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bstract

iCxN1−x-based powdered cermets were synthesized by a one step mechanically induced self-sustaining reaction (MSR) process from mixtures
f elemental powders, and subsequently sintered by a pressureless method. The composition and microstructure of the ceramic and binder phases
efore and after the sintering process were studied by X-ray diffraction, scanning and transmission electron microscopy, and electron diffraction. The
owdered cermets showed excellent binder dispersion and a nanometer character for the ceramic and binder particles. The TiCxN1−x stoichiometry
as consistently richer in carbon than expected from the raw powder composition. An important amount of titanium was present in the binder after

SR synthesis, and intermetallic Ti–Ni or Ti–Co phases were obtained in some cases. After sintering, the binder phase was always constituted

y intermetallic compounds. The morphology of the ceramic phase in the final bodies was dependent on the C/N ratio of TiCxN1−x and its growth
rimarily occurred through a coalescence process. The presence of titanium in the binder reduced hard particle solubility in the melted binder and
ts grain growth.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Cermets are generally made of Ti(C, N) solid solution (or
ixtures of TiC and TiN) as the main hard component and
o or/and Ni as the binder. A variety of binary carbides such
s Mo2C, WC, TaC or NbC are added to improve the sinter-
bility, hot hardness and thermal shock resistance of cermets.1

hey are produced by sintering a compacted powder mixture
t a temperature where a liquid phase is formed. The final
icrostructure consists of hard ceramic grains embedded in a

ough metallic binder. It has been shown that the shape and size
f ceramic particles are dependent on the C/N ratio.2,3 When
everal ceramic components are employed, the typical core–rim

icrostructure for the hard phase is developed. The core cor-

esponds to undissolved titanium carbonitride, while the rim
orresponds to complex carbonitride solid solutions containing

� Supported by the Spanish Government under Grant No. MAT2006-04911.
∗ Corresponding author.

E-mail address: jmcordoba@icmse.csic.es (J.M. Córdoba).
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itanium and other heavier elements such as Mo, W, Ta or Nb.
he rim phases that surround the core are formed through a
issolution–reprecipitation process in the liquid melt. In some
ases, the rim microstructure appears divided into an inner and
uter rim with different chemical compositions. The chemical
omposition and microstructure of Ti(C, N)-based cermets are
herefore heterogeneous and rather complex due to the wide
ariety and quantities of hard components and metallic binder
ystems.1,4

Cermets based on titanium carbonitride are currently used in
wide variety of cutting tool applications due to their excellent
ombination of mechanical properties.1,4,5 They have improved
urface finishing, ensuring at the same time excellent chip and
olerance control, and the dimensional accuracy of workpieces
ompares with WC–Co conventional tools.6,7 Despite being a
ood candidate to substitute WC–Co in structural applications,8

owadays, its applications are restricted to high-speed finishing

nd cutting operations due to its high thermal conductivity that
esults in less thermal stress and cracks. These cermets also
xhibit excellent wear resistance and chemical stability at high
emperatures.

mailto:jmcordoba@icmse.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.007
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The development of new cutting tool inserts in industrially
eveloped countries is continuous and remains an issue. In par-
icular, great efforts are being made to improve the toughness
f Ti(C, N) cermets so that they become a feasible alternative
o WC–Co hard metals.9 Different routes have been explored in
rder to achieve this goal, such as modifying the nature and the
lloy status of the prematerials,10 improving sintering technolo-
ies or employing ultrafine powders with better homogeneity of
he constituent phases.11 This last strategy has the disadvantage
f high cost for raw materials that considerably increases the
nal price of the product.

Mechanical milling has shown to be a powerful powder
rocessing technique that allows production of cost-effective
ltrafine products (even nano-structured materials) and
xtremely homogenous composite materials.12 In addition, it is
solvent-free and low temperature process. Powders obtained

y this synthetic method have high sinterability due to the
efined microstructure and the great amount of induced defects.
hus, mechanical milling is often used to activate the reactants
efore a subsequent annealing or sintering treatment.13–15 In
eneral, milled powders react faster and a lower temperature
s required. Sometimes, a combination of mechanical milling
nd self-propagating high-temperature synthesis (SHS) has been
mployed. The microstructure of powder mixture is modified by
illing and then the SHS reaction is initiated by pressing the

owder into a pellet and igniting it.16,17 The milling step can
rogressively reduce the ignition temperature by increasing the
illing time. It has been also shown that SHS can be induced at

oom temperature by exposing mechanically activated metal-
raphite powder mixtures to air and has been successfully
pplied to the synthesis of carbides, nitrides and borocarbides.18

Concerning reactive milling processes, e.g., mechanical
illing accompanied by a solid-state reaction, it has been shown

hat if induced reactions by milling are exothermic enough, a
elf-sustaining reaction similar to SHS can be initiated after a
ritical milling time.19 One can imagine that prolonged milling
s previously described for SHS can reduce the ignition tem-
erature to room temperature and a spontaneous mechanically
ctivated SHS reaction is achieved within the milling vial. This
ind of mechanochemical process is generally called mechan-
cally induced self-sustaining reaction (MSR) as proposed by
en et al.20 MSR could be suitable to produce TiCxN1−x-
ased cermets because it has been presented as a novel method
o produce high purity transition metal carbonitrides from

ixtures of elemental transition metals and carbon in a nitro-
en atmosphere.21–23 In addition, MSR permitted to obtain
anocrystalline carbonitride powders with homogeneous and
ontrolled chemical composition (tailored C/N ratio) by ade-
uately adjusting the milling parameters and the metal-to-carbon
tomic ratio in the starting mixture.

This work is the first attempt to employ MSR as an alternative
rocedure to be used in the fabrication of TiCxN1−x-based cer-
ets by a new, simple, direct and effective way. The sintering
ehaviour of powdered cermets synthesized by MSR process
as also studied. We have evaluated the microstructural char-

cteristics of the sintered material and focused on changes in
hemical composition of hard and binder phases during the

t
p
d
a

Ceramic Society 28 (2008) 2085–2098

iquid phase sintering. We have attempted to determine a rela-
ionship between the raw powder characteristics and the final

icrostructure of cermets.

. Experimental

Titanium powder (99% in purity, <325 mesh, Strem Chemi-
als), graphite powder (<270 mesh, Fe ≤ 0.4%, Merck), cobalt
owder (99.9% in purity, <100 mesh, Sigma), nickel pow-
er (puriss., Fluka), tungsten powder (99.95% in purity, Strem
hemicals), tungsten carbide powder (WC, 99.5% in purity,
1 �m, Strem Chemicals) and molybdenum carbide powder
Mo2C, 99.5% in purity, Strem Chemicals) were used in this
ork.
The different powder mixtures were ball milled under 6 atm

f high-purity nitrogen gas (H2O and O2 ≤ 3 ppm, Air Liquide)
sing a modified planetary ball mill (model Vario-Planetary Mill
ulverisette 4, Fritsch) at a spinning rate of 400 rpm for both the
otation of the supporting disc and the superimposed rotation in
he direction opposite to the vial. Fifteen tempered steel balls,
ogether with 46.5 g of reactive powder (except for sample C3),
ere placed in a tempered steel vial (67Rc) for each milling

xperiment. The volume of the vial was 300 ml. The diameter
nd weight of balls were 20 mm and 32.6 g, respectively. The
owder-to-ball mass ratio (PBR) was 1/10.5 (except for sample
3, PBR of 1/21). The vial was purged with nitrogen gas several

imes, and afterward the desired nitrogen pressure (6 atm) was
elected before milling. The vial was permanently connected to
he gas cylinder during milling experiments by a rotary valve
nd a flexible polyamide tube. The pressure was continuously
onitored by a SMC Solenoid Valve (model EVT307-5DO-

1F-Q, SMC) connected to a data acquisition system ADAM-
000 series (Esis Pty Ltd.). The self-sustaining reaction inside
he vial was detected from the time–pressure value monitored
uring milling. This record displayed a peak when the ignition
ook place due to the heat generated by the highly exothermic
eaction.

Cermets were fabricated through a pressureless process. Pow-
ered cermets were first shaped (green bodies) and then sintered
t high temperature to obtain hard cermets. The forming pro-
ess was performed by means of cold isostatically pressing
t 200 MPa for 5 min to yield cylinders of 12 mm of diam-
ter and 45 mm in height. The green bodies were sintered at
400 ◦C for 60 min (heating rate 10 ◦C/min, free cooling) under
nert atmosphere (helium gas, H2O ≤ 3 ppm, O2 ≤ 2 ppm and

nHm ≤ 0.5 ppm, Air Liquide) in a horizontal furnace (Ther-
olyne Type 59300 model no. F-59340-CM, Thermolyne).
X-ray diffraction patterns of powders and polished surfaces

f cermets were obtained with a Philips X’Pert Pro instrument
quipped with a Θ/Θ goniometer using Cu K� radiation (40 kV,
0 mA), a secondary K� filter, and an X’Celerator detector. The
iffraction patterns were scanned from 30◦ to 130◦ (2Θ) at a
canning rate of 0.42◦ min−1. Silicon powder (NIST) was used

o correct XRD shift peaks. Lattice parameter, a, of TiCxN1−x

hases was calculated from the whole set of peaks of the XRD
iagram by using the Fullprof computer program assuming
cubic symmetry.24 The composition (x) of TiCxN1−x solid
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olution was estimated from Vegard’s law obtained from the fol-
owing JCPDS data files: TiN (38-1420), TiC0.3N0.7 (42-1488),
iC0.7N0.3 (42-1489), and TiC (32-1383).

Microstructural characterization was carried out by using
canning and transmission electron microscopy. Scanning elec-
ron microscopy (SEM) images were obtained by a Philips
L-30 microscope equipped with an Oxford-Link X-ray anal-
sis system. Transmission electron microscopy (TEM) images
nd electron diffraction (ED) patterns were taken on a 200 kV
hilips CM200 microscope with a supertwin objective lens and
LaB6 filament (point resolution ∼0.25 nm). High-resolution

canning electron microscopy (HRSEM) experiments were
erformed in a Hitachi S5200 microscope. Powder samples
ere dispersed in ethanol and droplets of the suspension were
eposited onto a holey C film. For the TEM and HRSEM char-
cterization of consolidated cermets, thin disks (3 mm ∅) were
repared by a process of subsequent cutting, polishing, dimpling
nd finally ion milling (DuoMill, Gatan Inc.).

. Results and discussion

.1. Powder synthesis

To provide an insight into the MSR process leading to the
owdered cermets, three samples constituted only of the ceramic
hase (without metallic binder) were obtained from titanium and
raphite mixtures (samples labelled as C in Table 1). Half the
mount of starting mixture was employed for sample C3 because
f the high exothermicity of the process caused extreme over-
ressure. Fig. 1 shows the XRD patterns corresponding to these
hree samples. The formation of a titanium carbonitride phase
y a combustion process was observed in the three cases. Igni-
ion times, which were determined from the time–pressure value
ecorded during milling, have been included in Table 1. The
hift noticed in XRD peaks (Fig. 1), as has been proved in pre-
ious works,21,22 is attributed to different stoichiometries (C/N
atio) for the TiCxN1−x phase. Unreacted Ti was also observed
n sample C1, which possessed the lowest graphite content in the

tarting mixture, and was evidence for an incomplete combus-
ion. This fact is in agreement with previous results on transition

etal carbonitrides that showed a lack of combustion for mix-
ures with low carbon contents.22 Iron contamination coming

p
t
c
b

able 1
illing conditions for different powdered ceramics (C) and cermets (PC)

ample Raw powders Ti/C (atomic ratio) + binder (wt%) + 3rd phase (wt%)

1 Ti/C (1/0.25)
2 Ti/C (1/0.5)
3 Ti/C (1/0.75)

C1 Ti/C (1/0.25) + Ni (15%)
C2 Ti/C (1/0.5) + Ni (15%)
C3 Ti/C (1/0.75) + Ni (15%)
C4 Ti/C (1/0.5) + Co (15%)
C5 Ti/C (1/0.5) + Ni/Co (7.5%/7.5%)
C6 Ti/C (1/0.5) + Co (15%) + W (5%)
C7 Ti/C (1/0.5) + Co (15%) + WC (5%)
C8 Ti/C (1/0.5) + Co (15%) + Mo2C (5%)
Fig. 1. XRD patterns of C samples after MSR process.

rom the milling media (vial and balls) was not detected in XRD
atterns. In a previous work,21 an iron content of ∼1–2 wt% was
etermined by titration in TiCxN1−x products obtained by MSR.

Powdered cermets were prepared by MSR in a nitrogen atmo-
phere starting from elemental powders: titanium and graphite
ecessary for TiCxN1−x formation, and nickel or cobalt as the
inder phase. In some cases, a third phase such as W, WC or
o2C was added to the initial mixture before milling. Different

tarting mixtures are shown in Table 1 and were labelled as PC.
combustion process took place in all mixtures and ignition

imes are also shown in this table. Milling time after ignition
as held ∼30 min in order to normalize the milling process and
btain a homogeneous product. The XRD patterns of these pow-
ered cermets obtained by MSR (Fig. 2) show the formation of
he TiCxN1−x phase. XRD peaks of TiCxN1−x also exhibit the
ypical shift due to a different C/N ratio in its stoichiometry.
dding to the initial titanium/graphite mixture up to 20 wt%
f phases (binder and additives) that did not participate in the
SR process did not inhibit the TiCxN1−x formation by a com-

ustion reaction. The ignition time increased ∼10 min due to the
resence of these phases, which were considered inert regarding

he titanium/graphite mixture. In particular, ductile nickel and
obalt can absorb part of the energy provided by the mill trough
all–ball and ball–wall impacts. All energy transmitted by the

No. balls (PBR) N2 (atm) v (rpm) Ignition time (min)

15 (1/10.5) 6 400 32
15 (1/10.5) 6 400 30
15 (1/21) 6 400 24

15 (1/10.5) 6 400 45
15 (1/10.5) 6 400 39
15 (1/10.5) 6 400 48
15 (1/10.5) 6 400 42
15 (1/10.5) 6 400 40
15 (1/10.5) 6 400 39
15 (1/10.5) 6 400 37
15 (1/10.5) 6 400 40



2088 J.M. Córdoba et al. / Journal of the European

F
T

m
a

p
s
t
s
d
a
m
m
p
i
I
T
t
n
1

t
e
e
o
a
p
p
l
a

M
p
f
X
w
f
o
d
g
o
i
f

P
a
d
l
s
m
c
p
v
r
p
f

u
c
i
p
r
w
m
k
d
i
c
(
it was observed that some amount of titanium from the starting
Ti/C mixture was employed to form intermetallic compounds
or (Ni, Ti) and (Co, Ti) solid solutions. The highest enrichment
in carbon was noticed in powdered cermet PC1 with the start-

Table 2
Lattice parameter (a) and stoichiometry of TiCxN1−x phase in C and PC samples

Sample a (Å) XRD composition

C1 4.2595 TiC0.23N0.77

C2 4.2995 TiC0.66N0.34

C3 4.3094 TiC0.81N0.19

PC1 4.2688 TiC0.48N0.52

PC2 4.3027 TiC0.75N0.25

PC3 4.3089 TiC0.81N0.19

PC4 4.2908 TiC0.81N0.19
ig. 2. XRD patterns of PC samples after MSR process. (*) TiCxN1−x; (�) (Co,
i); (©) (Ni, Ti); (�) Ti2Ni; (+) Ti; (�) CoTi; (�) W.

illing device was not transferred to the reactive Ti/C mixture
nd, consequently, the ignition was delayed.

The metallic binder is hardly detected in XRD patterns of
owdered cermets (Fig. 2). The small amount of metal in the
tarting mixture along with milling effects, which induce crys-
alline refinement and lattice strains, were responsible for the
mall XRD peak intensity. A small particle size increases the
ifficulty in detecting metal and alloys by XRD, and a larger
mount of material is required when particle size is in the sub-
icrometric range. For example, it has been shown in Ti–Al
ixtures that while 2 wt% of Ti can be easily detected if the

article size is in the range of 26–38 �m, about 25 wt% of Ti
s needed if the particle size is in the range of 50–1000 nm.25

n this sense and as it is shown in Fig. 4d where the dark field
EM image of a representative powdered cermet is presented,

he particle size of the metallic binder (bright contrast) had a
anometric character with a particle size ranging between 5 and
5 nm.

Nickel and cobalt were not only inert regarding the MSR
itanium carbonitride synthesis delaying ignition time, but also
xtracted titanium from the titanium/graphite mixture. The pres-
nce of (Co, Ni)–Ti intermetallic phases was observed in some
f the powdered cermets (Fig. 2): CoTi in samples PC5–PC8,
nd Ti2Ni in sample PC1. The formation of this last intermetallic

hase in sample PC1 could be explained by looking at the XRD
attern of sample C1 (Ti/C atomic ratio of 1/0.25 without metal-
ic binder). This pattern showed the existence of a non-negligible
mount of unreacted titanium (incomplete combustion) after the

P
P
P
P
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SR effect. The same behaviour would be expected in sam-
le PC1 and the formation of a Ti-rich intermetallic phase was
avoured in presence of Ni. In powdered cermets PC2–PC4,
RD peaks for Ni and Co were shifted to lower 2θ angles, which
as related to an increased lattice parameter probably due to the

ormation of (Ni, Ti) or (Co, Ti) solid solutions. X-ray diffraction
f powder mixtures of Ni and Ti milled under similar conditions
id not show any interaction between both metals, which sug-
ests that the formation of intermetallic phases or solid solutions
bserved in PC samples was triggered by the heat released dur-
ng the combustion process involved in the carbonitride phase
ormation.

It is interesting to note that XRD patterns in samples
C6–PC8 show the presence of elemental W and probably Mo,
lthough in samples PC7 and PC8 these elements were intro-
uced as WC and Mo2C, respectively. It has been shown during
iquid phase sintering of cermets that WC, W2C and Mo2C dis-
olved in the binder providing W or Mo and C to the sintering
edia.26 The presence of W and Mo as ascertained by XRD

onfirms that the MSR method, although induced at room tem-
erature, should be considered at least from a local point of
iew such as a high-temperature process. The high temperature
eached inside the vial during MSR was also corroborated by the
resence in sample PC4 of cubic cobalt, the high temperature
orm.

Lattice parameter for each carbonitride phase calculated
sing the Fullprof software is shown in Table 2. TiCxN1−x stoi-
hiometry estimated applying the Vegard’s law is also included
n this table. As expected, TiCxN1−x stoichiometry in sam-
les C1–C3 was clearly dependant on the starting Ti/C atomic
atio. These values were similar to that reported in a previous
ork21 employing the same starting mixture but using a smaller
illing device (Pulverisette 7). This result confirms that this

ind of MSR process can be scaled up with high levels of repro-
ucibility. On the other hand, the stoichiometry of TiCxN1−x

n powdered cermets (samples PC1–PC8) was richer in carbon
ompared with that of samples obtained without a binder phase
samples C1–C3). This fact agrees with XRD patterns, where
C5 4.2983 TiC0.77N0.23

C6 4.2918 TiC0.78N0.22

C7 4.2901 TiC0.77N0.23

C8 4.2924 TiC0.80N0.20
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ng Ti/C mixture lowest in carbon. This fact is in accordance
ith its XRD pattern that illustrated the presence of Ti2Ni and
nreacted Ti. In contrast, no carbon enrichment was observed
or the powdered cermet with the highest graphite content (com-
are samples C3 and PC3 with a Ti/C atomic ratio of 1/0.75).
n this case, the high amount of graphite in the starting mixture
ade the titanium-to-nickel contact more difficult hindering the

ormation of intermetallic or alloy phases.
Several authors have suggested during the synthesis of

iC–Ni cermets by SHS or MSR from elemental Ti, Ni and
powders that the presence of metallic elements (Ti, Ni)

n the final product or others intermetallic phases depended
n combustion and exothermic conditions.27–29 The following
xothermic reactions can be considered in our Ti–C–N–(Ni, Co)
ystem:

Ti + Ni → Ti2Ni, �H = −83 kJ/mol

i + Ni → TiNi, ΔH = −67 kJ/mol

i + 3Ni → TiNi3, ΔH = −140 kJ/mol

i + Co → CoNi, ΔH = −3 kJ/mol

i + Co → TiCo, ΔH = −12 kJ/mol

i + 3Co → TiCo3, ΔH = −42 kJ/mol

Ti + C
N2−→TiCxN1−x,

�H = from − 184 kJ/mol (TiC) to − 338 kJ/mol (TiN)

Assuming this consideration, intermetallic phases would
ppear in less exothermic systems and only a TiCxN1−x phase
thermodynamically more stable) with Ni or Co as diluent would
e found in more exothermic ones. This presumed behaviour
eems to occur in the Ti–C–N–(Ni, Co) system studied in this
ork. If we consider the peak height of the pressure–time record

s a measurement of the exothermic character of the MSR pro-
ess, we observed that this character was superior in those
ixtures with a higher content of graphite. In this sense, when

nitial Ti/C atomic ratios higher than 1/0.5 were used, XRD pat-
erns showed only the TiCxN1−x phase, without the formation of
ntermetallics. In sample PC1 (Ti/C 1/0.25), where the combus-
ion was less energetic, the intermetallic Ti2Ni phase appeared in
he final product. In samples PC6–PC8, although a 1/0.5 (Ti/C)
tomic ratio was employed, the presence of 5 wt% of W, WC or
o2C could contribute to diminishing the exothermic character

f the reaction and the intermetallic CoTi phase was obtained.
A similar behaviour has been observed by Burkes et

l.30,31 during the synthesis of intermetallic-ceramic composites
i3Ti–TiCx and NiTi–TiC by SHS under an inert atmosphere.
or obtaining both composites, Ti/C atomic ratios less than 1
ere always necessary and a higher exothermic character was

bserved when increasing carbon content. The synthesis was
ealized by adding free carbon to a starting Ti–Ni mixture. In
ur work, Ti/C atomic ratios <1 were also employed, but a reac-
ive atmosphere of nitrogen was used. Under these experimental

(
t
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onditions, the starting atomic ratio had to be considered in our
ase as Ti/(C, N) ∼1, conditions that in principle must not favour
he formation of intermetallic phases.

On the other hand, although the formation of Ti–Ni inter-
etallics is more exothermic than that of Ti–Co ones, CoTi

hases were found in most of powdered cermets employing
obalt as a binder. Several authors have shown a high selec-
ivity in mechanically induced combustion reactions when two
eactions were initiated at the same time32,33; and the trend
as to form those phases with the highest enthalpy formation
alues. Huang et al.27 have assumed during the synthesis of
iNi–TiC composites by MSR that the formation of the inter-
etallic phase also occurs by a combustion process triggered

y the heat released during the formation of the TiC phase.
owever, the fact that we have mainly observed the presence
f Ti–Co and not Ti–Ni intermetallics in our products seems to
uggest that these phases are not formed through a combustion
rocess, but by another reaction mechanism. Assuming that dur-
ng a MSR process extreme temperatures can be reached in local
oints of the vial and that this temperature can be higher than the
elting point of the metal species involved in the reaction, the

ormation of metallic melts could be at the origin of the affinity
etween titanium and cobalt and its subsequent crystallization
t the origin of the formation of CoTi phase. It is noteworthy that
oTi was only appreciated when a third metallic phase (Ni, W or
o) was present in the media together with Co and Ti (samples

C5–PC8). This fact can be a consequence of the reduction of
he temperature of formation of intermetallic melts when three
ifferent metals were present in the vial.

Representative SEM micrographs corresponding to samples
C2, PC5, PC7 and PC8 are shown in Fig. 3. SEM study revealed

hat the microstructure of products was similar and characteris-
ic of samples obtained by MSR.21–23 Powdered cermets were
onstituted of sub-micrometric particles highly agglomerated
orming aggregates ranging between 1 and 5 �m. A representa-
ive TEM micrograph and the corresponding ED pattern of these
owdered cermets are presented in Fig. 4a. Carbonitride parti-
les are in fact polycrystalline as evidenced by the typical ED
ing pattern. These particles consist of different nanodomains
andomly oriented and ranging between 50 and 100 nm. The
D pattern can be indexed in the cubic system Fm-3m space
roup. With the purpose of observing the different phases (car-
onitride and binder) in the powdered cermet, dark field and
right field were performed and representative images are pre-
ented in Fig. 4c and d, where the same area is compared. The
anometric metallic particles were well distributed in the whole
ample, which will be extremely important for subsequent sin-
ering processes. However, there were some particles where the
inder was located preferably in the edge of these particles. This
act is in good agreement with EDX analysis that showed two
ifferent regions in terms of binder distribution (Fig. 4b).

.2. Pressureless sintering
Two series of cermets were prepared (Table 3). The first one
HCB cermets) was obtained after sintering powder mixtures of
he titanium carbonitride C2 sample (Ti/C atomic ratio 1/0.5) and
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Fig. 3. SEM micrographs of samples PC2, PC5, PC7 and PC8 showing the typical morphology of samples obtained by MSR.

Fig. 4. (a) Representative TEM micrograph and the corresponding ED pattern of powdered cermets. All the indexed planes in the EDP correspond to the cubic
carbonitride phase. (b) EDX analysis of two different areas in (a). (c) Bright and (d) dark field images of the same area.
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Fig. 5. XRD patterns of

he metallic binder Ni or Co (HCB2 or HCB4 samples respec-
ively). In some cases, a third phase WC or Mo2C (HCB7 or
CB8 samples respectively) was added. The powder mixture
as homogenized by sonication in ethanol for 10 min and after-

ards in a centrifugal ball mill (Fritsch) for 60 min. The second

eries (HC cermets) corresponds to cermets sintered from the PC
amples in Table 2, e.g., powdered cermets obtained by a one-

F
a
T

able 3
aw powders used for cermet fabrication (powder mixture subjected to MSR proc

toichiometry, and binder phases present in sintered cermets

ermets Raw powders Ti/C (atomic ratio) + binder (wt%) + 3rd phase (wt%)

CB2 [Ti/C (1/05)] + Ni (15%)
CB4 [Ti/C (1/0.5)] + Co (15%)
CB7 [Ti/C (1/0.5)] + Co (15%) + WC (5%)
CB8 [Ti/C (1/0.5)] + Co (15%) + Mo2C (5%)

C1 [Ti/C (1/0.25) + Ni (15%)]
C2 [Ti/C (1/0.5) + Ni (15%)]
C3 [Ti/C (1/0.75) + Ni (15%)]
C4 [Ti/C (1/0.5) + Co (15%)]
C5 [Ti/C (1/0.5) + Ni/Co (7.5%/7.5%)]
C6 [Ti/C (1/0.5) + Co (15%) + W (5%)]
C7 [Ti/C (1/0.5) + Co (15%) + WC (5%)]
C8 [Ti/C (1/0.5) + Co (15%) + Mo2C (5%)]

m): Minor phase.
cermets after sintering.

tep MSR process. The number of HCB cermets corresponds to
he same gross composition of the raw materials as found in the
C ones.
XRD patterns of consolidated HCB cermets are shown in
ig. 5, where peaks for TiCxN1−x and metallic binder phases
re observed. These binder phases were constituted of Ti–Ni or
i–Co intermetallics produced during the high-temperature sin-

ess marked by square brackets), lattice parameter (a) of TiCxN1−x phase, its

a (Å) XRD composition Binder phases

4.2967 TiC0.70N0.33 Ni3Ti
4.2982 TiC0.69N0.32 CoTi + Co2Ti (m)
4.3004 TiC0.71N0.29 CoTi + Co2Ti + W (m)
4.2970 TiC0.67N0.33 CoTi + Co2Ti + Co7Mo6 (m)

4.2705 TiC0.36N0.64 Ti2Ni
4.3037 TiC0.75N0.25 Ni3Ti + (Ni, Ti)
4.3071 TiC0.79N0.21 Ni3Ti
4.3125 TiC0.85N0.15 Co3Ti + (Co, Ti)
4.3037 TiC0.75N0.25 (Co, Ni)Ti
4.3038 TiC0.75N0.25 CoTi + W (m)
4.3033 TiC0.74N0.26 CoTi + W (m)
4.3047 TiC0.76N0.24 CoTi + Mo (m)
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ering process: Ni3Ti in cermet HCB2, and CoTi and Co2Ti in
ermets HCB4, HCB7 and HCB8. Elemental Ni or Co was not
bserved after sintering. The presence of Ti-containing inter-
etallic phases in cermets was a clear evidence of TiCxN1−x

d
r
a
m

Fig. 6. XRD patterns of HC
Ceramic Society 28 (2008) 2085–2098
issolution in the binder during sintering. The formation of a Ti-
icher intermetallic phase when Co instead of Ni was employed
s binder indicated a higher solubility of TiCxN1−x in this melted
etal. In cermets HCB7 and HCB8, small amounts of W and

cermets after sintering.
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o7Mo6 were also detected, respectively, which indicated that
C and Mo2C also dissolved and decomposed into the melted

inder, which is in agreement with their high solubility values
n Co (39 wt% at 1400 ◦C for both phases).1

XRD patterns of HC samples are shown in Fig. 6. These
atterns show the presence of the carbonitride hard phase and
ntermetallic binder phases. Again, a tendency to primarily form
oTi and Ni Ti phases was observed when Co and Ni were
3
dded as metallic binder, respectively. If these XRD patterns
re compared with those of powdered cermets obtained after
he one-step MSR process (Fig. 2), two features can be out-

N
e
o

Fig. 7. SEM micrographs of selec
Ceramic Society 28 (2008) 2085–2098 2093

ined. First, if the intermetallic phase was produced during the
SR process, it remained following sintering (cermets HC1,
C5–HC8). Second, if only a shift in Ni or Co XRD peaks was
bserved after MSR (due to Ti dissolution in the metal structure),
he intermetallic phase obtained after sintering was primarily �′-
i3Ti or Co3Ti (cermets HC2–HC4). It is interesting to note the
resence of this �′ phase because it has been shown in some
eports that an improvement of tribological properties of Ti(C,

)-based cermets was possible when the �′ phase (Ni3M) was

mployed as binder.34 This phase increases the creep resistance
f cermets due to hardening of the binder by a precipitation pro-

ted HCB and HC cermets.



2 pean Ceramic Society 28 (2008) 2085–2098

c
c
o
c

b
a
M
p
c
L
(
p
o
i
o
r
c
t
c

e
b
c
b
h
p
h
i
m
d
i
d
l
d
t
g
t
c

s
r
p
t
d
S
b
T
t
s
g
d
o
p

d
b

F
a

r
s
o
s
T
i
a
I
o
s
D
i
p
t
c
t
b

t
(
i
o
o
M
s
w
T
M
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ess. Although a deleterious effect would be expected for high
ontents of �′ phase, Tiegs et al.35,36 have shown good values
f hardness and toughness by adjusting adequately the gross
omposition in TiC–Ni3Al cermets.

Dissolution of the TiCxN1−x hard phase during sintering must
e affected by the composition of the liquid binder. In this sense,
higher dissolution is expected when Ni or Co is added after
SR process (HCB cermets) because there is no Ti in the binder

rior to sintering. This effect was highlighted by compositional
hanges observed in titanium carbonitride phase after sintering.
attice parameter and stoichiometry for TiCxN1−x in all cermets

HC and HCB) are presented in Table 3. The nature of binder
hases as observed by XRD is also shown. Two tendencies were
bserved by comparing compositional data of TiCxN1−x phase
n Tables 2 and 3. In HCB cermets from powdered samples with-
ut titanium in the binder, a titanium carbonitride phase slightly
icher in carbon was obtained after sintering. However, in HC
ermets with titanium in the binder before sintering, the resulted
itanium carbonitride after sintering was generally poorer in
arbon.

These changes in TiCxN1−x stoichiometry cannot be
xplained in terms of different thermodynamic stability of car-
on and nitrogen because titanium has a similar affinity for
arbon and nitrogen at high temperature, as have been shown
y Kang et al.37,38 The high temperature stability of TiCxN1−x

as been confirmed in a titanium carbonitride monolithic sam-
le that did not show any compositional change after being
eated at 1700 ◦C for 3 h under an inert atmosphere. Thus, it
s clear that different behaviour observed in HC and HCB cer-
ets regarding changes in TiCxN1−x stoichiometry was due to

ifferences in TiCxN1−x dissolution in the binder during sinter-
ng. Ceramic phase dissolution in melted binder occurs through
ecomposition, as its elemental constituents incorporated to the
iquid phase. Therefore, these stoichiometric changes observed
uring sintering can be explained taking into account the fact
hat titanium has higher solubility values than carbon (nitro-
en solubility in the melted binder is practically negligible), and
hat titanium was present in the binder before sintering for HC
ermets.

SEM micrographs of selected HCB and HC cermets are
hown in Fig. 7. HCB cermets reveal a microstructure with small
ounded particles and large particles with angular shape. Binder
hase was located inside big faceted particles suggesting that
hey have grown from small ones by a coalescence process. Evi-
ences of such growth can be observed in different regions of
EM micrographs. Hard particle microstructure does not seem to
e affected by binder composition. Although, as shown in Fig. 4,
iCxN1−x phase obtained by MSR had a nanometric character,

he microstructure as observed by SEM did not show nano-
ized particles. This is not surprising because sharp increase in
rain growth to micrometric level has been frequently observed
uring conventional sintering when densities close to the the-
retical maximum are reached in systems with nanocrystalline

articles.39

Leaving aside the microstructure of cermet HC1 that will be
iscussed later, SEM micrographs of HC cermets also show a
imodal character for the microstructure of hard ceramic (small

t
a
w
t

ig. 8. Particle size distribution of TiCxN1−x in cermets (a) HCB2, (b) HC2,
nd (c) HC1.

ounded and larger faceted particles). A growth by coalescence
eems also to occur in these cermets (the binder phase was
bserved inside hard particles); however the overall particle
ize was clearly smaller. This is illustrated in Fig. 8, where the
iCxN1−x particle size distribution for HCB2 and HC2 cermets

s presented. For the HC cermet series, ceramic particle size
ppeared to diminish when a third phase was added (Fig. 7).
t has been shown in TiC–Ni and Ti(C, N)–Ni cermets that
riginal fine grains grow by coalescence in the early stages of
intering followed by a solution–reprecipitation mechanism.2

ifferences found in HCB and HC cermets can be explained
f the solution–reprecipitation mechanism was hindered by the
resence of a high amount of titanium in the melted binder
hat reduced considerably the solubility of hard particles in HC
ermets. This effect was enhanced by W, WC or Mo2C addi-
ion as these phases having a high solubility in liquid metallic
inder.

Cermets HC6–HC8 with W, WC and Mo2C additions, respec-
ively, presented a less homogeneous distribution of binder phase
Fig. 7). Regions where binder was prominent over hard ceram-
cs were observed, and it must be a consequence of the presence
f these added phases with high solubility. Small bright areas
bserved in SEM micrographs corresponded to metallic W or
o as ascertained by EDX analysis. Cermet HC8 showed the

mallest ceramic particle size, in agreement with previous work
here the inhibition of hard particle growth by Mo was shown.40

ypical core–rim microstructure of cermets containing W- or
o-phases was not observed due to the small amount of addi-

ives employed. However, in cermet HC6 where tungsten was

dded in its metallic form, some hard particles showed zones
ith different contrast, marked with k in Fig. 7. EDX analysis of

hese regions (Fig. 9) suggests that the lighter contrast could be
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Fig. 9. SEM micrograph of cermet HC6 showing hard particles wi
ssociated with the presence of (W, Ti)(C, N) solid solutions. In
hese particles, this contrast observed was, in some cases, simi-
ar to the typical core–rim microstructure but, in other cases, the
ontrast between the core and rim was inverted (lighter contrast

f
h

a

ig. 10. HRSEM micrographs corresponding to cermets HC1 and HC2 taken with s
inder phase.
ter contrast, and EDX analysis in different regions of this cermet.
or the core). This inversion can be produced in regions with
igh local concentrations in tungsten.

Cermet HC1 showed a different particle morphology, size
nd distribution for the hard ceramic (Figs. 7 and 8). Large

econdary and backscattering electrons. The lighter contrast corresponds to the
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ound particles without a binder phase inside were observed that
ut forward a growth characterized by a solution–reprecipitation
rocess but not by coalescence. This fact is clearly seen when
RSEM images of cermets HC1 and HC2 are compared

Fig. 10). The binder phase forming small particles inside the
eramics (white contrast) was only observed in cermet HC2
using backscattering electrons). Previous work has shown that
ncreasing the nitrogen ratio in titanium carbonitride reduces
itanium solubility and then grain growth of hard particles.1

owever, the abnormal growth observed in cermet HC1 (the
article ratio size is nearly 2:1 comparing with cermet HC2,
ee Fig. 10) was inconsistent with a lower solubility of the
ard ceramic and with the high amount of titanium present in

he binder, as both circumstances should have inhibited grain
rowth.

However, it has been shown in WC–Co hard metals obtained
rom fine powders that before the liquid state was generated,

m
o
c
fi

Fig. 11. TEM micrographs and ED patterns of the ceramic and diff
Ceramic Society 28 (2008) 2085–2098

considerable hard particle growth was produced.41 Recently,
ang et al.42 have observed in ultrafine powdered Ti(C, N)-Ni

ermets an extensive solid-state growth and coalescence of hard
articles in the temperature range of 800–900 ◦C prior to liquid
ormation. This process occurred in a short period of time and
articles with spherical microstructure were obtained. It would
e then possible that the microstructure observed in cermet HC1
as the result of an extensive growth in the solid-state regime.
his solid-state growth could be favoured by the nanometric
haracter of ceramic powder obtained by MSR, while a decreas-
ng wettability of ceramic particles when TiCxN1−x is richer
n nitrogen and titanium is present in the binder. Some particle
ontiguity and shape of coarsened particles noted in the SEM

icrograph of cermet HC1 (Fig. 7) could also be an indication

f a coalescence behaviour in the solid-state. This solid-state
oalescence must be followed by shape rounding to obtain the
nal observed microstructure.

erent binder phases corresponding to cermets HC1 and HC2.
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The microstructure of cermets HC1 and HC2 has also been
ompared using TEM and ED experiments, which are pre-
ented in Fig. 11. TEM micrographs show the size difference
or both samples. The ED study of the ceramic particles in cer-
et HC1 has shown two different features as can be seen along

he [0 −1 1] zone axis, an additional periodic diffuse intensity
istribution and some diffraction spots not belonging to the stan-
ard ED for TiCxN1−x (cubic system Fm-3m space). Both of
hese features are known to be caused by ordering of vacan-
ies in the C/N cubic sublattice,43 where {1 1 1}-type planes
n the large range order state are alternately fully occupied
nd empty. They have alternatively high and low occupancy.
his ED also exhibit curves of diffuse intensity passing through

he carbonitride diffraction spots. This is a characteristic fea-
ure of the transition while passing from the short range to the
arge range order state. On the other hand, NiTi2 (cubic Fd3m;
CPDS 18-0898) was identified as binder by ED analysis and
he zone axes along [0 0 1] is presented. This result agrees with
he X-ray diffraction data. ED patterns of sample HC2 have also
hown diffuse scattering as can be seen in the [−1 1 2] zone axis,
hich is related with the short range order produced by the C/N
acancies as in the HC1 sample. Ni3Ti (hexagonal P63/mmc;
CPDS 75-0878) was found as binder and the [0 1 0] zone axis is
resented.

. Conclusions

MSR can be a powerful technique in obtaining powdered
ermets based on titanium carbonitride. Synthesis can be per-
ormed in one step from the mixtures of elemental powders. For
ome starting mixtures, intermetallic phases constituted the cer-
et binder. A titanium carbonitride phase richer in carbon than

he starting composition of raw powders was always obtained.
SR allows that metallic binder was homogeneously dispersed

ver ceramic particles. Both ceramic and binder phases present
omogenous chemical composition and nanometric character
fter MSR synthesis.

After sintering by a pressureless method, the chemical com-
osition characterization of cermets has consistently shown a
itanium carbonitride phase richer in carbon than expected from
toichiometry of raw powders and a binder constituted by inter-
etallic phases. If metallic binder (Ni or Co) was added to the

owder mixture prior to the MSR process, an even carbon-richer
omposition was obtained, which is consistent with the presence
f a higher amount of Ti in the binder. There is a relationship
etween the stoichiometry of TiCxN1−x and the final titanium
ontent in the binder phase after sintering. It must be noted
hat the incorporation of titanium to the binder in HC cermets
ccurred principally during the powder synthesis by MSR and
ot during sintering, as in the case of HCB cermets.

Microstructural characterization showed a bimodal size dis-
ribution for hard particles. Small spherical particles and larger
aceted particles grown by a coalescence process were gener-

lly observed. Coalescence process (liquid-like coalescence of
slands) generated the presence of binder phase inside hard par-
icles. Particular microstructure found in cermets with a poorer
arbon hard phase can be a consequence of a great extent of the

1

1

Ceramic Society 28 (2008) 2085–2098 2097

rain growth in the solid-state regime. For the same gross com-
osition, similar chemical composition for the hard and binder
hases was found independently if the binder was submitted
o a MSR process or blended with TiCxN1−x after MSR was
erformed. However, finer hard particles were obtained in the
ormer case due to the inhibition of hard particle growth as a
onsequence of the presence of high amounts of titanium in
he binder that reduced TiCxN1−x solubility. These preliminary
esults suggest that this new synthesis methodology coupled
ith the employ of more adapted sintering process would allow

he fabrication of cermets with designed chemistry, microstruc-
ure and properties.
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