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Abstract

New quaternary carbide nitrides in the V;_, Ti,(C,N) (0 <x <0.4) system have been synthesised rapidly (0.5-1.5h) by carbothermal reduction,
carburisation and ammonolysis via microwave heating using a custom-modified, multimode cavity microwave reactor. The products were structurally
characterised by powder X-ray diffraction (PXD), while scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were
used to examine morphology and composition. The resulting carbonitrides crystallise with the rock salt structure and the cubic lattice parameters
vary linearly with increasing titanium concentration (x), hence following Vegard’s law. Particle sizes typically range from 250 nm to 2 pm.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Metal carbides and nitrides find utility in a wide range
of applications. Many display high melting points, hardness,
strength and tribological properties that make them attractive
for use in cermets and as coatings.> Magnetic and elec-
tronic properties have also been investigated,> with relevance
for use in high temperature electronic devices.* Early transi-
tion metal (TM) nitrides and carbides also form an exciting
and developing class of catalysts that exhibit high activity,
selectivity and stability, particularly for industrially impor-
tant hydrotreating processes, where they have been found to
display surface electronic behaviour similar to that of the pre-
cious metal catalysts traditionally used, such as platinum and
palladium.’

Many binary carbides and nitrides with the sodium chloride
structure show complete mutual solubility, forming a contin-
uous series of solid solutions® and are stable over a wide
range of sub-stoichiometries.” There is scope for enhancing
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the properties of these materials and other comparable TM
carbides and nitrides by compositional variation over a poten-
tially huge range of ternary and quaternary compositions.
The variation in properties with composition for a limited
number of bimetallic carbides and nitrides has been reported
and, for example, TigeHfp4C is among the hardest of known
materials (43.1 GPa).” Likewise, monometallic carbonitrides
such as Ti(CyN;_,) can show superior properties compared
with the corresponding binary carbides and nitrides.® There
remain a huge variety of ternary and quaternary compositions
that require further investigation, particularly with regard to
enhancing mechanical, electronic and catalytic properties, for
example.

The use of microwave synthesis in solid-state chemistry and
materials science has received significant recent attention.’”
These methods offer some notable alternatives and some consid-
erable advantages when compared to conventional heating and
particularly: drastically reduced reaction times, selectivity in the
energy transfer to reactants, reduced energy consumption, rapid
heating without temperature gradients in reagents/mixtures'!
and increased densification of products.'?> Reducing tempera-
ture gradients may be especially advantageous in the synthesis
of interstitial TM carbides and nitrides in overcoming diffusion
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Fig. 1. Schematic of the modified DMO MW-CRAC reactor.

barriers caused by formation of surface layers.!>!4 Heating by
microwaves requires that at least one of the reactants couple
effectively with the microwave field, i.e. be good susceptors of
microwaves at room temperature. The ability of a material to
be heated by microwave absorption is proportional to its loss
tangent (tan §). The loss tangent is a function of two dielectric
properties of the material, both of which are temperature and
microwave frequency dependant!! (Eq. (1)).

7z

P
tan § = - (D

where ¢’ is the relative permittivity and ¢” is the dielectric loss
of the material.

The total power absorbed per unit volume (P) of a material
by the absorption of microwave energy is given by (Eq. (2))':

P = 2mfegel tan 8| E| 2)

where f is the microwave frequency, &g is the permeability of
free space, &, is the relative dielectric constant and E is the
magnitude of the internal electric field.

Amorphous carbon is particularly effective at coupling with
microwaves ' and hence carbon can act not only as a reactant
in the formation of carbides but also as a susceptor and sec-
ondary heat source sustaining the high temperatures required for
processes such as reduction and carburisation.'®!” Microwave
methods have been demonstrated to be effective in the syn-
thesis of binary nitrides via ammonolysis.!? In this paper, we
describe how by using a bespoke microwave reactor system,
it is possible to develop the processes of microwave carboth-
ermal reduction—carburisation and microwave ammonolysis to
synthesise quaternary transition metal carbonitrides. We report
how this technique has been successful in preparing the new
bimetallic carbonitrides V{_,Ti,(C,N) on timescales that are
dramatically reduced over the conventional high temperature,
energy intensive methods for synthesis of TM carbides and
nitrides.

2. Experimental

Compositions of V;_,Ti(C,N) (0 <x <0.4) were prepared
by MW-CRAC methods using a reactor designed taking a mod-
ified domestic microwave oven (DMO) as a basis (Fig. 1). The
reactor design enables reactions under anaerobic conditions and
control over feed gases and flow rates facilitating both solid-state
and solid—gas phase reaction chemistry in a microwave field.
The gas-tight silica reaction vessel is inserted into a modified
DMO (Panasonic NN-T535 operating at 2.45 GHz; maximum
power output 1 kW) through a Cu waveguide and cooling coils
constructed around the reaction vessel external aperture and out-
side the DMO cavity itself. The reaction vessel is inserted into
a position where the sample is located at a point of high field
intensity within the cavity, i.e. a mode. The reactor vessel itself
can be removed to allow handling in an inert atmosphere glove
box (either N or Ar). The DMO used is capable of scaleable
power inputs of 440, 600, 900 or 1000 W as opposed to varying
pulse durations at full power.

For the synthesis of the quaternary carbonitrides, stoi-
chiometric amounts of the respective oxide powders V05
(Sigma—Aldrich 99.6%) and TiO, (Sigma—Aldrich 99.95+ %)
were ground in a 2:1 weight ratio with amorphous carbon
(BDH >99.5%; i.e. C excess), where the latter is intended to act
as reductant, carbon source and MW susceptor. The powdered
reagents (typically ca. 160 mg) were placed atop an additional,
identical quantity of amorphous carbon that acted as a secondary
hearing layer. This ensemble was contained in a gas-tight silica
reaction tube which was inserted into the modified DMO appa-
ratus and subsequent reactant gas flow was set using a mass flow
controller. In all cases, the reactor was flushed with NH3 (BOC
99.99%) for 10 min prior to heating. A flow of 120 ml min~!
of NH3 was maintained during heating and cooling. The reac-
tor was subsequently flushed with argon (BOC 99.995%) for an
additional 5 min before the product was retrieved. The reaction
time, applied power and number of cycles required for the syn-
thesis of various compositions are shown in Table 1. Samples
were reground after each cycle as required.
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Table 1
Reaction conditions for V_,Ti,(C,N) samples.

Sample identifier Composition, x Cycle time (min) Power (W) No reaction cycles
1 0 30 900 1
2 0.1 27 900 1
3 0.2 24 1000 3
4 0.3 24 1000 4
5 0.4 24 1000 4

The products were characterised by powder X-ray diffrac-
tion (XRD) using a Philips X’ pert 6 — 26 diffractometer (with
PW 1130 generator operating at 40kV and 40mA) with Cu
(Ka) radiation. A step size of 0.02° 20 and step time of 4s
was used over a range of 20° <20 < 100°. Scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX)
was conducted using a JEOL 6400 scanning electron microscope
operating at 20kV with a Noran EDX microanalysis system.

To permit EDX analysis two different methods of sample
preparation were used. The first method (i) was to mount the
powdered samples onto carbon tabs allowing both SEM and
EDX analysis of vanadium and titanium concentrations across
the bulk of the samples and from individual particles (area and
point scans, respectively). This method however, did not allow
accurate evaluation of carbon present in the samples (either in
the carbide or from possible excess starting material).

In order to determine the presence and nature of carbon within
the samples, a second preparatory method (ii) was devised.
Excess carbon was floated off from the products by sonication
of ca. 50 mg of the mixture in 200 ml deionised water. The sus-
pensions containing the products were then separated from the
unreacted carbon using a separating funnel. In order to confirm
the floating process was adequate in the removal of unreacted
carbon, a control sample of VN (Aldrich 99.6+%) was ground
with carbon in a 2:1 weight ratio (carbon: VN). The carbon added
was then floated off using the same method. The experimental
(1-5) and control sample suspensions were dried onto a clean
aluminium surface ready for SEM and EDX analysis. EDX mea-
surements of the VN control sample confirmed that only trace
amounts of carbon were present and hence in all likelihood any
carbon detected in the experimental samples originates from
carbidic C.

Using method (i), analysis of many thousands of particles
simultaneously (over a4 x 10* wm? area) was used to determine
the bulk V and Ti stoichiometry of 1-5. Spot analysis (over a
20 wm? area) of various individual particles was also taken at
progressive stages of the reactions. Comparison of the V vs. Ti
distribution was used to examine how the product composition
and homogeneity varied with reaction cycles and intermediate
grindings. Method (ii) was used to establish the presence of
nitrogen (qualitatively) and carbon (semi-quantitatively) within
individual particles of samples 1-5.

3. Results and discussion

In all reactions, arcing across the sample was seen within
2-5s of MW application. The samples began to glow brightly

within 5-10 s and reached a maximum luminous intensity (yel-
low/white) within 30s and thereafter sustained a bright glow
throughout the reaction. Products were sintered grey powders
(becoming lighter in colour with increasing x) with unreacted
amorphous carbon still present. The latter was easily physically
separated from the products.

A series of sequential reductions to the lower oxides of the
constituent metals has been previously observed in the carboth-
ermal reduction of titanium and vanadium oxides.®!* These
reduction processes are seen to be followed by less well defined
stages of either nitridation or carburisation respectively.!%!3:19
The reaction scheme for the carbothermal reduction of the oxides
is reported to include intermediate steps such as:

2V305(s) + C(s) — 4VOa(s) + CO2(g) 3)
2VOy(s) + C(s) = V203(s) + CO2(g) “)
and,

4TiO(s) + C(s) — TisO7(s) + CO(g) ®)
3Ti407(s) + C(s) — 4Ti305(s) + CO(g) (6)
respectively.

Although we did not analyse the evolution of products of
reactions for 1-5 at low time steps systematically, we observed
from PXD that for reactions performed at reduced power and/or
reduced reaction times, mixtures of lower TM oxides of vana-
dium and titanium dominated the products. For vanadium, V,Os5
was reduced to VO, and V,03 as is observed in the conventional
carbothermal process. TiO; appears to reduce to a number of
TiOy_, (e.g. defect rutile and Magnelli) phases. Hence sev-
eral intermediate reduction products are formed prior to the
carburisation and ammonolysis stages and the formation of the
quaternary V-Ti—C-N solid solution phases.

Final products of the Vi_,Tiy(C,N) system were charac-
terised by XRD. Patterns for 1 — 5 are shown in Fig. 2a. The
diffraction patterns of 1-5 show characteristic peaks of an NaCl-
type structure with a shift in the peak positions towards lower
26 values as x increases, commensurate with an increase in the
cell parameter, a. The Bragg peaks are broadened and become
increasingly asymmetric with increasing Ti content (1-5) as
shown for the (11 1) reflections in Fig. 2b. These reflections
could be fitted using a pseudo Voigt function with an empiri-
cal asymmetry correction as implemented in the CMPR suite of
programs.? Due to the broadness of the peaks, and the relatively
low diffraction angle, the contribution of «1/ay splitting to the
peak shape was not explicitly addressed. This approach provides
a straightforward way of assessing the change in peak shape
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Fig. 2. XRD patterns (a) of products V|_,Ti,(C,N), 1-5 over the entire 26 range
and (b) showing the (11 1) reflection for 1-5.

between the five samples. The ability to fit the peaks in this man-
ner suggests that the broadening may arise from microstructural
strain or crystallite size effects.

It is, of course, not possible to rule out the presence of two or
more phases of very similar lattice parameters arising from small
inhomogeneities in composition. This possibility was investi-
gated by following the evolution of peak shape with heating.

A sample of V(g Tip2(C,N) was heated for four discrete heat-
ing cycles of 40 min at 600 W. X-ray diffraction patterns were
collected after each heating cycle and showed that the peaks
became narrower and more symmetric with extended heating
until the third cycle when the peak shape was the same as 3
and further heating caused no changes in the diffraction profile.
This temporal evolution in peak shape suggests that the sample
initially contains two or more rock salt phases with differing

Table 2
Refined lattice parameters for Vi_,Ti,(C,N) samples.

Sample Ti content, x aA)

1 0 4.1625 (3)
2 0.1 4.1689 (3)
3 0.2 4.1768 (9)
4 0.3 4.1863 (4)
5 0.4 4.201 (1)

compositions. Further heating of the sample provides additional
time for mass transport to occur and this leads to narrowing
of the Bragg peaks as the sample composition becomes more
homogeneous. The absence of further peak narrowing suggests
that the thermodynamic product has been obtained and that no
significant compositional variation remains in the sample. This
inference finds strong support from the spatially resolved com-
position measurements obtained from the EDX data described
below.

Reflections were indexed and lattice parameters refined by
least squares methods?? using the software package DICVOL.?!
The refined cell parameters are shown in Table 2. The lattice
parameter increases progressively with x commensurate with
replacement of vanadium by larger titanium atoms within the
mixed metal carbonitride solid solution. This trend is consis-
tent with the cell volumes (a parameters) of both the respective
binary nitrides and carbides, assuming stoichiometric composi-
tions, viz. VN (a=4.137(1) A) 2 vs. TiN (a=4.2417(12) A) 2
and VC (a=4.172(3) A) 2 vs. TiC (a=4.328(2) A). % Aseach
of the binary compounds (VN, TiN, VC and TiC) is reported
as fully mutually soluble,®’ it should be possible to interpo-
late between the lattice parameters of the bimetallic nitrides
and carbides (V1_,TiyN(C)) and the monometallic carbonitrides
(Ti(V)C1-yN,) to derive theoretical lattice parameters for mem-
bers of the pseudo-quaternary solid solution Vi, Ti,C;_yN,
assuming the behaviour of the systems follow Vegard’s law. This
is a reasonable assumption since members of the Ti-Nb—C-N
solid solution system follow such a relationship®® and the lim-
ited data for TiC-TiN and VC-VN suggest linear variation with
mole fraction.® More recent studies of Ti(C,N) materials pro-
duced by high energy ball milling are in line with these earlier
observations.?’

Fig. 3a demonstrates that the lattice parameters of 1-5 fol-
low an approximately linear relationship with Ti content, x and
are indeed consistent with Vegard’s law. Fig. 3b interposes the
lattice parameters of the Ti—V-N-C solid solution within the
V-N-C, Ti-N-C, V-Ti-N and V-Ti—C phase space. From this
representation (Fig. 3b) it is apparent that the ternary systems
V-Ti-N and V-Ti-C also follow approximately linear relation-
ships with metal content, although the slopes are of differing
gradient. The differences in slope and deviation from linearity
in all these systems might be rationalised in terms not simply
of metal stoichiometry, of course, but also of non-metal stoi-
chiometry plus an additional factor of defects (vacancies) on the
non-metal sub-lattice. Such a departure from ideal (1:1) stoi-
chiometry is well known in the binary TM carbides and nitrides
(MCy—y, MNj_,; typically y can be as large as 0.5 while retain-
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Fig. 3. Lattice parameter a vs. x within the V-Ti—-N-C phase field showing (a)
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ing the rock salt structure), but has not been explored in any detail
for multimetallic compounds or for TM carbonitrides. Existing
studies of the binary systems alone can be somewhat inconsis-
tent. For example, in the TiCy_, series, the maximum lattice
parameter has been reported to occur for TiCo g5 (which itself is
only marginally greater than a for TiC).” By contrast, for TiN; —y
rock salt nitrides are reported to form for y < 0.5 with a reach-
ing a maximum at y =0.” Notably, the VC; —y System is reported
to reach a maximum carbon content at y = 0.9.31 Nevertheless,
the decrease in lattice parameter with increasing nominal anion
vacancy concentration is one generally reproduced throughout
interstitial rock salt TM carbides and nitrides.”?
Unfortunately, combustion (CHN; Carbon, Hydrogen, Nitro-
gen) analysis of 1-5 proved inconclusive in quantitatively
determining the carbon and nitrogen composition (although the
presence of both elements was substantiated). The data for both
the bimetallic carbide and the nitride systems in Fig. 3b show
a linear relationship between lattice parameter and metal con-
tent. However, the substitution of Ti for V leads to a more rapid
increase in the lattice parameter for the carbides than in the

Table 3
EDX area scan measurements.

Sample  Ticontent,x  Nominal V:Tiratio  V:Ti (+/—%) ratio by EDX
1 0.0 100:0 100:0 (—)
2 0.1 90:10 91:9 (1)
3 0.2 80:20 80:20 (1)
4 0.3 70:30 70:30 (2)
5 0.4 60:40 61:39 (2)

nitride series. All compounds adopt the rock salt structure and
so the metal-anion distances are constrained /, by the high
site symmetry of the metal and anion positions. The fact that
the rate of change of a vs. x for the V-Ti—-N-C system (1-5) is
different from either the V-Ti—C or V-Ti—N compounds sug-
gests that the degree of carburisation vs. nitrogenation and/or
vacancy inclusion is not a constant for the given reaction con-
ditions (cycle numbers and irradiation times). The carbon vs.
nitrogen concentrations cannot be deduced/interpolated from
the XRD data, as possible anion vacancy effects on the lattice
parameter cannot be de-convoluted. In fact, more generally, a
systematic study of TM pseudo-ternary and quaternary carbides,
nitrides and carbonitrides correlating composition (stoichiom-
etry), structure and both functional and structural properties is
a requirement of some urgency if links between properties and
bonding (electronic structure) are to be understood and manip-
ulated. Elemental analysis and XRD alone are not sufficient to
address these complex relationships, whereas powder neutron
diffraction is an effective probe of light non-metals and vacan-
cies. The approach is one we are to pursue for the Vi-Ti—-C-N
system and other complex carbide—nitride families.

SEM images show agglomerated plate like structures for 1-5,
with individual platelets and irregular crystallites ranging in size
from ca.250 nmto 5 pm. Aggregated particles usually measured
5-30 wm in width. No significant change in size or morphology
of the structures was apparent for each of 3—5 from one heat-
ing cycle to the next. Representative micrographs are shown in
Fig. 4.

EDX using preparation method (i) (see Section 2) was used
successfully to determine the metal ratios present across the bulk
samples and to investigate the compositional distribution of the
metals across discrete areas of individual particles with reference
to the number of heating cycles used in the synthesis. Analysis
across 4 x 10% pm? areas confirmed the intended ratios of V and
Ti for 1-5 (Table 3).

Comparison was also made of the ratios of vanadium and tita-
nium present within selected 20 wm? areas — typically covering
up to 10 individual particles — to determine the degree of homo-
geneity in the metal distribution (as assessed by the mean and
standard deviation of Ti content, x across 7—10 particles) with
heating cycle number. These measurements show that the vari-
ability in titanium content between different particles in a sample
is largely independent of x. This provides strong evidence that
inhomogeneous variation in metal content is not responsible for
the peak broadening observed in the X-ray diffraction profiles for
larger values of x. One alternative to crystallinity and size/strain
effects as the origin of the peak shape is stoichiometric variation
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Fig. 4. SEM micrographs of typical morphology seen for V;_,Ti,(C,N) sam-
ples. Shown are images of (a) 3 and (b) 5.

in the non-metal content. This is not unreasonable given that the
nitrogen content is governed by a solid—gas reaction; there could
thus be a concentration gradient from the top to the bottom of
the sample under non-equilibrium conditions and an increase
in nitrogen stoichiometry with an increased number of heating
cycles.

Precise measurement of carbon composition is not possi-
ble via a conventional EDX experiment where an SEM sample
is mounted on a carbon surface. Further, the titanium L-edge
overlaps regions of the spectrum where nitrogen K-edge peaks
would be observed, rendering the quantitative determination
of the nitrogen content difficult. Qualitative analysis of the
carbon and nitrogen content present within 1-5, however, is
possible by EDX using method (ii) as described in Section
2. Representative EDX spectra are shown in Fig. 5 of both 1,
V(C,N), with unreacted carbon floated off, and a reference sam-
ple of (VN + carbon) with carbon then removed using the same
method. A characteristic peak of the Al support can be seen in
both spectra at 1.45 keV. EDX data indicate that all samples are
free of oxygen contamination.

Vanadium, carbon and nitrogen are all found when exam-
ining discrete particles of the V(C,N) product after the excess

Fig. 5. EDX spectra of (a) 1 post carbon-floating process and (b) a VN + carbon
reference sample post carbon-floating process.

carbon has been removed by flotation (Fig. 5a). (A sodium impu-
rity; almost certainly from handling can also be seen here). By
contrast, although vanadium and nitrogen are clearly observed,
negligible levels of carbon are detected in the VN reference
sample after flotation (Fig. 5Sb). Hence the EDX data support the
conclusion that carbon in 1-5 is intrinsic to the main phase and
that 1-5 are quaternary carbonitrides.

Previous work describing the use of modified DMO appa-
ratus for the synthesis of binary nitrides reported carbothermal
nitrogenation occurred with no evidence of carburisation.'? Tt
has been reported that during the carbothermal nitridation of
vanadium (via inductive heating), the formation of the car-
bide occurs only when the initial carbon content exceeds a
molar ratio of 1:5 V,05:C and increases proportionally with
increasing carbon thereafter.'® Comparable initial oxide:carbon
molar ratios were employed during our experiments with
the additional presence of the separate carbon layer (Fig. 1)
which was not intimately mixed with the oxide precursors.
Our experimental evidence indicates that sufficient carbon is
present to drive the formation of the carbonitrides rather than
the nitrides. It does appear, however, that longer reaction
times (increased heating cycles) lead to further nitriding and
that a reaction sequence of reduction—carburisation—nitridation
probably exists with the current configuration of our exper-
iments. This is a premise we aim to test in future in situ
experiments.
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We are currently pursuing ways to optimise these reactions
and to measure and control the levels of carbon and nitrogen
inclusion both within this system and within a wider variety of
other mixed transition metal carbonitrides. By exerting these
greater levels of non-metal control, it should be possible to tune
both electronic and structural (mechanical) properties. This is
an exciting prospect and one we are considering in our current
research.

4. Conclusion

Bimetallic carbonitrides, V|_,Ti(C,N), have been syn-
thesised as a solid solution over a compositional range of
0 <x<0.4. The materials have been rapidly synthesised via
a carbothermal reduction—ammonolysis/carburisation (MW-
CRAC) method under direct microwave heating and controlled
atmospheres using a modified DMO reactor. Total reaction times
are an order of magnitude quicker than using conventional meth-
ods used for synthesis of the constituent monometallic carbides
and nitrides.??

XRD and EDX data support the conclusion that mixed metal
carbonitrides are being formed. Increasing numbers of heating
cycles are required to achieve a homogeneous metal distribu-
tion in compositions of increasing titanium concentration (x).
We speculate that variation in the homogeneity of the anion sto-
ichiometry may be one cause of XRD peak asymmetry and that
C:N ratios may be determined by reaction duration (number of
heating cycles).
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