v

Considering the results obtained in the monolithic bulk pieces de-
scribed above for comparative proposes, the 50TiCN slurries were se-
lected to shape FGM structures expecting to develop gradients of
Ti(C,N) over a 50 vol.% in the cermet microstructure. As mentioned
above, the 50TiCN slurries prepared at both solid loadings, 45 and
50 vol.%, exhibit an excellent rheology for the aim of this work. At
both solid loadings, slurries have low and similar η∞ values (4 to
3 mPa s) which assure a good homogenization of the mixture of the
two powder fractions. They have an adequate viscosity for casting
(57–72 mPa s) which leads to a similar density after the thermal treat-
ment (98%). However, they exhibit differences in the η0 parameters, the
η0 for 45 vol.% suspensions being 0.89 Pa s and the η0 of 50 vol.% slurries
9.64 Pa s.

To prepare the FGM, a magnet was placed under the porous cast as
shown in Fig. 1. The objective is to promote the migration of the 430L
particles under the action of the magnetic field. Slurries were casted

up to obtain rods 12 mm in highness and 8 mm in diameter (Fig. 1).
The NdFeB magnet was placed under the porous cast for different
times during shaping, in order to evaluate the migration of the 430L
throughout the slurry. Slides of 2 mm in highness were cut from the
top and the bottom of each sample. In this way, the composition of
both edges of the as-casted FGMs at different times was evaluated,
and then the gradation of the composition was determined. Fig. 10
shows themicrostructure of the top and the bottom of the green pieces
prepared placing themagnet for 1 h during casting the 45 vol.% slurry (a
and c) and for 15 h the 50 vol.% (b and d) slurry.

Microstructures in Fig. 10 show that there is a slight difference in the
amount of 430L particles when 50 vol.% slurries are considered, while
this difference augments between the top and the bottom-slides when
bulk pieces were shaped from the 45 vol.% slurry. Results evidence the
migration of 430L particles under the effect of the applied magnetic
field. The migration of metal particles can be related to the values of
η0 of the slurries. The lower η0 value of the 45 vol.% slurry (0.89 Pa s)
promotes the faster migration of 430L particles, while the high viscosity
that the 50 vol.% suspension exhibits at rest (9.64 Pa s) retards the seg-
regation of phases under the magnetic field. So, the micrographs of the
top and bottom-slides evidence that differences in the rheology behav-
ior of the suspensions determine the gradient gap in composition of the
FGM, and limit the process viability.

Fig. 10. SEMmicrographs of the top and the bottom surfaces of the green FGM shaped by slip casting of 45 and 50 vol.% slurries of the 50TiCN slurry: (a) top surface for the 45 vol.% slurry,
(b) top surface for the 50 vol.% slurry, (c) bottom surface for the 45 vol.% slurry and (d) bottom surface for the 50 vol.% slurry.

Table 3
Values of the density and open porosity of the FGM top andbottom-slides and the full den-
sity, calculated without regarding the open porosity.

Solid content Slide Density (g/cm3) Open porosity Density of the
structure (g/cm3)

45 vol.% Top 6.07 0% 6.07
Bottom 6.22 5% 6.53

50 vol.% Top 5.80 12% 6.50
Bottom 5.92 8% 6.39
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To determine the amount of Ti(C,N) at the edges of the FGM, two dif-
ferent techniques were used: the image analysis and the difference on
densities between the top slide and the bottom slide cut from the
FGMs. Densities of the top-slide and the bottom-slide were measured
by water immersion technique which allows determining the density
of the cermet structure despite the open porosity of the sample.
Table 3 shows the values of the density of the top and bottom slides
for both FGMs, its open porosity and the calculated values of the density
without regarding the open porosity.

In view of the high density (98%) of 50TiCN bulk pieces, prepared for
both solid loadings, and considering that during sintering the metal
phase melts while the ceramic phase is no sintered, we can refer the
2% of porosity to the ceramic phase. In Fig. 11 the plot shows the evolu-
tion of the theoretical density (following the law of mixtures) as a func-
tion of the Ti(C,N) volume fraction calculated for a 2% of porosity of the
ceramic phase. This calibration line was used to determine the volume
fraction of Ti(C,N) which corresponds to the densities measured for
the top and the bottom slides of both FGMs. The concentration of
Ti(C,N) varies from 60% to 43% at the FGM prepared from the 45 vol.%
slurry, while in the case of the FGM obtained from the 50 vol.% slurry,
the variation of the Ti(C,N) content ranges from 48% to 53%. The low
gradient obtained at the 50 vol.% FGM is due to the high viscosity at
rest (η0). Table 4 summarizes the collected data about the Ti(C,N) con-
tent from the image analysis and the determination of densities of the
top and bottom slides, as well as the values of hardness.

The results of the image analysis fit those obtained whenmeasuring
the density of different pieces of the FGM. The gradient of Ti(C,N) along
the 12 mm of the FGM is 17% for the 45 vol.% slurry and 5–6% for the
50 vol.%. The hardness values obtained for the two slides for the
45 vol.% FGM are higher than the estimated hardness from the data of
the composite monolithic parts in Table 2. However, in the case of the
FGM prepared from the 50 vol.% slurry, the hardness values obtained
in both slides are lower than the estimated values. This can be related
to the higher viscosity of this slurry and the lower homogeneity of the

structure after themagnetic shaping. Hardness values are in good agree-
mentwith the estimated Ti(C,N) content by image analysis and the den-
sity determination.

The difference among hardness values registered at the monolithic
sample and the FGM reveals that the re-accommodation of particles
during packing also promotes the hardening of the FGMmicrostructure
obtained from the 45 vol.%. The porosity of both extremes was deter-
mined (Table 3). The top-slide has no open porosity, while the bottom
slide has a 5% open porosity. Fig. 12 shows the micrographs of the
top-slide (a and c) and the bottom-slide (b and d) of the FGM. If com-
pared with the microstructures of the monolithic bulk pieces (Fig. 9),
the metal content corresponds to the registered values collected in
Table 4. However, the distribution of the reinforcement within the
metalmatrix seems to correspond tomixtures of different particle sizes.

As shown in Fig. 12 a, the microstructure of the top slide at lower
magnification presents a high distribution of the phases without large
areas of 430L which implies that both phases have similar sizes. This si-
militude between the particle sizes is corroborated in themicrograph at
a highermagnification (Fig. 12 c),where the 430L areas are smaller than
the dv50 of the particle (b11.5 μm).Moreover, in the case of the bottom
slide, it is easy to see in Fig. 12 b that the Ti(C,N) particles are concen-
trated in the edge of larger 430L areas. In Fig. 12 d it can be observed
that these areas are larger than the dv50 of the 430L (N11.5 μm). This
confirms the difference in the distribution of the 430L particle size, be-
tween the top slide and bottom slide, promoted by themagnetic migra-
tion of the larger metal particles. This magnetic migration results in
more homogeneous structures by narrowing the particle size distribu-
tion at both ends enhancing the hardness.

4. Conclusions

Cermets of 430L/Ti(C,N)with a gradedmicrostructurewas shaped in
a one-step process through colloidal techniques. Themigration through
the slurry during casting of 430L particles under the effect of amagnetic
field favors the formation of a continuous gradient in composition. This
gradient depends on the viscosity of the suspension at rest, η0. A contin-
uous gradient of 17% and 5% in Ti(C,N) along the bulk piece (12mm) can
be promoted from 45 and 50 vol.% slurries, respectively. During the
generation of the gradient, the coarse 430L particles are mostly
attracted by the magnetic field promoting also the segregation of the
metal particles according to its size. This effect results in more homoge-
neous microstructures at the top and the bottom of the FGM, which
improves hardness. Experimentally, the determining factor in the pro-
cessing of these materials by colloidal techniques is the η0. This param-
eter limits not only the gradient but also the homogeneity of the
structure, and then its hardness.

The Ti(C,N) powders have been homogenously dispersed in a metal
matrix of 430L stainless steel. Both phases are mixed in the range of
their particle sizes. Monolithic composites with properties even higher
(in hardness) than those obtained by powder metallurgy techniques
were produced. The homogeneity of the dispersion and themicrometric
size of the powder allows the processing of cermets with 70 vol.% of
Ti(C,N) in composition with metallic luster.

Fig. 11. Plot of the density vs Ti(C,N) content for the FGM shaped from 45 and 50 vol.%
slurries.

Table 4
Calculation of the %Ti(C,N) in FGM and hardness values.

%Ti(C,N) Hardness (HV30)

From density estimation From image analysis Experimental Estimateda

45% 50% 45% 50% 45% 50% 45% 50%

Top slide 60% 53% 58% 52% 607 592 567 668
Bottom slide 43% 48% 41% 46% 418 541 315 591
Difference 17% 5% 17% 6%

a Those data have been estimated from the hardness values measured for the monolithic rods.
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