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bstract

iCxNy/Ti–Ni and TiCxNy/Ti–Co composites formed by ceramic and intermetallic binder phases were produced by pressureless sintering at 1400 ◦C
rom powders synthesized by a mechanically induced self-sustaining reaction (MSR) process. Four different composites were characterized using
igh-resolution electron microscopic techniques, in both scanning (SEM, HRSEM) and transmission (TEM, HRTEM, ED, EDS and EELS) modes
nd using an energy filtered technique (EFTEM) associated with electron energy loss spectroscopy (EELS). The microcharacterization showed
hat the ceramic phase with an fcc-cubic structure displayed a short-range order in many crystals detected by diffuse scattering in the ED patterns.
his was possibly due to a sequence of C, N, and vacancies of both atoms along certain directions in the structure. On the other hand, even though
he binder phase was introduced as metal in the reaction process, it was formed by Ni–Ti or Co–Ti known intermetallic compounds (NiTi2, Ni3Ti,
nd Co3Ti). An unknown Ni–Ti intermetallic structure with a Ni:Ti ratio close to 2:1 was only found in one of the synthesized composites and
isplayed a cubic structure with a lattice parameter, a, of about 8.7 Å.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

TiCxNy-based cermets (ceramic–metal composites) are mate-
ials of great interest in both fundamental investigation and
ractical applications, and they have been considered as sub-
titutes for the conventional WC-based hard metals in the
etal cutting industry due to their excellent combination of
echanical properties.1,2 Hardness, toughness, wear resistance

f TiCxNy-based cermets, and their resulting performance are
nfluenced by both ceramic and metal (or binder) phases and
an be improved by optimizing the microstructure and the mate-
ial composition.3 On the other hand, the chemical and physical
roperties (e.g., microhardness, electrical and heat conductivity,
hear modulus4,5) of the TiCxNy ceramic phase, which is a solid

olution between titanium carbide (TiC) and titanium nitride
TiN), rely on their C and N stoichiometry. Additionally, it has
een shown that, in these composites, the shape and size of the
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eramic particles after the liquid phase sintering are dependent
n the C/N ratio.6,7

Several studies8,9 have revealed that the best way to improve
he properties of TiCxNy-based cermets is to reduce the grain size
f the hard phase and to increase the homogeneity of the struc-
ural elements. Both features depend dramatically on the method
f preparation. We have shown that the mechanochemical pro-
ess known as mechanically induced self-sustaining reaction
MSR) allows the synthesis of TiCxNy-based powdered com-
osites with nanometric character and excellent dispersion of
he tough binder around the hard particles.10 This method also
ermits the production of nanocrystalline carbonitride powders
ith homogeneous and controlled chemical composition (tai-

ored C/N ratio) by adequately adjusting the milling parameters
nd the metal-to-carbon atomic ratio in the starting mixture.11,12

We have previously suggested that the optimal combina-
ion of properties found in TiCxNy-based cermets obtained

y MSR and sintered by a pressureless method was due to
he homogeneous chemical composition and microstructure
eveloped during processing.13 The present work focused on
he detailed analysis of these two features (key factors to

mailto:sayagues@cica.es
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.039
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microscopy (HRSEM) with a HITACHI S5200 with a field
emission gun (FEG) (resolutions of 0.4 nm at 30 kV and
1.6 nm at 1 kV) (Seville University, CITIUS Centre).

Table 1
Lattice parameter, a, and the estimated stoichiometry for the TiCxNy ceramic
phase, and binder phases present in each consolidated composite observed by
XRD.

Composites a (Å) TiCxNy composition by
XRD (Vegard’s law)

Binder phase
ig. 1. X-ray diffraction patterns corresponding to the four composites: (a) HC1
h k l) index are marked and the intermetallic phases are identified. The peak ma

btain improved properties) at a microscopic level by means
f electron microscopy-related techniques: scanning electron
icroscopy and high-resolution scanning electron microscopy

SEM and HRSEM), transmission electron microscopy and
igh-resolution transmission electron microscopy (TEM and
RTEM), electron diffraction (ED), energy dispersive X-ray

pectroscopy (EDS), electron energy loss spectroscopy (EELS),
nd energy filtered transmission electron microscopy (EFTEM).

. Experimental

Titanium powder (99% in purity, <325 mesh, Strem Chemi-
als), graphite powder (<270 mesh, Fe ≤ 0.4%, Merck), nickel
owder (puriss., Fluka), and cobalt powder (99.9% in purity,
100 mesh, Sigma) were used in this work. Powdered com-
osites were obtained in one step by MSR from elemental
owder mixtures under a nitrogen atmosphere (H2O and
2 ≤ 3 ppm) using a modified planetary ball mill (model Micro
ill Puverisette 7, Fritsch, Idaroberstein, Germany).
The metal binder, Ni or Co, was added to the tita-

ium/graphite mixture that is necessary to form the TiCxNy hard
hase before the MSR process was performed. More details of
he preparation method can be found elsewhere.10 Four different
omposites were synthesized using the following Ti:C atomic
atios and weight percentages of metal: Ti:C = 1:0.25, 15 wt% Ni
HC1); Ti:C = 1:0.50, 15 wt% Ni (HC2); Ti:C = 1:0.75, 15 wt%
i (HC3); and Ti:C = 1:0.50, 15 wt% Co (HC4).
Powdered composites were isostatically cold-pressed at
00 MPa during 5 min to give cylinders of 12 mm in diameter and
5 mm in height. The green bodies were sintered without pres-
ure at 1400 ◦C for 60 min (heating rate 10 ◦C/min, free cooling)
nder inert atmosphere (helium gas, H2O ≤ 3 ppm, O2 ≤ 2 ppm

H
H
H
H

C2; (c) HC3 and (d) HC4. The ceramic phase peaks (C) with the corresponding
with a “?” in the HC2 sample could not be assigned.

nd CnHm ≤ 0.5 ppm, Air Liquid) in a horizontal furnace (Ther-
olyne Type 59300 model no. F-59340-CM, Thermolyne).
X-ray diffraction patterns of the polished surfaces of the con-

olidated composites were obtained with a Philips X’Pert Pro
nstrument equipped with a �/� goniometer using Cu K� radi-
tion (40 kV, 40 mA), a secondary K� filter, and an X’Celerator
etector. The diffraction patterns were scanned from 30◦ to 130◦
2Θ) at a scanning rate of 0.42◦ min−1. Silicon powder (NIST)
as used to correct XRD shift peaks.
Thin disks (3 mm Ø) of the consolidated composites were

ubsequently prepared by cutting, polishing, dimpling, and ion
illing (DuoMill, Gatan Inc.). Microcharacterization was per-

ormed using the following techniques and equipments:

Scanning electron microscopy (SEM) with a PHILIPS XL-
30 (resolution 3.5 nm) and high-resolution scanning electron
C1 4.2705 TiC0.36N0.64 Ti2Ni
C2 4.3037 TiC0.75N0.25 Ni3Ti
C3 4.3071 TiC0.79N0.21 Ni3Ti
C4 4.3125 TiC0.85N0.15 Co3Ti
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Transmission electron microscopy (TEM), electron diffrac-
tion (ED), energy dispersive X-ray spectroscopy (EDX), and

electron energy loss spectroscopy (EELS) with a PHILIPS
CM200, LaB6 filament (Seville, ICMS). EELS spectra were
acquired with a Gatan model 766-2K parallel detection
electron spectrometer and were recorded in the diffraction

ig. 2. Micrographs corresponding to HC1 and HC2 composites. (a and b) SEM i
econdary electrons and (e and f) with backscattered electrons. (g and h) Bright field
Ceramic Society 30 (2010) 1765–1774 1767

mode with a collection angle of 1.45 mrad. The measured
energy resolution at the zero-loss peak of the coupled

microscope/spectrometer system was about 2 eV. A low-loss
spectrum was also recorded with each edge in the same illu-
minated area. After background subtraction with a standard
power law function, the spectra were deconvoluted for plural

mages taken with secondary electrons. (c and d) HRSEM images taken with
TEM images.
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scattering with the Fourier-ratio method. All these treatments
were performed within the EL/P program (Gatan).
High-resolution transmission electron microscopy (HRTEM)
with a JEOL JEM 3010, LaB6 filament (Cs = 0.6 mm and
point resolution = 0.17 nm) and a JEOL JEM 2100F, FEG
(Cs = 0.5 mm, Cc = 1.1 mm and point resolution = 0.19 nm),
both with CCD camera (Stockholm University, Arrhenius
Laboratory).
Energy filtered transmission electron microscopy (EFTEM)
with a JEOL JEM 3000F field emission gun TEM (Oxford
University, Department of Materials), with a post-column
Gatan GIF 2000 imaging spectrometer with CCD camera and
ultrahigh-resolution configuration (Cs = 0.60 mm and point
resolution = 0.17 nm).

. Results and discussion

The XRD patterns of the consolidated materials (HC1–HC4)
n the 2Θ range 30–65◦ are shown in Fig. 1, where the peaks for
he ceramic and binder phases are depicted. The lattice parame-
er, a, of the TiCxNy ceramic phase (fcc-cubic symmetry Fm-3m
pace group) was calculated from the whole set of peaks of the

RD diagram (30–130◦ 2Θ) by using the Fullprof computer
rogram.14 Assuming that the solid solution was stoichiomet-
ic (x + y = 1), the corresponding stoichiometry, i.e., the x and y
alues, was calculated by the Vegard’s law obtained from the fol-

b
f
a
S

Fig. 3. EFTEM images of two different areas corresponding to HC2 compos
Ceramic Society 30 (2010) 1765–1774

owing JCPDS data files: TiN (38-1420), TiC0.3N0.7 (42-1488),
iC0.7N0.3 (42-1489), and TiC (32-1383). The obtained data and

he nature of the binder phase observed by XRD are presented
n Table 1.

It is interesting to note that elemental Ni and Co (the
tarting reactants) were not detected by XRD after sintering
nd that the binder phases identified by XRD were, in fact,
i–Ti or Co–Ti intermetallics. Therefore, the correct name for
ur consolidated materials is ceramic–intermetallic composites
nstead of ceramic–metal composites. NiTi2 (cubic system Fd-
m, a = 11.2780 Å) is formed in the HC1 composite (Fig. 1a),
i3Ti with a hexagonal symmetry (P63/mmc; a = 5.0930 Å,
= 8.3200 Å) in the HC3 composite (Fig. 1c), and Co3Ti with
cubic symmetry (Pm3m; a = 3.6140 Å) in the HC4 compos-

te (Fig. 1d). However, in the HC2 composite, the nature of the
ntermetallic phase is not so clear (Fig. 1b). It seems that Ni3Ti
s formed, but the presence of another phase cannot be excluded
marked with?).

Representative micrographs obtained by SEM and TEM for
he HC1 and HC2 composites (HC3 and HC4 are very similar
o HC2 in terms of microstructure) are shown in Fig. 2. The
rst two (Fig. 2a and b) correspond to SEM images obtained

y secondary electrons (Philips XL-30 microscope). The next
our images were obtained by HRSEM with secondary (Fig. 2c
nd d) and backscattered (Fig. 2e and f) electrons (Hitachi
5200 microscope). Secondary electrons allow us to see the

ite. (a and c) 0-loss images and (b and d) Ti–Ni (red–blue) color maps.
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orphology, whereas the backscattered electrons clearly show
he phase distribution of the two components of the compos-
tes due to differences in terms of contrast. Indeed, the ceramic
hase has a dark contrast, whereas the intermetallic binder has
lighter one. The last two pictures (Fig. 2g and h) correspond

o TEM images (Philips CM200), where the ceramic particles
ppear with a lighter contrast than the intermetallic binder ones.

ote that the contrast in the bright field TEM micrographs is

eversed as compared to the scanning electron micrographs. It is
orth remarking that in CH1 sample (Fig. 2g) the white back-
round in the micrograph corresponds with holes. It seems to be

p
s
i
a

ig. 4. EDX spectra found for the ceramic (a) and binder phases (b–d) in the four com
inder phase Ni3Ti found in the HC2 composite.
Ceramic Society 30 (2010) 1765–1774 1769

hat during the process of TEM sample preparation (ion milling)
he binder phase was removed creating those holes. However, in
H2 sample (Fig. 2h) it is very clear that the darker regions are

he binder phase and the grey particles are the ceramic phase.
These micrographs illustrate the composite microstructure

onsisting of ceramic particles surrounded by the binder phase.
he contact between ceramic particles also produces a binder

hase at triple point junctions. Two clear differences in terms of
ize and shape can be seen between HC1 and the other compos-
tes. The ceramic particle size is larger in HC1 (5–10 �m), and
ll the particles are rounded (Fig. 2a, c, e and g). However, in

posites. (e) EELS spectra (Ni L23-edge and Ti L23-edge) corresponding to the
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he other three composites the ceramic particle size is smaller
1–5 �m); the smallest particles are rounded, while the largest
nes are faceted (Fig. 2b, d, f and h). Another clear difference
s the fact that only the HC2–HC4 composites present small
nclusions within large ceramic particles (Fig. 2b, f and h). The
ontrast of these inclusions (with a light contrast in SEM and
ark contrast in TEM images) suggests that such particles can
ither be metallic or intermetallic. However, it was not possi-
le to confirm the composition by EDX analysis (in SEM or
EM) due to their small size (10–20 nm), smaller than the elec-

ron beam size. This feature can be explained by the fact that
he larger particles have grown from the smaller ones by a coa-
escence process leaving small inclusions of binder inside the
eramic grains. The differences in microstructure could be due
o the chemical composition of the ceramic phase that is richer
n nitrogen for HC1 (TiC0.36N0.64) than for the other ones (e.g.,
iC0.75N0.25 for HC2), resulting in a growth characterized by a
olution-reprecipitation process instead of coalescence.

The morphology and composition of the composites were
lso confirmed by EFTEM, and the results corresponding to the
C2 composite are depicted in Fig. 3 (JEOL JEM 3000F FEG
icroscope). It is easy to visualize how the Ti (red color) and

i (blue color) were distributed through the material in two dif-

erent areas. The 0-loss images (Fig. 3a and c) and the Ti–Ni
red–blue) color maps (Fig. 3b and d) for both areas are shown.
he first color map (Fig. 3b) shows that the binder phase was

t
T

E

ig. 5. ED patterns along the (a) [0 0 1] and (b) [1 0 1] corresponding to NiTi2 in the H
nd HC3 composites. (d) ED pattern along the [1 0 1] corresponding to Co3Ti in HC4
Ceramic Society 30 (2010) 1765–1774

istributed between the ceramic grains, embedding them. This
esult is in agreement with the SEM and TEM analyses. The
ther color map (Fig. 3d) shows the existence of small parti-
les embedded in the ceramic phase and provides slightly more
nformation than the SEM and TEM micrographs. Indeed, the
omposition map confirms that the small particles are formed
y the binder phase.

EDX analysis by SEM and TEM was performed to confirm
he composition of the ceramic particles and the intermetallic
inder areas. Representative spectra for all composites obtained
y TEM (Philips CM200 microscope) are given in Fig. 4. In
he ceramic phase, only Ti was detected (Fig. 4a; it was not
ossible to analyze C and N with the available equipment), and
i–Ni or Ti–Co, were observed in the binder areas (Fig. 4b–d).
he presence of Fe in the EDX spectra can be explained by the

act that the MSR synthesis was carried out with tempered steel
illing bowls and balls.
The composition of the binder, as determined by standardless

DX analysis and presented in each spectrum (Fig. 4b–d), is in
greement with the composition of the phases found by XRD
nalysis. The binder composition was also analyzed by EELS for
he HC2 material. The corresponding EELS spectra belonging

o the Ni3Ti binder phase are presented in Fig. 4e, showing the
i and Ni L23-edges with a ratio of Ni/Ti of 3/1.

The different intermetallic phases were also identified by
D analysis (TEM Philips CM200 microscope). NiTi2 (cubic

C1 composite. (c) ED pattern along the [0 1 0] corresponding to Ni3Ti in HC2
composite.



opean

s
p
i
s
E
s
H

t
i

T
w
d
t
s
a

F
(

M.J. Sayagués et al. / Journal of the Eur

tructure and Fd3m space group) was observed in the HC1 com-
osite, and the zone axes along [0 0 1] and [1 0 1] are presented
n Fig. 5a and b. Ni3Ti (hexagonal structure and P63/mmc
pace group) was found in the HC2 and HC3 composites. The
D pattern along [0 1 0] can be seen in Fig. 5c. Co3Ti (cubic
tructure and Pm-3m space group) was analyzed by ED in the

C4 composite, and the [1 1 0] zone axis is depicted in Fig. 5d.
Besides the ED patterns matching with Ni3Ti, other ED pat-

erns that do not correspond to intermetallic compounds reported
n the literature were also found in the HC2 composite (Fig. 6).

p
t
[
i

ig. 6. ED patterns along the (a) [0 0 1], (b) [0 1 −1], (c) [1 0 −2], and (d) [2 −1 1] c
f) EDX spectra corresponding to this compound.
Ceramic Society 30 (2010) 1765–1774 1771

his new Ni–Ti intermetallic phase displayed an EDX spectrum
ith a Ni/Ti ratio of 2/1 (Fig. 6e). Four ED patterns obtained in
ifferent orientations and corresponding to the same binder crys-
al are presented in Fig. 6a–d. Measurements of the inter-planar
pacing and angles between them of the different ED patterns
llowed us to elucidate a cubic structure with a large lattice

arameter close to 8.7 Å. Taking into account this cubic cell,
he zone axes of the ED patterns correspond to [0 0 1], [0 1 1],
1 0 2], and [2 1 1]. ED has shown the presence of a new binder
ntermetallic phase that may be a meta-stable phase formed in

orresponding to a new Ti–Ni intermetallic phase found in the HC2 composite.
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he consolidation process. This new phase was not detected by

-ray diffraction analysis, probably due to the small volume.
owever, this phase was found several times in the HC2 compos-

te by TEM, allowing the determination of the cell parameters.
t was not possible to determine the structure (Ti and Ni atom

H

d
b

ig. 7. ED and HRTEM representative results for the ceramic phase in all cermets. E
xes showing diffuse scattering. (e) and (f) HRTEM images along both axes, d1 0 0 sp
orrespond to the FFT (using Digital Micrograph program) of the square areas. (g) a
he simulated images along both [0 0 1] and [0 1 1] directions.
Ceramic Society 30 (2010) 1765–1774

ositions) because the crystals were not thin enough to obtain

RTEM images of good quality.
Microanalysis measurements performed in cermets always

etect some amount of titanium in solution with the metal
inder.15 However, only a few papers have reported the presence

D patterns along the (a) [0 0 1] and (b) [0 1 1] zone axes, (c) and (d) the same
acing is marked in both images; in (f) image some defects are arrowed. Insets
nd (h) Enlargements of the above images, the insets marked with arrows show
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f intermetallic phases in Ti-based cermets.16,17 In these cases,
he intermetallic phase was identified as small precipitates
mbedded in the metal binder. The particles were formed as a
onsequence of the dissolution of Ti from the ceramic phase into
he metal binder during the liquid phase sintering and the subse-
uent precipitation during the cooling step. However, in our case,
he entire binder in the different composites has an intermetallic
tructure. Taking into account the solubility of TiCxNy in liquid
inder metals at 1400 ◦C,2 it is not realistic to assume that, during
he liquid phase sintering, the amount of Ti in the binder is suffi-
ient to induce crystallization from an intermetallic phase melt.
hus, a different explanation is necessary to clarify our results.

Some authors have shown that it is possible to form
ntermetallic-ceramic composites by SHS reactions from mix-
ures of Ni, Ti, and C, providing an excess of Ti in the reactant

ixture.18,19 When the combustion process to obtain TiCx takes
lace, the Ti surplus forms intermetallic phases with the metal-
ic Ni. In our case, the reactant mixtures present a Ti/C atomic
atio higher than 1, and, as the MSR method is a combustion
eaction, the formation of intermetallic phases during the syn-
hesis process is possible. This could be observed for the HC1
owdered composite with a high Ti content in the starting mix-
ure (Ti/C atomic ratio of 1:0.25), where Ti from the incomplete
ombustion and Ti2Ni were detected by XRD.10 The presence
f intermetallic phases in the different composites also explains
hy the TiCxNy ceramic phase has a chemical composition

icher in C than would be expected from the starting Ti/C atomic
atio.

ED and HRTEM representative results found for the ceramic
hase in the four composites are given in Fig. 7 (JEOL JEM
010 and 2100F FEG). The ED study of the ceramic particles
n the HC1–HC4 composites shows that not all the crystals are
xactly the same in terms of structure, as can be seen along
he [1 0 0] and [1 1 0] zone axes (Fig. 7a–d). Some of the ED
atterns (Fig. 7a and b) can be perfectly assigned to the cubic
ystem Fm-3m space group, whereas other ED patterns (Fig. 7c
nd d) present additional periodic diffuse intensity distribution
found for all four composites). The diffuse scattering in the ED
atterns is produced by short-range order (SRO) and it is possible
o detect because each individual crystallite was analysed. The
-ray diffraction technique gives information of the average

tructure; therefore it is not possible to detect SRO information.
This feature is known for TiC and TiN compounds and is

aused by the ordering of vacancies in the C and N cubic sublat-
ices, respectively.20–22 However, in our case, it is a little more
omplicated because the anionic sublattice is formed by a mix-
ure of C and N (the ceramic phase is a solid solution of TiC
nd TiN). Therefore, the short-range order can be caused by
sequence of C and N atom positions or by a sequence of

acancies and C and N atom positions. Thus, they can all form
ertain order domains and lead to places of diffuse intensity and
uperstructures spots in the ED patterns.

HRTEM images along the above zone axes (Fig. 7e and f) in

egions where the ED patterns display additional periodic diffuse
ntensity distribution do not reveal a short-range order (SRO),
ven though some areas of the images show different contrast.
his is probably due to a lack of order and some other defects

m
b
c
i

ig. 8. EELS spectra corresponding to the ceramic phase of the HC2 composite
howing the C K-edge, N K-edge, and Ti L23-edge. The background was only
emoved from the carbon edge.

arrowed in Fig. 6f). d1 0 0 spacing is indicated in both images.
n order to find the SRO in the areas with different contrast, a
ast Fourier Transform (using the Digital Micrograph program)
as applied to the black square marked areas in Fig. 7e and f, to
et the calculated diffractograms. The results are depicted on the
nsets (Fig. 6e and f left-down), but only the fcc-cubic spots are
hown. Fig. 7g and h, correspond to enlargements of Fig. 7e and
, respectively. Both figures are matched with simulated images
insets marked with arrows) along the two projections ([1 0 0]
nd [1 1 0]) by the JEMS program using atomic positions and
arameters of the fcc-cubic structure. The contrast of the exper-
mental and simulated images for both structure orientations are
n good agreement.

In order to clarify the C/N composition in the ceramic phase
f these composites, electron energy-loss spectroscopy (EELS)
as applied to the crystals where diffuse scattering was found.
representative spectrum of the HC2 composite is presented

n Fig. 8, showing the C K-edge, N K-edge, and Ti L23-edge.
t is worth mentioning that the Ti L23-edge displays a differ-
nt shape in the ceramic (Fig. 8) and binder (Fig. 4e) phases.
his is due to the structure and the Ti bonds in each case. Semi-
uantitative analysis of C and N was carried out, using TiC and
iN as standards. The obtained results seem to indicate that the
:N ratio is extremely near to the stoichiometric one. However,
any spectra have to be analyzed to obtain more precise aver-

ge values. Additionally, a more accurate EELS spectrometer is
urrently used to obtain new spectra. The obtained results, as
ell as a diffuse scattering ED analysis will be presented in the

uture.

. Conclusions

TiCxNy/Ti–Ni and TiCxNy/Ti–Co composites (HC1–HC4)
ave been fully microcharacterized using microscopic tech-
iques. SEM and TEM micrographs have shown the differences
n morphology and size of the ceramic grain and the binder inter-
etallic distribution between HC1 and other composites. The
inder was formed by an intermetallic compound, joining the
eramic grains of 5–10 �m in size in HC1 and 1–5 �m in size
n HC2–HC4. Small particles of binder embedded in ceramic
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rains, as revealed by EFTEM images, were only found in the
C2–HC4 composites. Two results could only be obtained by
icroscopic techniques and not by XRD analysis. The first one
as related to a new intermetallic compound with a composition

lose to Ni2Ti and a cubic structure (a = 8.7 Å). This compound
as only found in the HC2 composite by ED and EDS analy-

es. The second result was that, in all the composites, diffuse
cattering from possible atomic or vacancy short-range order
n the anionic sublattice (C and N) was observed. Finally, we
ould like to emphasize the importance of using microscopic

echniques to fully characterize composite materials in order to
nderstand their properties and future applications.
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