Journal of Alloys and Compounds 478 (2009) 392-397

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Journal af

ALLOYS
AND COMPOUNDS

Reaction of titanium with carbon in a laser heated diamond anvil cell
and reevaluation of a proposed pressure-induced structural phase

transition of TiC

Bjorn Winkler®*, Erick A. Juarez-Arellano?, Alexandra Friedrich?, Lkhamsuren Bayarjargal?,

Jinyuan YanP, Simon Martin Clark®

a Institut fiir Geowissenschaften, Goethe-Universitdt Frankfurt, Altenhoferallee 1, 60438 Frankfurt a.M., Germany
b Advanced Light Source, Lawrence Berkeley National Laboratory, MS6R2100, 1 Cyclotron Road, Berkeley, CA 94720-8226, USA

ARTICLE INFO ABSTRACT

Article history:

Received 25 September 2008

Received in revised form 3 November 2008
Accepted 6 November 2008

Available online 14 November 2008

The formation of cubic TiCyfrom the elements was studied in a laser-heated diamond anvil cell at pressures
up to 26 GPa. Annealed samples at these pressures show no splitting of the cubic(11 1) or (2 2 2) reflection.
This is in contrast to an earlier study, in which a splitting of the (11 1) reflection was observed above
18 GPa. The recovered sample had a lattice parameter of 4.3238(6) A, which implies that the synthesis

gave fully stoichiometric TiC. Density functional theory-based model calculations were used to study the
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dependence of the total energy of arhombohedral distortion. In these model calculations the total energy
was minimal for the undistorted (cubic) lattice. Therefore, the results obtained here imply that at least
for titanium carbides with a high carbon content no pressure-induced structural phase transition up to
at least 26 GPa occurs. The appearance of a trigonal TiCy, polymorph during the synthesis is discussed in
terms of its relative stability with respect to the cubic phase.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The ‘interstitial’ carbides of group IV and group V elements
are refractory, have high hardness and strength and often a high
thermal and electrical conductivity. This makes them interesting
candidate materials for applications such as coatings and diffu-
sion barriers. Hence, their structure-property relations have been
studied extensively, both experimentally and theoretically [1].

A typical representative of this group of compounds is TiC.
Cubic §-TiC crystallises in the NaCl-structure type, with space group
Fm3m, and a lattice parameter of a = 4.327(4) A at ambient con-
ditions. As with most carbides, the structure can accommodate a
large concentration of defects on the ‘interstitial’ carbon positions,
leading to substoichiometric TiCy, with 1 > x > 0.5. Lattice param-
eters and physical properties depend on the defect concentration.
For example, the lattice parameter for a highly carbon deficient
TiCo5=4.30A [1].

Possible ordering schemes of the defects have been discussed
controversially in the literature [2-5]. Regrettably, the nomen-
clature has been inconsistent, as phases with different crystal
structures have been given the same designation in the case of §'.
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For low carbon concentrations (up to TiCg 1), a cubic phase with
space group symmetry Fd3m and twice the lattice parameter of the
§-phase has been reported [5] to be the stable phase at high tem-
peratures above T ~ 1050K. An ordered rhombohedral structure
§”-phase has been suggested to be stable at lower temperatures
[6]. A trigonal structure with space group P31 or P3121 has been
discussed by [3] and [2], respectively. These two space groups have
the same reflection conditions. In a recent in situ neutron scattering
study by Winkler et al. [7] only the cubic §-phase was observed.
The synthesis of TiC at ambient pressure has been studied with
various methods (see summary in Winkler et al. [7]) and the phys-
ical properties of TiC at ambient pressure have been extensively
documented [1]. In contrast to these numerous studies at low and
high temperatures, little is known about the pressure-dependence
of structure-property relations. An initial study of the high pres-
sure behaviour of TiC has been presented by Dubrovinskaia et al.
[8]. In that study, a cubic to rhombohedral phase transition was
found to occur at around 18 GPa. This was deduced from the obser-
vation of a splitting of the cubic (11 1) reflection. At 1bar, the
(11 1)-reflection had a FWHM of about 0.03 A, while the reflection
broadens to > 0.1A at 38 GPa. Csl was employed as a pressure-
transmitting medium up to 18 GPa, while no pressure-transmitting
medium was used at higher pressures. Diffractograms were col-
lected with an in-house CCD camera mounted on a rotating anode
generator. DFT model calculations, based on the FPLMTO method,
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Fig. 1. Diffractograms before laser heating at 10 GPa (left) and 15 GPa (right). Only the starting materials can be detected, but the titanium has already transformed into the
w-polymorph.

were presented by Dubrovinskaia et al. [8] to support their find- We employed Boehler-Almax diamond anvil cells [10] with conical anvils,
ings, as these calculations showed a lowering of the total energy by 0.35 mm culets and an effective ape‘rture ofw 60°. We used tungsten gaskgts, prein-
arhombohedral distortion on compression. dented t<? 42 pm. Gasket holes with a diameter of ~ 1'20 wm were drllled.by a
h 1 dvb b inskai 118 ised home-built laser lathe. We used NaCl as a pressure medium and for thermal insu-

The exploratory study by Dubrovinskaia et al. [8] raised a num- lation. Titanium foil (Alpha Aesar, purity 99.99%) with a thickness of 25 um and

ber of questions, such as the pressure-dependence of the structural graphite, which has been characterised earlier [ 7] served as starting materials. Rubies

distortion. In the framework of a systematic study of the forma- were loaded to allow pressure determination by the ruby fluorescence method.
Due to the strong absorption of the laser radiation by the opaque samples, only

tion of transition metal carbides from the elements in laser heated dorate 1 = 20W)  odl 10 achieve bright hot soots indicati
. . R . moderate laser power (< was required to achieve bright hot spots indicating
diamond anvil cells, we therefore, studied the structure of TiC at temperatures around 2000 K. However, due to technical problems with the tem-

high pressures in order to provide experimental constraints on the perature determination, only approximate temperatures to within 300K could be

pressure-induced behaviour of this important transition metal car- determined. As the current study was aimed to observe reactions and characterise

bide. the products, this short-coming had no consequences in the present context.
Diffractograms were acquired with a MAR345 image plate detector. Counting

times varied between 120 and 3600s. Most data collection was done with a 10 x
2. Experimental details 10 wm?2 beam spot. The laser spots had a diameter of about 15-30 wm. Data analysis
was performed with DatLab [11], Fit2D [12], GSAS [13] and Fullprof [14].

Pressures were determined with an off-line spectrometer using the ruby fluo-
rescence method [15] and from the known equation of state for NaCl [16] during the
diffraction measurements. The two pressures determined independently from each
other agreed typically within 1 GPa.

High pressure experiments were performed at the Advanced Light Source, ALS
(Berkeley), on beam line 12.2.2 using 30 keV radiation. Double-sided laser heating
was performed with fibre lasers. The experimental set-up is described in detail in
Caldwell et al. [9].
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Fig. 2. Diffractograms during laser heating at 15 GPa (left) and after laser heating at the same pressure (right).
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Fig. 3. Enlargement of the diffractograms during laser heating at 15 GPa (left) and after laser heating at the same pressure (right). During laser heating, the presence of a
trigonal structure with lattice parameters of apey = 3.074 A and cpey = 14.877 A could be deduced from several non-overlapping reflections.
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Table 1

Phases and their lattice parameters identified in the diffraction patterns during the various runs.

P (GPa) LH Phase S.G. a(A) c(A) V(A3)

10 - B1 NaCl Fm3m 5.1764(2) = 138.71(1)
w-Ti P%mc 4.4761(2) 2.7483(2) 47.686(5)
w Im3m 3.1214(3) = 30.412(5)

15 Before B1 NaCl Fm3m 5.1126(3) - 133.64(2)
-Ti P%mc 4.4495(4) 2.7454(3) 47.072(8)

15 During B1 Nacl Fm3m 5.1547(2) - 136.966(7)
-Ti P& mc 4.4134(7) 2.7399(4) 46.220(1)
TiC Fm3m 4.2293(1) = 75.650(3)
trig-TiCx P3;21 3.0736(4) 14.877(3) 121.86(3)

15 After B1 NaCl Fm3m 5.1297(2) - 134.985(8)
w-Ti P mc 4.4335(3) 2.6743(9) 45.52(2)
TiC Fm3m 4.2195(2) = 75.126(5)

25 Before B1 NaCl Fm3m 4.9657(5) = 122.45(2)
-Ti P& me 4.4043(6) 2.68(2) 45.1(3)
W Im3m 3.1051(3) = 29.939(5)

25 After B1 NaCl Fm3m 4.8996(5) = 117.62(1)
B2 NaCl Pm3m 3.0410(3) = 28.123(5)
\W Im3m 3.0925(6) - 29.58(1)
TiC Fm3m 4.1787(4) = 72.97(1)
Ruby R3c 4531(1) 12.147(4) 215.9(1)

Recovered - B1 Nacl Fm3m 5.6321(2) - 178.65(1)
-Ti P me 4.7027(2) 2.8426(3) 54.442(7)
TiC Fm3m 43116(2) = 80.154(5)
W Im3m 3.1495(6) = 31.24(1)

LH, laser heating; S.G., space group.
3. Results

The first set of data were collected at 10 GPa. The pressure deter-
mined by ruby fluorescence was 9.9(2) GPa, while pressure from
the equation of state of NaCl was 10.6(2) GPa. At that pressure,
the titanium had transformed from the hcp a-structure to the w-
polymorph, with a,(Ti,10 GPa) = 4.4761(2) A and c,(Ti, 10 GPa) =
2.7483(2) A. The diffractogram obtained before any heating (Fig. 1)
could be fully indexed by an assignment of peaks to either Ti, W
(from the gasket), or NaCl (used in the thermal insulation). Due
to its comparatively low scattering cross-section, carbon could not
be detected. At 15 GPa, the diffractogram only shows reflections
of NaCl and w-Ti (Fig. 1) and the values for the lattice param-
eters of titanium decreased to a,(Ti,15GPa) = 4.4495(4)A and
cw(Ti, 15 GPa) = 2.2454(3) A. These values are in very good agree-
ment with those listed by Errandonea et al. [17], who studied the
influence of the pressure medium on the transition pressure of
titanium by diffraction.

Laser heating with moderate laser power (around 10-15 W per
laser) led to temperatures of about 1600-2200K in the sample.
Experience shows that the optical emission of samples which react
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on laser heating is very variable and a more reliable temperature
determination was not possible. These (P,T)-conditions led to the
formation of cubic TiC and, during some heating experiments, also
of trigonal TiCy (Figs. 2 and 3). Trigonal TiCy was identified from
several non-overlapping reflections (Fig. 3) but was only observed
during a few measurements at 15 GPa. We did not detect any trace
of the trigonal phase at higher pressures or in the recovered sample.
The lattice parameters of all phases identified at various run
conditions are given in Table 1. Clearly, it is not possible from the
data obtained here to determine the exact composition of the car-
bides at high (P,T)-conditions, as sub-stoichiometry will have the
same effect on the lattice parameter as pressure. Non-stoichiometry
at ambient conditions leads to changes in the lattice parameter
of less than 0.03 A. This uncertainty, in conjunction with the few
data points, prevents a reliable determination of an equation of
state. However, as will be described below, the final product was
stoichiometric or near-stoichiometric TiC and so the problem of
non-stoichiometry may be non-existent at high (P,T)-conditions.
A cubic-to-rhombohedral phase transformation was suggested
to occur for TiC at ~ 18 GPa [8]. In order to quantify the proposed
splitting of the cubic (11 1) reflection with a higher resolution than
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Fig. 4. Diffractograms recorded at 25 GPa before (left) and after (right) laser heating.
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Fig. 5. Diffractograms before and after annealing the sample at 25 GPa. The top row shows the cubic (11 1) reflection of TiC, the lower row shows the cubic (2 2 2) reflection.

was available in the earlier study, we increased the pressure to
25 GPa and annealed the sample by scanning it from one side with
low laser power. The results are shown in Fig. 4. Before laser heat-
ing, we observe NaCl in the B1 structure type, w-Ti and tungsten
from the gasket. After laser heating, we have NaCl both in the B1
and B2 structure type, cubic TiC and we also observe reflections
belonging to the ruby crystal. At the laser heated spot there was no
remaining titanium within the detection limit, which is estimated
at a few vol%.

As is well known, annealing greatly reduces residual strain
induced by deviations from hydrostaticity. This is also observed
here. An enlargement of the regions around the cubic (111) and
(22 2) reflections of TiC is shown before and after laser heating in
Fig.5.The FWHM of the (11 1)and (2 2 2) reflections after annealing
were ~ 0.03 A, and hence no broadening was detectable. The (111)
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Fig. 6. Diffractogram of the recovered sample.

slightly overlaps with B1-type NaCl-(2 0 0), but the non-overlapping
(222) also clearly shows no splitting.

No further phases were observed on laser-heating at 25 GPa,
either on regions of the sample which had been reacted before
at lower pressures or on regions in which there was still titanium
present. Hence, we conclude that the stable carbide phase at these
conditions is TiC and that the stability field of TiC extends to at least
(2000K, 25 GPa).

The diffractogram of the recovered sample (i.e. sample in the
gasket measured outside the DAC) is shown in Fig. 6. The lattice
parameter of the recovered TiC sample is a(TiC,1 bar) = 4.3238(6) A.
The precision of this result can be estimated by a comparison of the
lattice parameter of NaCl in the recovered sample. We determined
a(NaCl,1bar) = 5.6352(7)A, while literature values for ambient
conditions range from 5.639 to 5.644 A [18]. Fully stoichiometric
TiC has a lattice parameter of ~ 4.327 A and a carbon deficiency
causes the lattice parameter to shrink down to 4.30A for TiCqs.
Hence, the sample synthesised at high (P,T) conditions seems to be
fully stoichiometric.

4. DFT model

The experiments discussed above indicated that there was no
rhombohedral distortion in our experiments, while in Dubrovin-
skaia et al. [8] DFT-FPLMTO models gave a small rhombohedral
distortion at a 5% compression. Density functional theory calcu-
lations have extensively been used to model structure-property
relations of carbides and hence, we thought it worthwhile to rede-
termine the energy gain through the rhombohedral distortion.

We have shown in an earlier paper [7] that a DFT-based model
using the generalised gradient approximation, a plane wave basis
set and ultrasoft pseudopotentials satisfactorily reproduced struc-
tures and properties of titanium and TiC. We therefore continued
these calculations here. We used commercial and academic ver-
sions of CASTEP [19]. Concurrent geometry optimisations of unit
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stant volume V = 0.93Vj, corresponding to 20 GPa. Clearly, the energy minimum
corresponds to the cubic structure.

cell and internal coordinates were performed so that forces were
converged to 0.005 eV/A and stress residual to 0.005 GPa.

The theoretical lattice parameter a(TiC,theo) = 4.333 A shows
the expected good agreement with the experimental value obtained
here (a(TiC,exp, 1bar) = 4.324A). Elastic properties have been
obtained from stress-strain calculations, and the correspond-
ing theoretical values are: bulk modulus B(TiC,theo) = 227(1) GPa,
Voigt shear stiffness ftyig(TiC,theo) = 168.5 GPa, Reuss shear stiff-
ness freuss(TiC,theo) = 168.2 GPa, Young’s modulus E(TiC,theo) =
419.9 GPa, and Poisson ratio o(TiC,theo) = 0.19. All these values are
in the expected good agreement with the corresponding exper-
imental data [20], which depend slightly on composition: bulk
modulus B(TiC, exp) = 232-253 GPa, shear stiffness u(TiC,exp) =
164-190GPa, Young's modulus E(TiC,exp) = 436-462 GPa, and
Poisson ratio o(TiC, exp) = 0.17-0.25. This demonstrates again the
reliability of the model calculations.

The energy as a function of an imposed rhombohedral angle at
a V[V = 0.93, corresponding to a pressure of 20 GPa, is shown in
Fig. 7. Clearly, it has a minimum at an angle of 90°, i.e. according
to our DFT calculations, and in agreement with our experiments,
there is no transformation to a structure with lower symmetry.

We also studied the trigonal polymorph. It is generally not
straightforward to model the stability of defect structures with DFT
models such as those employed here, as these would require large
supercell calculations and sophisticated models to study the short-
range ordering behaviour of defects. However, as was the case in our
earlier model calculations, where we simulated the incorporation
of carbon into titanium, models neglecting short-range ordering
can provide semiquantitative information of the role of defects.

We first described cubic TiC in a trigonal coordinate system. The
corresponding structure has space group symmetry R 3 m with full
occupation of the carbon sites. After the geometry optimisation,
this structure has lattice parameters of ay;g(TigCs) = 3.086A and
Crig(TigCq) = 15.118 A and the maximal displacement of an atom
from its position in the NaCl-type structure was 0.0008 A. Hence,
the trigonal structure is indistinguishable from the cubic structure
and a fully occupied trigonal polymorph does not exist. However,
the lattice parameters of the trigonal structure in which all car-
bon sites are occupied are already very close to the experimentally
observed values (Table 1), and this implies, that only small struc-
tural changes are required. Geometry optimisation calculations
after partially removing carbon atoms from the trigonal structure
showed the expected behaviour, namely that the a-lattice param-
eter is only slightly dependent on the carbon content, while the
c-lattice parameter shrinks significantly, e.g. to 14.489 A for TigCs.

Neglecting the influence of pressure and temperature, the carbon
deficient structures are always stable with respect to a mechan-
ical mixture of the elements. Hence, they can appear at least as
metastable phases. We can calculate reaction energies, for example
for the reaction

TigCs(trig.) + 3C < 6TiC(cub.) (1)

In this reaction, the cubic phase is more stable by 63 kJ/mol of
TiC, and hence, in a carbon saturated environment, we expect cubic
TiC to be the product. This is consistent with the observations we
made in our experiments. On the other hand, for the reaction

6TiC(cub.) + 6Ti <> 6Ti,C(trig.) 2)

we predict that the trigonal phase is more stable by 25 k]J/mol of
Ti,C, so that in a carbon undersaturated environment, the trigonal
phase may become the dominant product.

Due to the approximations made, these calculations are only
indicative, but we believe that the DFT model captures the essence
of the reaction and the structures involved, namely the existence
of a trigonal defect structure, which c-lattice parameter strongly
depends on the carbon concentration and which has an energy not
too different from the cubic phase. All results from the model cal-
culations are fully consistent with the experimental observations.

The existence of a trigonal phase required additional high pres-
sure calculations, as, due to different symmetry constraints, this
structure could have a different distortion mechanism on pres-
sure increase than a structure which is constrained to have cubic
symmetry. However, after geometry optimisations at 40 GPa, the
relaxed trigonal structure with full occupation of all carbon posi-
tions could again be transformed without distortion into a cubic
structure and hence, also at 40 GPa, no stoichiometric trigonal struc-
ture exists.

5. Summary

The results obtained here from experiments and model cal-
culations indicate that TiC does not undergo a structural phase
transition up to 25GPa, the highest pressure studied here. Our
results also imply that, while a trigonal polymorph can be synthe-
sised at high pressures, it is, in the presence of excess carbon, always
less stable than stoichiometric cubic carbide.
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