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1. Introduction

Titanium carbonitride (Ti(C,N)) based cermets are widely used
to prepare advanced ceramic composites applied in metalworking,
electrical and electronic, automotive and refractory industries
thanks to their excellent and unique combination of physical
properties such as high melting point, thermal conductivity,
hardness, wear and oxidation resistance and good thermal and
chemical stability [1,2]. In the production of cermets, the starting
materials are typically Ti(C,N) and a metal binder that is usually Ni,
Co, or a combination of both. However one of themain trends in the
industry of cermets is the substitution of the conventional binders
of Ni and Co for metals or alloys with less toxicity and lower cost
without losing the characteristic properties of cermets. The
principal candidate as alternative metallic matrix is Fe, which has
been studied as binder of hardmetals [3e5] and Ti(C,N) based
cermets [6,7]. However, from the processing point of view, the
principal drawback in the use of Fe as binder in cermets is associ
ated with its poor wettability on Ti(C,N) particles during the liquid
phase sintering (LPS). Within this process, the liquid binder in
filtrates the ceramic skeleton and thus the sintering microstructure
is achieved after the ceramic dissolution and further re
precipitation. Therefore, wetting and solubility of the phases
become key factors to attain homogeneous materials. Since the
wetting behavior of metal binders on Ti(C,N) is, in general, poorer
than inWC, carbides of refractory metals such asWC, VC, andMo2C
are added [1,3e8]. However, as a result of these additions a typical
core rim structure can be formed and a careful selection of the
amount of carbides should be done to avoid the harmful effects of
brittle phases formed at the rim. Particularly, the effect of carbide
additions in thewetting behavior of Fe has not beenwidely studied,
although some works describe microstructural improvements (see
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for instance [7,9]). In another work, instead of adding secondary
carbides, the addition of Ni does improve notably the wetting and
solubility behavior of Fe on the Ti(C,N) particles [10].

Moreover, the properties of hardmetals and cermets depend
largely in the homogeneous distribution of the ceramic and
metallic phases [11]. Together with the proper selection of the
composition and the interactions between phases, the processing
method is a key factor that determines the microstructure and
properties [12]. The most common processing route for cermets is
the conventional powdermetallurgy route, which imply themilling
of powders for long times (up to 36 h in attritor ball mill, 2e7 days
in a ball mill) using organic liquid media (ethanol, isopropanol, or
others) and a binder or lubricant such as polyethylene glycol (PEG),
paraffinwax or others [13]; after milling the powders are dried, and
could be granulated for a better pressing behavior. Powders are
shaped by uniaxial pressing or cold isostatic pressing followed by
sintering at high temperatures, usually in vacuum. In such route,
the powder preparation step is critical, as it should provide the
appropriate size and dispersion of phases as well as incorporate
pressing additives. Other approaches have been explored to obtain
high dispersion of phases and to deal with nanosized phases. Park
and Kang [14] prepared nano sized (Ti,W)CeNi and (Ti,W)(CN)eNi
powders Ti, W and Ni oxides by a carbo thermal reduction after
high energy milling; the powders were pressed and sintered to
obtain an homogeneous and coreless microstructure with good
values of toughness. A similar process was used by Brown [15] to
obtain Fe TiC composites by reduction of ilmenite (FeTiO3) with C
to produce powders and a subsequent pressing step and vacuum
sintering, claiming to obtain up to 80 wt% TiC in iron matrices.
Homogeneous Ti based carbonitride solid solutions have been
synthesized by a mechanically induced self sustaining reaction
(MSR). These powders were successfully employed in the fabrica
tion of cermets by uniaxial and cold isostatic pressing [16], hot
pressing [17] or spark plasma sintering (SPS) [18], although in all
these cases the metallic phase is Co. MSR method is similar to self
propagating high temperature synthesis (SHS), that uses the strong
exothermic character of the reactant powder mixtures to promote
self sustaining reactions. This method is also known as combustion
synthesis or reaction synthesis and has been used for the produc
tion of a variety of ceramics and ceramic metal composites,
including Fe TiC cermets [19,20]. Direct fabrication of bulk hard
materials can be realized by combustion synthesis combined with
simultaneous densification under a mechanical pressure using hot
pressing, SPS or extrusion [21]. A variation of this approach was
recently reported to obtain a Ti(C,N) based cermet with a Ni3Ti
intermetallic matrix [22], where the reactant powder mixture is
cold pressed, the compact is placed into a reaction chamber, and
the combustion synthesis is triggered by an electric current pro
ducing the cermet. A similar approach was used to obtain TiC Fe
cermets by combination of mechanical activation and SPS from
ferrotitanium and carbon black as reactants [23]. These techniques
produce in situ carbides into the metal matrix at lower tempera
tures than conventional techniques but the control of the process
must be very tight to obtain good results. Together with the at
tempts to produce highly disperse phases, different shaping and
sintering techniques to produce bulk cermets have been explored,
particularly those which reduce the processing time in an attempt
to maintain fine microstructures avoiding carbides coarsening like
hot pressing [24] or SPS [25], or novel and challenging techniques
like additive manufacturing [26].

An alternative approach to achieve homogeneous dispersion of
the phases and higher control of the microstructures for processing
cermets is the use colloidal techniques, which have been success
fully implemented for the production of traditional and advanced
ceramics at industrial level. The advantages offered by the colloidal
route have been demonstrated in the processing of Ni and Ni
composites [27,28] and Fe based cermets [29] providing controlled
microstructures through a very intimate mixture of the ceramic
and metal phases, using particles in the micrometric range and
avoiding mechanical milling.

The colloidal processing implies the formation of slurries in
aqueous media, which is a drawback in the case of both non oxide
ceramic and metal particles, due to the elevated reactivity of these
materials with the suspension media. From an electrochemical
point of view, water is one of the more complex liquid media to
work with. It has a very high polar moment which requires tight
control of the colloidal and chemical stability of the slurries
[30e32] to prevent the particle oxidation, while maintaining the
interparticle repulsion networks and thus the slurry stability.
However, in addition to the superficial stability of the particles
within the dispersion, their flow conditions are another factor of
vital importance for the colloidal shaping. The rheological behavior
of the high solid content slurries must provide a homogeneous
mixture of phases, as well as avoid risks of segregation that may
arise during the processing of the bulk pieces.

In this work colloidal and powder metallurgical techniques have
been combined in order to produce cermets with different
composition (i.e. metal content and C addition) through different
forming methods: (i) Slip casting (SC), (ii) Slip Casting þ Cold
Isostatic Pressing (SC CIP), and (iii) Spray Dry þ Uniaxial Pressing
of the spherical granules generated (SDP) [33]. First, a thorough
characterization of the starting powders and slurry stability of the
mixtures was carried out. Second, a thermal analysis was per
formed on the SDP samples to study and understand the sintering
behavior of the cermet materials in different atmospheres. Based
upon such study, a sintering cycle was designed for the cermets
processed through the three different routes. A microstructural
characterization followed by hardness measurements were then
performed in order to assess the effect of the processing route, the
reinforcement/matrix proportion as well as the C addition on the
prospective mechanical behavior of the cermets investigated.

2. Experimental

2.1. Characterization of the starting powders and preparation of the
materials

Titanium carbonitride (Ti(C,N), Ti(C,N) grade C, H.C. Stark, Ger
many), iron (Fe, Fe SM, H.C. Stark, Germany) and nickel (Ni, Nickel
210H, INCO, Canada) powders were used as commercial starting
materials. Particle size and specific surface area of the powders
were determined with a laser analyzer (Mastersizer S, Malvern
instruments Ltd., UK) and by one point N2 adsorption (Monosorb
Surface Area, Quantachrome Corporation, USA) respectively. Den
sity of the as received powders was measured using a Monosorb
Multipycnometer (Quantachrome Corporation, USA).

From these powders, high solid content slurries were formu
lated using water as dispersion media. The slurries were prepared
in deionizedwater with Tetramethylammonium hydroxide (TMAH)
to adjust the pH up to 10e11, where surfaces are chemically stable.
Then 0.4 wt% of Polyethylenimine (PEI) was added as dispersant.
Ti(C,N), Fe and Ni slurries were prepared separately and milled in a
ball mill for 1 h, using silicon nitride (Si3N4) and nylon balls for
ceramic and metal particles respectively [29,34]. In order to eval
uate the effect of a small addition of C, a graphite suspension of
10 g/L was prepared in ethanol using Black Carbon (ISTAM, Ger
many) with a density of 2.24 g/cm3 and a mean particle size of
18 mm [35]. After milling, Ti(C,N), Fe/Ni (85/15 wt/wt.) and C sus
pensions were mixed to fit four different compositions labeled in
Table 1.
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Table 1
Formulation of the suspensions.

Composition Ceramic reinforcement Ti(C,N) vol% Metal matrix Fe/Ni vol% Composition of metal matrix wt.%

Fe Ni C

15FeNi 85 15 85 15
15FeNiC 85 15 85 15 þ0.5
20FeNi 80 20 85 15
20FeNiC 80 20 85 15 þ0.5

Table 2
Identification of samples prepared for each route and composition.

Route Composition

15FeNi 15FeNiC 20FeNi 20FeNiC

SC a SC 15FeNiC
SC-CIP SC-CIP 15FeNi SC-CIP 15FeNiC
SDP SDP 15FeNi SDP 15FeNiC SDP 20FeNi SDP 20FeNiC

a SC-15FeNi samples break during sintering.
Slurries containing 100% Fe, 85/15 wt% Fe/Ni and 100% Ti(C,N)
were considered for the study of rheology. Viscosity as a function of
solid loading was measured using a Haake Mars rheometer
(Thermo Scientific, Germany) with a double cone plate fix of
60 mm of diameter and angle of 2� (DC60/2�). Tests were per
formed in a control rate mode 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 were
enough to achieve a reproducible slurry microstructure, dependent
only on the slurry composition, but not on the slurry preparation
history.

Stable aqueous suspensions were prepared to obtain bulk
samples using a combination of colloidal and powder metallurgical
techniques. The three processing routes chosen were: (i) Slip
Casting (SC), (ii) Slip Casting followed by Cold Isostatic Pressing (SC
CIP), and (iii) Spray Dry and Uniaxial Pressing (SDP). Fig. 1 illus
trates a scheme of the different processing routes attempted in this
work, which includes the steps of slurry preparation as well as the
employed processes of shaping/compacting. A total of seven
different cermet samples were obtained, combining processing
route and metal content (with and without C addition), as listed in
Table 2. The conventional SC colloidal route consisted in the casting
of slurries using a porous alumina mold. For the SC CIP samples
powder metallurgical techniques were implemented in order to
evaluate the synergistic effect of the combination of both routes. In
this process, the SC green samples were pressed using the cold
isostatic pressing process to evaluate the effect of increasing the
Fig. 1. Schematic of the different processing routes including the steps of slur
green density in the final properties of the sintered materials. For
the SDP samples, the slurries were spray dried using an atomizer
LabPlant SD 05 (North Yorkshire, United Kingdom) with the main
controlled operating parameters such as the temperature at the
inlet (190 �C) and at the exhaust (100 �C), the slurry pump rate (2 L/
h), the air flow rate (29 m3/h), and the atomizing nozzle design set
to provide spherical agglomerates with high compressibility able to
be shaped by uniaxial pressing [33]. Subsequently, granules were
pressed at 600 MPa in a uniaxial die into cylinders of 16 mm in
diameter. Before the spray drying step and after milling, 2 wt% of
polyvinyl alcohol (PVA) was added as binder. After PVA addition the
slurry remained 20 min under mechanical stirring before being
sprayed.

2.2. Thermal analysis and microstructural and mechanical
characterization of cermets

The thermal behavior of SDP 15FeNi samples was investigated
by dilatometry analysis at constant heating rate (CHR) in a push rod
ry preparation as well as the employed processes of shaping/compacting.
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relative dilatometer model 402E/7 (Netzsch, Germany). Tests were
performed under Ar atmosphere at temperatures up to 1450 �C at a
heating/cooling rate of 5 �C/min. Temperature was held constant
for 5 min and then cooled down to room temperature. Specimens
used in the thermal analyses were pre sintered at 800 �C for 30min
under vacuum (10�5 mbar) and reducing (N2/10%H2) atmospheres
(heating/cooling rates of 5 �C/min) in order to eliminate the organic
additives.

Further sintering of the green samples was performed using a
high vacuum (10�5 mbar) tube furnace. All thermal treatments
included a dwell at 800 �C for 30 min. Sintering was conducted up
to 1450 �C for different times (i.e. 60 min, 120 min and 300 min), in
order to study the effects of sintering time on the densification
behavior and microstructural development of the materials. In all
cases, a constant heating/cooling rate of 5 �C/min was used.

The green density of the compacts was calculated from
dimensional measurements and data expressed as relative density
in relation to the theoretical one (calculated from the rule of mix
tures). Density of sintered samples was measured using an Accupyc
Helium Pycnometer (Micrometrics, USA) and by the Archimedes
method using Eq. (1), where mair and mwater means the medium in
which the measurement was done.

rArchimedes rth$
mair

mair mwater
(1)

Close porosity (referred to as PClose) was estimated as the devi
ation between the theoretical and pycnometric densities deter
mined for each sintered material. On the other hand, the open
porosity (named POpen) of the samples was determined through the
deviation between the Archimedes and pycnometric densities.
Oxygen content of the green and sintered samples was measured
with a LECO TC 500 (Michigan, USA).

Phase identification was carried out by X ray diffraction (XRD,
Siemens Bruker D8 Advance Diffractometer, Germany) using Cu Ka
radiation (l 1.540598 Å). The diffraction patterns were measured
step by step (0.05� in 2Ɵ).

Morphology of the commercial powders, granules, as well as the
microstructure of the sintered bulk pieces were examined using a
XL 30 Scanning Electron Microscope (Philips, Netherlands). Image
analysis was performed by Image J, a public domain Java image
processing and analysis software.

Vickers hardness of the sintered samples was measured with a
pyramidal diamond indenter (Zwick/Roell, Model 3212, Ulm, Ger
many) using 5 kg (HV5), 10 kg (HV10), 20 kg (HV20) and 30 kg
(HV30) of load during 10 s. At least 5 indentations per load and
sample were performed. Indentations were examined with an
optical microscope BX50 (Olympus, Japan). The diagonals of the
indentation imprint, dm (in mm), were measured for every inden
tation load, P (in N) and the hardness was evaluated according to:

HV 0:1854$
PðNÞ

dm
�
mm2

� (2)

3. Results and discussion

3.1. Dispersion and rheological behavior of Ti(C,N) Fe/Ni slurries

Morphological and micrographic characterizations of the as
received powders are shown in Table 3 and Fig. 2 respectively.
Ti(C,N) particles showan irregular morphology with awide particle
size distribution determined by Dynamic light scattering (DLS)
(Fig. 2d), being the average particle size in volume 2.1 mm (Dv50).
This distribution is skewed to the right leading to maximum
particle size of 10 mm, while the fine fraction achieved 0.3 mm. Fe
particles show a spherical morphology with a bimodal distribution
curve with particles sizes ranging from 1 mm to 100 mm with their
average volume particle size stablished in 3.5 mm (Dv50). Finally, Ni
powders have the finest morphology. The inset in Fig. 2c evidences
the irregular thread likemorphology of Ni and reveals the presence
of a small fraction of nanoparticles. This powder exhibits the lowest
average particle size in volume where the main population has a
Dv50 of 1 mm. The bimodal distribution also confirms the presence
of a relevant amount of Ni nanoparticles in the powder [36]. The
irregular shaped powders, Ti(C,N) and Ni, have a relatively high
specific surface area (Table 3) for micrometric particles, due to the
presence of a wide fine fraction of powders in the case of Ti(C,N),
and the nanoparticles as well as the thread like morphology of Ni.
Both details are evidenced in the micrographs shown in Fig. 2 a and
c, respectively.

The BrunauereEmmetteTeller (BET) diameter (DBET) calculated,
assuming spherical, homogeneous primary particles (using the
equation DBET 6/(SSA$r), where SSA is the specific surface area
and r is the density) will allow us to calculate the agglomeration
factor, Fag (Dv50/DBET). This parameter is indicative of the state of
agglomeration of the powder. As it is clearly seen, the greater
agglomeration factor of the Ni particles is a consequence of their
low particle size and the irregular thread like morphology and thus
will cause relevant drawbacks during the colloidal processing of the
slurries as will be shown below.

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 solids content increases, causing
an increment of the particle particle interactions, thus difficulting
the flow. In colloidal processing, there is a direct relationship be
tween the packaging density of the monolith and the flow behavior
of the slurry, where the maximum amount of powder in the slurry
is desirable to achieve the maximum packing density, always
keeping an adequate viscosity for casting. In order to select the
optimal solid content to formulate the slurries to shape composites,
the flow curves of the Ti(C,N), Fe and Fe/Ni (85/15 wt%) slurries
were recorded when the solid content increased up to 50e60 vol%.
Fig. 3 shows the variation of the viscosity for a shear rate of 100 s�1

versus the volumetric solid fraction (0.20 < 4 < 0.60) of the
aforementioned slurries (Fig. 3a) as well as the flow curves of the
Ti(C,N) and Fe/Ni slurries for the optimized solid content (Fig. 3b).

The results plotted in Fig. 3a correspond to a distribution
described by themodified KriegereDoughertymodel, which allows
predicting the maximum packing fraction (4 m) achieved for a
dispersed and stabilized slurry of particles.

h
�
1

4

4m

��½h�4m

(3)

where h is the relative viscosity at 100 s�1 and [h] is the intrinsic
viscosity. The exponent is commonly substituted by n which is a
value dependent on the shape of the particles. For all systems, the
adjusted parameters of the KriegereDougherty model are included
at the inset in Fig. 3a. As it can be observed in the referred figure,
the wide particle size distribution of the Ti(C,N) powders ranging
0.2 mm < Dv < 1 mm (see Fig. 2a and d) allows to reach a higher
packing fraction (4 m, Ti(C,N) 0.65) than for the Fe and Fe/Ni par
ticles (4 m,Fe 0.50 and 4 m,Fe/Ni 0.40).

It is crucial to provide an adequate adjustment of the solid
content to the slurries because if this value is too high, slurries will
have an inadequate viscosity for its posterior processing, whereas if
the value is too low, the suspension will show density and packing
drawbacks. Thus, based upon the results in Fig. 3a, Ti(C,N) slurries
4



Table 3
Physical characterization of the as-received powders.

Powder Size Densitya (g/cm3) Specific Surface Areab (m2/g)

Dv50 (mm) DBET (mm) Fag

Ti(C,N) 2.1 0.4 5 5.1 3.0
Fe 3.5 1.2 3 7.8 0.6
Ni 1.0 0.2 10 8.9 4.0

a ±0.1 Standard deviation in density measurements.
b ±0.1 Standard deviation in specific surface area measurements.

Fig. 2. SEM micrographs of (a) Ti(C,N), (b) Fe and (c) Ni as-received commercial powders and (d) particle size distribution of the powders. Inset in Fig. 2c shows a detail of Ni
powder.
with a 45 vol% of solid content and a relatively low viscosity of
~30 mPa s were prepared in order to avoid the rheological effect of
the Ni addition to the Fe suspension. The n value of the spherical Fe
particles slurry stablished at 2.5, changed to 3.5 at the Fe/Ni sus
pensions due to the thread like morphology of the Ni. Moreover,
the maximum packing fraction (4 m) also decreased from 50 vol% to
40 vol%. This phenomenon is directly related to the Ni nanoparticles
tendency to agglomerate (high Fag in Table 3) and the effect of its
thread like morphology at the slurry flux. Finally, a 35 vol% solid
content for the Fe/Ni slurry was chosen even though this value has
a slightly higher viscosity (144 mPa s) than the accepted processing
limit for casting that is fixed around 100mPa s for a shear of 100 s�1.
In the minor component of the composite, it is permissible, to work
with slightly higher viscosities than that stablished, because it will
be compensated by the low viscosity obtained in the 45 vol% Ti(C,N)
slurry (30 mPa s).

Fig. 3b shows the flow curves of the Ti(C,N) and Fe/Ni suspen
sions for the solid content selected to work with, 45 vol% and 35 vol
% respectively. All slurries exhibit shear thinning behavior (pseu
doplastic). It means that viscosity decreases under shear strain. As
expected, the wide particle size distribution of the Ti(C,N) powder
provides lower viscosities than the Fe/Ni mixture. The pseudo
plasticity provides to the slurry a high viscosity at rest hindering
particles settling and segregation, and then maintaining the ho
mogeneity of the mixture.

The slurries prepared were casted in porous alumina molds to
obtain the SC samples. Some of themwere pressed by cold isostatic
pressing giving the SC CIP cermet samples. In addition, selected
slurries were spray dried after PVA addition (2 wt%) to shape
granules for further compacting by uniaxial pressing to fabricate
SDP samples. The granules obtained for the 15FeNi suspension
(Table 1) are shown in Fig. 4 at different magnifications. Micro
graphs suggest the co existence of both ceramic and metallic
phases homogeneously mixed and distributed in the compact and
dense granules. The minimum and maximum sizes determined for
these granules at the micrographs are 15 mm and 50 mm, most of
5



Fig. 3. (a) Influence of the solids content on the viscosity for Ti(C,N), Fe and Fe/Ni slurry. The inset shows the corresponding results obtained for the Krieger-Dougherty adjustment
and (b) Flow curves of FeNi 35 vol% and Ti(C,N) 45 vol%.

Fig. 4. SEM micrographs of the 15FeNi granules obtained by spray-drying.
them ranging between 15 and 25 mm. A study of compressibility of
the granules was carried out applying pressures from 400 to
800 MPa (not shown here). Granules improves the compressibility
if it is compared with as received powders leading to an uniform
Fig. 5. Thermal expansion (Dl/l) and thermal expansion rate (Dl/Dt) versus
and homogeneous phase distribution in the green compacts after
pressing, avoiding the agglomeration of Ti(C,N) reinforcement
particles, as well as reaching relatively high values of green density,
ranging between 65 and 69%.
temperature for samples pre-sintered under: (a) vacuum (b) N2/10%H2.
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3.2. Thermal analysis and characterization of bulk pieces

Fig. 5 shows the dilatometry results of the SDP 15FeNi samples
pre sintered in vacuum and under reducing atmosphere. It can be
observed that the characteristic shrinkage of the samples is
different depending on the atmosphere used for the pre sintering
step. In the case of the samples pre sintered in vacuum, a slight
increase in thermal expansion is observed up to ~775 �C. Beyond
this temperature the sample starts shrinking, with three different
slopes being evident corresponding to diverse thermal phenomena.
First, the specimen shrinks at a relatively slow rate as the tem
perature increases, exhibiting aminimum in the thermal expansion
curve at ~950 �C. This effect may be ascribed to the reduction of the
titanium oxide passivation layer of Ti(C,N) particles [37]. Further
shrinkage has a sharply rate, exhibiting a minimum in the curve at
1250 �C. This could be associated with solid state reactions during
the thermal rearrangement of the metal powder particles [36] and
the formation of the FeNi alloy. Finally a later inflexion point can be
observed at the dilatometric curve at 1420e1440 �C, which could
be related to the early liquid phase diffusion process of the metal
phase [10]. The liquid phase formation of FeNi evolves from 1498 �C
(melting point) to 1478 �C, due to the high wettability of Ni over
Ti(C,N) particles.

In the case of samples pre sintered in a (N2 10%H2) reducing
atmosphere a thermal expansion up to 1250 �C is observed, fol
lowed by a continuous shrinkage up to 1450 �C. The absence of a
minimum in the thermal expansion curve indicates that maximum
sintering has not yet been achieved at 1450 �C. This effect could be
attributed to the higher oxidation state of the sample pre sintered
under reducing atmosphere, as the event corresponding to the
reduction of oxides observed in the former case is not observed. For
this reason an analysis of the oxygen content in the samples before
and after the heat treatment was carried out (see Table 4). The
oxygen content of the samples pre sintered in reducing atmo
sphere is higher (1.69 wt%) than samples pre sintered in vacuum
(0.82 wt%), being the initial oxygen content (1.58 wt%) for green
samples. Unexpectedly, the reduction of the oxides on the particles
surface was more activated in vacuum than under reducing atmo
sphere. This can be due to the presence of N2 in the atmosphere
during the pre sintering process of these composites, playing an
important role in the densification of the sample. An increase in the
N2 activity could promote its solution in the Ti(C,N) structure
causing the C depletion, as reported elsewhere [37,39]. The pres
ence of N2 could inhibit the reduction of oxides and change the
sintering behavior of the cermet. Consequently it can be concluded
that the sintering under vacuum atmosphere was activated due to
the absence of oxides in the surface of the particles that leaves a
higher free area of interaction between them.

Based upon these findings, in order to study the effect of sin
tering time on the densification behavior of the materials, sintering
of the green samples were performed under vacuum (10�5 mbar) at
Table 4
Characterization of SDP 15FeNi samples for a sintering cycle at 800 �C for 30 min and 14

Sintering Time [min] Density [% th] Porositya [%]

ra green rb He rb Arq.

60 68.80 96.3 95.1 Pclose 3.70
Popen 1.23

120 98.9 98.8 Pclose 1.14
Popen 0.01

300 94.4 93.7 Pclose 5.57
Popen 0.71

a 0.1% Standard deviation in green density measurements.
b 0.01% Standard deviation in sintered density measurements.
1450 �C for different times (60, 120 and 300 min) and constant
heating/cooling rate of 5 �C/min. The green density (rgreen) of the
initial SDP samples was 68.8% of the theoretical density determined
by the rule of mixture.

Table 4 summarizes the densities determined by He picnometry
(rHe) and Archimedes method (rArq), close and open porosities
(Pclose and Popen, respectively), O2 content (wt.%), dimensional
variation in the sample diameter (Dl) and weight changes (Dm) of
the thermally treated specimens. Samples sintered during 60 min
reached densities of 96.3% of the theoretical. Therefore this sin
tering time is not enough to get a full dense material. Fig. 6a shows
a micrograph of a sample, where two phases can be clearly iden
tified in the cermet: the bright contrast phase corresponds to the
FeNi matrix, whereas the darker phase corresponds to the ceramic
Ti(C,N) phase. During liquid phase sintering the metal phase sur
rounds the Ti(C,N) particles, but the ceramic phase is not
completely sintered. By contrast, sintering times of 120 min lead to
almost full density (~99%), as can also be evidenced in Fig. 6b. In this
case, after sintering, Ti(C,N) particles were observed to be perfectly
embedded in the metal matrix and only small residual porosity can
be observed in triple points. Interestingly, longer sintering times of
300 min do not result in higher densities (94.4% of the theoretical
density), which can be related with an evident deficiency of metal
phase in the microstructure, as can be observed in Fig. 6c. These
results evidence a “sintering time threshold”, above which the
densification of this complex composite decreases. This phenom
enon may be explained by the sublimation of the metal phase,
evidenced by the significant mass loss, Dm, of 21.8%, as reported in
Table 4, together with the relatively high dimensional change; the
latter cannot be ascribed only to the sintering shrinkage taking into
account density values in Table 4 and the microstructure in Fig. 6c.
In fact, it has been reported that the vapor pressure of Ni (ten times
higher than Co) causes considerable mass loss during sintering at
temperatures around 1000 �C for a 10�5 mbar [40]. These condi
tions match our sintering temperature and pressure and, conse
quently, the mass loss of our samples could be attributed to the Ni
sublimation.

Based upon such counterbalance effects, a compromise between
densification andmass loss must be attained in order to achieve full
density materials with the desired composition. This balance was
found in samples with 120 min of sintering time, where the highest
density with moderate mass loss was measured (see Table 4). The
dimensional variation of the samples followed the same trend as
the mass variation. It is worth pointing out that the oxygen content
of the different sintered samples was kept constant at around
0.2 wt%.

Finally, in order to verify the results obtained, XRD character
ization of the three samples were carried out. Fig. 7 shows the
spectra associated with the Ti(C,N) reinforcement and the main
peak of the metallic matrix FeNi phase (also magnified at the inset).
Although the presence of FeNi is evidenced in all samples,
50 �C for different times under vacuum.

O2 wt.% Dimensional Variation, Dl [%] Mass Loss, Dm [%]

0.23 ± 0.04 �11.9 ± 0.6 �3.3 ± 0.2

0.21 ± 0.05 �14.6 ± 0.4 �8.8 ± 0.1

0.27 ± 0.06 �17.3 ± 0.1 �21.8 ± 0.3
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Fig. 6. SEM micrographs of Ti(C,N)-based cermets (SDP 15FeNi) sintered for different
times: (a) 60 min (b) 120 min and (c) 300 min.
variations in the peak intensity of FeNi phase suggest that different
reinforcement/matrix ratios can be found depending on the sin
tering time. Nevertheless, we should also take into account that the
crystallization of the Ti(C,N) grains will cause an increase in the
intensity of their peaks as the sintering time increases. Thus, peaks
of the minority phase, i.e. the metal phase, will be increasingly
masked in the pattern. In addition, the inset in Fig. 7 shows a
decrease of the intensity of the corresponding FeNi peak with the
sintering time, thus reinforcing the hypothesis of the sublimating
effect of Ni discussed above.

Based upon these findings, all green samples in Table 2 were
sintered at 1450 �C for 120 min in vacuum with a 30 min dwell at
800 �C. The green and sintered densities as well as the porosity
values of the sintered samples are shown in Table 5. The highest
values of green density are obtained for SDP samples, as expected,
as they are produced by pressing of high compressibility granules.
On the other hand, cold isostatic pressing (CIP) increases the green
density of SC samples in about 15%. Regarding the composition
effect, increasing the amount of hard phase from 80 vol% to 85 vol%
decreases the green density due to the higher hardness and stiff
ness of the ceramic powder blend during pressing.

Fig. 8 shows the SEM micrographs corresponding to the
different cermet samples. All micrographs evidence the presence of
the same phases defined previously: the brighter phase is the FeNi
matrix and the darker one corresponds to the ceramic phase,
Ti(C,N). In all cases Ti(C,N) particles are surrounded by the metal
matrix phase, which gives to the whole piece a metallic appearance
despite the high ceramic content (80e85 vol%). Although all mi
crostructures exhibit a high dispersion of both phases, samples
obtained through SDP show the most homogeneous dispersion of
phases and lowest porosity. This may be due to the fact that the
atomization of the slurry, through which granules are obtained,
offers the possibility of pre designing the final composite in the
granules helping to prevent further agglomeration of Ti(C,N) rein
forcement particles. This can also avoid metal pools like those
observed in SC samples, which may formed during casting in SC
and then in SC CIP samples.

In a general inspection of the microstructures, micrographs
evidence that samples processed through SC (Fig. 8a) show a higher
amount of porosity than SC CIP samples (Fig. 8b and c), that is in
accordance to the values measured from the same composition
(7.8% and 3.66%, respectively), confirming the beneficial effect of
the CIP process. Regarding SDP samples (Fig. 8deg), a very low
amount of porosity can be observed (<1.81%), being the most dense
materials those which have a higher amount of metal phase in the
composition (with porosities < 1%). In Table 5, porosity values also
evidence that the compositions formulated with C exhibit slightly
lower densities in all cases.

On the other hand, differences in composition between the
15FeNi (Fig. 8d and e) and 20FeNi (Fig. 8f and g) samples are easily
evidenced by observing the higher amount of the ceramic phase at
themicrostructure; these datawere also confirmed by results of the
image analysis. In fact, the ceramic/metal balance as well as the
porosity determined through the microstructural analysis of the
samples in Fig. 7 is also listed in Table 5 for comparative purposes.
Image analysis results show that SDP samples approach better the
ceramic/metal balance formulated as the starting composition of
the cermet (see experimental part). Deviations from the starting
formulation are more evident as the porosity of the material in
creases, as for SC and SC CIP samples. Although this could be
associated with the accuracy of the image analysis, the porosity
values determined approach in range those values obtained from
the density measurements.

AVickers hardness (HV) analysis was carried out for the sintered
samples as a function of indentation load (HV5, HV10, HV20 and
HV30). Table 6 represents the average hardness along with the
standard deviation of at least 5 measurements performed on each
sample. The total porosity PTot of the different cermets is also
collected in Table 6 for comparative purposes. Fig. 9 shows a series
of HV30 representative imprints carried out on all samples.

A significant Indentation Size Effect (ISE) [41,42] was observed
from HV5 to HV20 in all samples, where the measured Vickers
hardness decreased significantly with the indentation load, while
8



Fig. 7. X-ray difractograms recorded on the polished surface of SDP 15FeNi samples sintered during different holding times.

Table 5
Density, porosity and ceramic/metal balance of sintered materials.

Sample Density (% th) Porosity (%) Ceramic/metal balance [Porosity] (%)

rth ra green rb He rb geo PTot PClose POpen

SC 15FeNiC 5.53 57.3 93.10 92.20 7.80 6.90 0.80 72.3/21.0 [6.7]
SC-CIP 15FeNi 5.53 66.7 97.66 97.25 2.75 2.44 0.31 81.3/15.9 [2.8]
SC-CIP 15FeNiC 5.53 66.3 97.32 96.34 3.66 2.68 0.98 79.5/16.5 [4.0]
SDP 15FeNi 5.53 68.8 98.86 98.85 1.15 1.14 0.01 83.6/15.8 [0.6]
SDP 15FeNiC 5.53 68.3 98.40 98.19 1.81 1.60 0.21 83.4/15.0 [1.6]
SDP 20FeNi 5.67 69.6 99.72 99.56 0.44 0.28 0.16 81.2/18.6 [0.2]
SDP 20FeNiC 5.67 66.9 99.50 99.01 0.99 0.50 0.49 79.8/19.2 [1.0]

a 0.1% Standard deviation in green density measurements.
b 0.01% Standard deviation in sintered density measurements.

Fig. 8. SEM micrographs of Ti(C,N)-based cermets fabricated (a) SC 15FeNiC, (b) SC-CIP 15FeNi, (c) SC-CIP 15FeNiC, (d) SDP 15FeNi, (e) SDP 15FeNiC, (f) SDP 20FeNi and (g) SDP
20FeNiC.
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Table 6
Vickers Hardness measurements with different loads: HV5, HV10, HV20 and HV30.
The total porosity (PTot) is also shown for comparative purposes.

Material PTot HV5 HV10 HV20 HV30

SC 15FeNiC 7.80 1039 ± 100 946 ± 62 958 ± 57 925 ± 37
SC-CIP 15FeNi 2.75 1198 ± 30 1111 ± 57 1127 ± 42 1137 ± 50
SC-CIP 15FeNiC 3.66 1326 ± 47 1227 ± 36 1219 ± 41 1219 ± 22
SDP 15FeNi 1.15 1313 ± 18 1281 ± 14 1258 ± 17 1246 ± 18
SDP 15FeNiC 1.81 1383 ± 59 1330 ± 13 1309 ± 10 1301 ± 7
SDP 20FeNi 0.44 1179 ± 28 1085 ± 69 1144 ± 13 1120 ± 26
SDP 20FeNiC 0.99 1267 ± 27 1207 ± 27 1198 ± 9 1185 ± 7

Fig. 9. Series of HV30 imprints corresponding to the different cermet samples: (a) SC 15FeNiC, (b) SC-CIP 15FeNi, (c) SC-CIP 15FeNiC, (d) SDP 15FeNi, (e) SDP 15FeNiC, (f) SDP 20FeNi
and (g) SDP 20FeNiC.
constant values were found for higher loads (i.e. from HV20 to
HV30). Measured hardness values are consistent with those found
in the literature related to the Ti(C,N) based cermets of a similar
composition (reinforcement phase >80 wt%) prepared by other
techniques and/or using other binders. Some of them are as TiC/Fe
materials prepared by SPS [23], TiC/Ni prepared by uniaxial press
ing with and without the addition of WC [43,44], Ti(C,N)/Ni mixed
with different carbides [1] or (Ti,W)(C,N)/Ni prepared by high en
ergy milling and adding WC [14].

In our analysis, based on the porosity values and the Vickers
imprints in the micrographs of Fig. 9, a direct correlation between
porosity and hardness can be appreciated. For a given composition
(e.g. 15FeNiC) bulk pieces processed by SDP show a higher sintered
density (98.19%) and higher hardness values (1301 HV30) than
samples obtained by the other two processing methods, with SC
(92.20%, 925 HV30) and SC CIP (96.34%, 1219 HV30). The same
trend is observed for the 15FeNi samples (without C addition). The
effect of the amount of metal in the composition can be appreciated
between 15FeNi and 20FeNi samples processed by the SDP route.
Although slightly less porosity was measured in the 20FeNi sam
ples, a significant reduction in hardness was obtained compared to
15FeNi samples (e.g. 1120 vs. 1246 for HV30). In fact, a similar trend
can be observed for samples containing C, comparing 15FeNiC with
20FeNiC (e.g. 1301 vs. 1185 for HV30). In this regard, the effect of C
addition and, as a consequence, the lowering of the liquidus tem
perature of the metal phase and the improvement in wettability
and impregnation of the ceramic phase, can be also inferred when
comparing 15FeNi with 15FeNiC (i.e. 1246 vs. 1301 for HV30) or
20FeNi with 20FeNiC (i.e. 1120 vs. 1185 for HV30). Especially for
high indentation loads, not only the hardness improves despite the
slight reduction of density, but also the scatter in the hardness
measurements decreases, manifesting the homogeneity of a better
consolidated structure. Interestingly, “pile up” effects can be
appreciated in the samples without C addition (see Fig. 9b, d, and f),
which is to be related to deformation of the metal phase around the
indentation [45]. This finding should be further investigated,
although it is beyond the scope of this work.

Regarding the effect of C addition, the increment of hardness has
been also reported in literature for Ti(C,N) with Fe based binders,
although the effect may be more relevant when higher amount of
metal binder is present [46]. The reason of this increment might be
related to different factors that are currently under evaluation,
which derive from the decrease of the liquidus temperature of the
metallic matrix with the C addition: (i) a different rearrangement of
Ti(C,N) particles that can produce changes in the contiguity of the
carbonitrides; (ii) higher sintering activation leading to higher
diffusion rates of the metal matrix onto the Ti(C,N) ceramic struc
ture; (iii) changes in the stoichiometry of carbonitrides, or even (iv)
diffusion or elimination of some Ni from the metal binder. In future
work, the mechanical behavior of the different cermets in terms of
strength and fracture resistance will be investigated. The high
porosity content in the SC samples (affecting the hardness) may
have detrimental effects on the strength of the cermetmaterial. The
additional pressing in the SC CIP samples may improve the me
chanical behavior, due to the reduction of porosity, as reflected on
the increase in hardness. Overall, the SDP route seems to be the
most promising, as the density approaches 99% with very uniform
microstructure and a relatively high hardness value.

4. Conclusions

The use of colloidal techniques combined with powder metal
lurgy provides a new route for the processing of Ti(C,N) based
cermets that allows obtaining homogeneous microstructures, and
near full dense materials with high fractions of ceramic phase (up
to 85 vol%) properly distributed in the metallic matrix. The pro
posed route provides reliable results expanding the range of pos
sibilities of processing bulk pieces from slurries of metal and non
oxides particle mixtures.

Among the explored shaping methods, SDP cermets reach
densities of 99.9%. The spray dry of stable aqueous slurries with a
high solid content yield solid and spherical composites granules,
where the metal and the ceramic particles are homogeneously
distributed. Those granules exhibit a high compressibility enabling
their processing by conventional powder metallurgy (uniaxial
pressing and vacuum sintering). The high dispersion of phases in
the slurry replicates in the granules, leading to highly dense, ho
mogeneous and fine microstructures after shaping and sintering.
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The sintering cycle was optimized to control the cermet
composition, reducing the N2 lability, the final O2 content (<0.2 to
wt.%) and the Ni sublimation. In this sense, a sintering time as short
as 120 min at 1450 �C in vacuum was adjusted, to provide equi
librium between densification and composition matching the
initially designed formulation.

Hardness values determined for 80e85 wt% Ti(C,N) materials
processed by the proposed low energetic route are in the range of
those reported in the literature for Ti(C,N) based materials pre
pared by SPS or high energetic milling using carbides and 100% Ni
matrix. Moreover, the addition of C to the cermet formulation
promotes the microstructure hardening evidencing the key role of
wettability and solubility of the well distributed phases in the
microstructure features.
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