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bstract

arious monolithic (Ti,W)C powders were synthesized from mixtures of carbon and oxides by varying the W content. The carbon content in the
Ti,W)C solid solution decreased with increasing W content when the solid solution was sintered at 1510 ◦C for 1 h. The lattice parameters of

he sintered (Ti,W)C ceramics tend to decrease with carbon content. In this study, the changes in the carbon content as a function of the tungsten
ontent were compared with the results obtained using ThemoCalc® software. The relationship between the lattice parameter and composition was
xamined using an analytical approach and ab initio simulations.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Monolithic (Ti,W)C is a solid solution of TiC and WC
hat has been in demand by the hard materials industry since
he 1980s.1,2 Recent advances in processing carbides have
endered an economical way of producing such materials,
ncluding more complex materials, such as (Ti,W,M1,M2)C-
r (Ti,W,M1,M2)(CN)-type solid solutions.3–6 These materials
ave the same B1(NaCl) crystal structure as TiC, as well as
ther excellent properties of TiC, such as high hardness, chemi-
al stability, and deformation resistance at high temperatures.
specially, these solid solutions offer significantly improved

oughness,6 which has been in demand to overcome the appli-
ation limits of TiC- and Ti(CN)-based cermets and ceramics.

Generally, TiC is a nonstoichiometric compound, and fully
nnealed TiC shows a Ti:C mole ratio of 1:0.98. The carbon defi-
iency in the compound varies with temperature and the addition
f other elements in the form of a solid solution. Therefore, a
hange in the stoichiometry of (Ti,W)C1−y as a function of a sec-
ndary element, W in this case, is an interesting and important

ssue in the development of such solid solution carbides.7

W and C form stoichiometric WC with a hcp structure at
ow temperatures. By contrast, WC, with a B1(NaCl) structure,

∗ Corresponding author. Tel.: +82 2 880 7167; fax: +82 2 884 1413.
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s only stable above 2500 ◦C.8 Two separate phases, (Ti,W)C
nd WC, are formed when excessive amounts of WC are added
o TiC, due to their limited solubilities. The solubility limit, x,
f W in the (Ti1−xWx)C phase is reported to be ∼0.5.6 When
t exceeds this limit, pure WC co-exists with (Ti,W)C in the

icrostructures.
In this study, a monolithic (Ti,W)C solid solution powder was

ynthesized by milling mixtures of oxides and carbon powder.
he change in the carbon content was investigated as a func-

ion of the W content in the solid solution, and the results were
ompared with those obtained using ThermoCalc® software. An
nalytical investigation was undertaken to help understand the
ehavior of C and W in the solid solution phases by measur-
ng the lattice parameters. Furthermore, the results of ab initio
imulations via pseudo-potential total energy calculations were
sed for comparison.

. Experimental procedure

The (Ti,W)C powders were produced using anatase TiO2
99+ % purity, <40 �m, Sigma–Aldrich), WO3 (99+ % purity,
20 �m, Sigma–Aldrich), and C (99.9%, 10 �m, Curcuma

onga). Assuming that the carbon in the system reduces all of

he oxides to carbon monoxide (CO), the raw materials were
eighed carefully to produce stoichiometric (Ti1−xWx)C. The

arget value of x was varied from 0.05 to 0.5, i.e., 5–50 at.%. The

mailto:shinkang@snu.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2009.10.022
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Fig. 1. XRD analysis of powders synthesized at 1300 ◦C for 1 h by the carboth-
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xide mixtures were subjected to high-energy ball milling using
planetary mill (Fritsch Pulverisette 5). The WC–Co balls (as

he milling medium) were mixed with the oxide mixtures and
arbon at a ball-to-powder weight ratio of 40:1. All milling pro-
edures were carried out at a speed of 250 rpm for a period of
0 h in tungsten carbide bowls that were initially purged and
lled with Ar. The final (Ti,W)C powders were prepared by
arbothermal reduction under vacuum (∼10−4 atm), at 1200 or
300 ◦C, for 1 h.

The powders were reduced carbothermally and subsequently
nalyzed with a Carbon analyzer (Leco WC-200AC USA),
itrogen/Oxygen analyzer (Leco TC-436 USA), and X-ray
iffraction (XRD, M18XHF-SRA, Macscience, Japan) with Si
s the reference. The powders were compacted into disks, each
cm in diameter, under a pressure of 125 MPa. They were then

intered at 1510 ◦C for 1 h under vacuum (∼10−4 atm). The
attice parameters of the powders and sintered samples were
alculated using the Nelson–Riley method.9 The grain sizes of
he carbides were calculated using Scherrer’s formula.10 The
ernary phase diagram for Ti–W–C was obtained using the
hermoCalc® program.

Ab initio pseudo-potential total energy calculations were per-
ormed using the plane-wave basis set. This was done in order
o understand the structure and energetics of the (Ti1−xWx)C
ystem in more detail.11 The Generalized Gradient Approxima-
ion to the Density Functional Theory and Vanderbilt ultrasoft

seudo-potentials, generated with a Scalar-Relativistic Calcula-
ion for W and Ti and non-relativistically for C was used.12,13

he (Ti1−xWx)C system was simulated using the supercell
ethod with 64 atoms per unit cell. For the total energy cal-

w
e
w
t

Fig. 2. The CNO analysis of various (Ti1−xWx)C1−y powders: (a
rmal reduction: (a) (Ti0.8W0.2)C, (b) (Ti0.7W0.3)C, (c) (Ti0.6W0.4)C and (d)
Ti0.5W0.5)C.

ulation, the Brillouin zone was sampled according to the
onkhorst-Pack scheme, and the irreducible k-point numbers

ere varied from 6 to 8, depending on the unit cell. The cutoff

nergy for the plane-wave basis was 55 Ry. The atomic positions
ere fully relaxed until all of the force components were smaller

han 10−3 Ry/aB.

) total carbon, (b) nitrogen, (c) oxygen and (d) free carbon.
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Fig. 3. XRD analysis of ceramics sintered at 1510 ◦C. The following pow-
ders were synthesized at 1300 ◦C for 1 h: (a) (Ti W )C, (b) (Ti W )C,
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. Results and discussion

.1. (Ti,W)C solid solution powder

Fig. 1 shows the XRD results of the powders synthesized
fter carbothermal reduction at 1300 ◦C for 1 h. The peaks for
Ti,W)C and WC were identified in the systems. Complete solid
olutions were synthesized in the (Ti0.8W0.2)C and (Ti0.7W0.3)C
ystems, whereas the target compositions of (Ti0.6W0.4)C and
Ti0.5W0.5)C contained (Ti,W)C and WC phases. A similar
esult was obtained for the powders synthesized at 1200 ◦C
or 1 h with the higher amounts of WC, i.e. (Ti0.6W0.4)C and
Ti0.5W0.5). These results suggest that increasing the processing
emperature increases the solubility limit for W in (Ti,W)C.

Fig. 2 shows the results of the CNO(carbon/nitrogen/oxygen)
nalysis for the powders synthesized at 1200 and 1300 ◦C. In
oth powders, the amounts of nitrogen and oxygen decrease with
ncreasing W in (Ti,W)C (Fig. 2b and c). The oxygen content
s more affected by the reduction temperature than the nitrogen
ontent is. It is because the carbothermal reduction is controlled
y the processing temperature and the degree of noncrystallinity
n the milled oxide mixture. The powder synthesized at 1300 ◦C
as lower oxygen content than that produced at 1200 ◦C. The
xygen content was much lower after sintering in both cases
han before sintering.

In terms of the total carbon content, there was no significant
ifference between the powder and sintered ceramics (Fig. 2a).
his was particularly true for the powder synthesized at 1300 ◦C.
his means that the stable (Ti,W)C compositions are already
btained during powder synthesis, when x in (Ti1−xWx)C
xceeds 0.2. However, the carbon content of the powder syn-
hesized at 1200 ◦C shows a significant difference of ∼5 wt.%
or low W compositions (x < 0.15). The amount of free carbon in
he powders was also somewhat high for the powder synthesized
t 1200 ◦C, even if the amount was negligible (<0.2 wt.%) after
intering. This is consistent with the trend of total carbon. The
ecreases in the total and free carbon contents were attributed to
he loss of carbon during the high temperature processing and
he formation of an equilibrium (Ti,W)C phase.

.2. Stoichiometry and lattice parameters of (Ti,W)C

eramics

Ceramic bulk samples were prepared at 1510 ◦C for 1 h using
he powders that had been synthesized at 1200 or 1300 ◦C for

s
s
(
t

able 1
he carbon content in the (Ti,W)C ceramics along with the values calculated by Ther

arget compositions Ceramics sintered at 1510 ◦C from 1200 ◦C Cerami

Ti0.95W0.05)C (Ti0.95W0.05)C0.784
a

Ti0.90W0.10)C (Ti0.90W0.10)C0.743
a

Ti0.85W0.15)C (Ti0.85W0.15)C0.702
a

Ti0.80W0.20)C (Ti0.788W0.212)C0.850 (Ti0.793

Ti0.70W0.30)C (Ti0.683W0.317)C0.902 (Ti0..690

Ti0.60W0.40)C (Ti0.598W0.402)C0.887 (Ti0.580

Ti0.50W0.50)C (Ti0.568W0.432)C0.896 (Ti0.524

a The W content was not analyzed. It is expected to be slightly higher than the targ
0.8 0.2 0.7 0.3

c) (Ti0.6W0.4)C, and (d) (Ti0.5W0.5)C.

h. Fig. 3 shows the XRD patterns of the samples made from
he powders produced at 1300 ◦C. There was no change in the
hases formed at the two synthesis temperatures after the sin-
ering process, except for the WC content in the (Ti0.6W0.4)C
nd (Ti0.5W0.5)C systems. The (Ti0.6,W0.4)C system, which is
ade from the powder synthesized at 1300 ◦C, no longer has a
C phase after sintering at 1510 ◦C. This is thought to be due to

he increased solubility limit of WC. However, both the sintered
Ti0.6W0.4)C and (Ti0.5W0.5)C ceramics made from the powders
ynthesized at 1200 ◦C contained (Ti,W)C and WC.

Table 1 shows the compositions calculated from the results
f TEM/EDS and CNO analyses (Fig. 2). In all compositions,
he W concentrations were relatively uniform, irrespective of the
ocations observed in the grains. The measured W content was

ore than what was added to the system. The W contents were
lightly higher than the intended values in all systems except for

◦
ome compositions, such as (Ti0.6W0.4)C (made at 1200 C) and
Ti0.5W0.5)C (made at 1200 and 1300 ◦C). This was attributed
o W contamination from the WC–Co milling balls.

moCalc® at 1510 ◦C.

cs sintered at 1510 ◦C from 1300 ◦C ThermoCalc® at 1510 ◦C

W0.207)C0.887 (Ti0.8W0.2)C0.855–(Ti0.8W0.2)C0.938

W0.310)C0.911 (Ti0.7W0.3)C0.852–(Ti0.7W0.3)C0.931

W0.420)C0.879 (Ti0.6W0.4)C0.838–(Ti0.6W0.4)C0.898

W0.476)C0.885 (Ti0.5W0.5)C0.838–(Ti0.5W0.5)C0.852

et values.
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Fig. 5. The change in the lattice parameter of nonstoichiometric (Ti1−xWx)C1−y

as a function of W content: Curve E : experimental bulk from 1200 to 1510 ◦C
(�), 1300 to 1510 ◦C (�), Curve (1): a straight line obtained using Eq. (1)
based on the stoichiometric (Ti1−xWx)C0.98, Curve (3): 1200–1510 ◦C bulk cal-
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3.3. Lattice parameters by an analytical approach
ig. 4. Calculated phase diagram of Ti–W–C at 1510 ◦C using ThermoCalc®:
(Ti1−x,Wx)C1−y.

Using ThermoCalc® software, the ternary phase diagram of
i–W–C at 1510 ◦C was calculated to confirm the stable phase
eld boundary and compositions, as shown in Fig. 4. A NaCl
rystal structure, (Ti,W)(C,V), where V stands for a vacancy, was
sed for the calculation. The phase region where the (Ti,W)C
olid solution phase exists is widespread with respect to the

content. However, it becomes narrow with respect to the
arbon content. According to the calculations, W can replace
p to 55.2 at.% of the Ti in the TiC sublattice at 1510 ◦C. The
alculated composition is (Ti0.447W0.552)C0.844.

Table 1 also reports the calculated carbon range for a fcc
olid solution at the specific Ti to W ratios. In general, the car-
on content decreases with increasing W content in (Ti,W)C.
he samples prepared for the (Ti0.8W0.2)C, (Ti0.7W0.3)C, and

Ti0.6W0.4)C target compositions have carbon contents that are
ithin the carbon content ranges predicted by ThermoCalc®.
his is not the case for samples made to have the target com-
osition (Ti0.5W0.5)C. This is because excess W in the (Ti,W)C
eparates from the solid solution, in the form of WC, at the sin-
ering temperature. Nevertheless, this somewhat contradicts the
esult from the phase diagram.

It should be noted that the final compositions,
Ti0.568W0.432)C0.896 at 1200 ◦C or (Ti0.524W0.476)C0.885
t 1300 ◦C, which are in equilibrium with WC, are somewhat
ifferent from the predicted composition, (Ti0.447W0.552)C0.844.
n addition, the measured carbon content in the sintered ceram-
cs is almost independent of W. This indicates that the carbon
n the (Ti1−xWx)C phase has a higher stability in the vicinity of
510 ◦C than predicted. TiC and WC powders are often synthe-
ized at temperatures higher than 1700, 1300 ◦C, respectively.14

he input data of ThermoCalc® is based on these results. Thus,
he relatively low processing temperature of 1200–1300 ◦C
sed in this study might be the cause of the difference.

The lattice parameters of (Ti,W)C with various compositions

ere obtained using the Nelson–Riley method. Fig. 5 shows

he results of the various (Ti1−xWx)C1−y ceramics synthesized
Curve E). The lattice parameter of the complete solid solu- t
ulated by Eq. (3) (�), 1300–1510 ◦C bulk calculated by Eq. (3) ( ), Curve (4):
200–1510 ◦C bulk calculated by Eq. (4) (�), 1300–1510 ◦C bulk calculated by
q. (4) (�).

ion tends to increase with increasing carbothermal reduction
emperature. The behavior of the lattice parameter is affected
y the extent of powder carburization. As the mole fraction
f W exceeds 0.2, the change in the lattice constant becomes
nsensitive to that of the W content, particularly for the sam-
les made from the powders synthesized at 1200 ◦C. This was
ttributed to the adjustment in the solubility of W atoms and the
arbon content in the system. Generally, the addition of W is
eported to reduce the lattice parameter in the region of (Ti,W)C
ormation.14 Both the small size of the W atom in the TiC struc-
ure and the loss of carbon cause the decrease in the lattice
arameter. The lattice parameter of annealed TiC is 4.3274 Å.15

The lattice parameters measured for the sintered (Ti,W)C
amples (having various W contents) were quite different from
hose based on the general expectation that the lattice parameters
f the solid solutions decrease almost linearly. The ceramics of
Ti,W)C made from the powders synthesized at 1200 ◦C with
low W content (x < 0.2) have smaller lattice parameters with
significant initial drop than the expected values. It requires

urther investigation to explain this behavior. For the ceram-
cs obtained from the powders synthesized at 1300 ◦C with W
ontents of >0.2, the lattice parameters tend to decrease with
ncreasing W content.
A simple model was used to explain the behavior of the lat-
ice parameters of (Ti1−xWx)C1−y, assuming that the change in
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he lattice parameters follows Vegard’s law, and that all solid
olutions are in the form of (Ti1−xWx)C0.98 without a loss of
arbon. In addition, every carbide and metallic phase contained
n the carbide were assumed to have B1(NaCl) and fcc struc-
ures, respectively. The measured lattice parameter of TiC0.98,
[TiC0.98(B1)] was 4.3274 Å.15 The values of a[WC(B1)],
[Ti(fcc)], and a[W(fcc)], calculated by ab initio method were
.2662, 4.06, and 4.00 Å, respectively.16,17

For (Ti1−xWx)C0.98, the lattice parameter can be expressed
s follows:

[(Ti1−xWx)C0.98] = (1−x) · a[TiC0.98(B1)] + x · a[WC(B1)]

(1)

Similarly, based on the above assumptions, the lattice param-
ter of the (Ti1−xWx) (fcc) solid solution with no carbon was
etermined as follows:

[Ti1−xWx(fcc)] = (1 − x) · a[Ti(fcc)] + x · a[W(fcc)] (2)

Therefore, a general equation for a[(Ti1−xWx)C1−y] can be
btained by Vegard’s law, as shown below for y ranging from
.02 to 1.

a[(Ti1−xWx)C1−y]

= a[(Ti1−xWx)C0.98]

−a[(Ti1−xWx)C0.98] − a[Ti1−xWx(fcc)]

0.98
· (y − 0.02)

(3)

Eq. (1) was established for (Ti1−xWx)C0.98, assuming that
he carbon content was fixed at 0.98, while Eq. (3) allows car-
on loss in (Ti,W)C1−y, which is more realistic. Curves (1) and
3), determined using Eqs. (1) and (3), respectively, are drawn
n Fig. 5 along with the measured data in Table 1 (Curve E).
owever, Curve (1) shows a better fit to the experimental values

Curve E) than Curve (3) does. On the other hand, Curve (3)
esembles Curve E in shape, even though there is a difference in
agnitude. This suggests that the simple analytical expression

ased on Vegard’s law explains the behavior of the lattice param-
ter of (Ti,W)C1−y rather accurately. In addition, the change in
he lattice parameter is almost analogous to that of the carbon
ontent with respect to the W content, as shown in Fig. 6. The
attice parameter is affected more by the C content than by the

content.
As an alternative approach, (Ti1−xWx)C1−y was assumed to

orm from WC and TiC1−y (excluding TiC0.98), as shown in Eq.
3). This was based on the experimental results of the formation
f a solid solution. In this study, (Ti1−xWx)C1−y was synthesized
rom TiO2, WO3, and C. The WC phase completes to form below
000 ◦C and co-exists with the TiC located at a shifted diffraction
ngle (=2θ) above 1000 ◦C.4 The peak shift is often attributed

o carbon deficient TiC1−y having a high oxygen content, and
o the existence of W. Therefore, the solid solution is believed
o form directly from TiC1−yOy and WC contents during the
eduction.

l
i
l
I

ig. 6. The carbon content (at.%) in (Ti,W)C sintered at 1510 ◦C obtained by
/N/O analysis.

Furthermore, nonstoichiometric TiC1−y has a wide region
f homogeneity above 1200 ◦C from TiC0.48 to TiC0.98.18 The
arbon content in WC ranges from 37 to ∼48 at.%. For reaction
4) below, the value, y′(=y/(1 − x)), in TiC1−y′ can be predicted
rom the measured compositions.

1 − x)TiC1−y′ + xWC = (Ti1−x, Wx)C1−y (4)

A more realistic lattice parameter of TiC1−y can be obtained
rom the empirical values. The lattice parameter of TiC1−y

ecreases linearly with increasing carbon content after an initial
hort increase.19 This means that the lattice parameter increases
lmost linearly from a carbon content of 0.98 to 0.86 (=1 − y),
ut decreases almost linearly from 0.86 to 0.47.18,20

Based on reaction (4), the lattice parameters of various com-
ositions were calculated using the lattice parameters of TiC1−y′

nd WC (B1). The results of the calculation are shown as
urve (4) in Fig. 5. They were found to closely match with
urve (1), approaching the experimental results. This reconfirms

hat a (Ti1−xWx)C1−y solid solution is formed from nonstoi-
hiometric TiC1−y′ and WC. However, the mechanism for the
Ti1−xWx)C1−y formation requires further study.

Vegard’s law does not reflect the interactions between atoms
aused by alloying. That is, Eq. (3) determines the lattice param-
ter of a solid solution using the mean bond lengths of bonds
uch as Ti–C and W–C. The bond strength between W and C
s weaker in the B1 structure than in the stable hexagonal struc-
ure, even within the range of W solubility. The change in the
arameter for (Ti,W)C1−y would reflect the affinity between the
toms involved in the bonding compared with that from Eq. (3).

As shown in Table 1, the actual (Ti1−xWx)C1−y shows carbon

oss with increasing W due to the thermodynamic stability. It
mplies the formation of vacancies in the solid solution. The
oss of carbon might be more probable around W atoms than Ti.
t is due to the difference in the electron population (covalency)
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W atoms were distributed randomly and clustered together.
Fig. 9 shows these configurations for (Ti0.8125W0.1875)C1.0. The
equilibrium lattice constants are essentially the same within
computational uncertainty. Therefore, considering the entropic
Fig. 7. Total energy per unit cell versus unit cell volume. The solid line

etween carbon and Ti or W in the B1 structure. This carbon
oss causes not only the weakening of the bonds among them
ut also the local asymmetry.

The bonding nature of many carbides is partially metallic and
ovalent with little ionic character.21 The W atoms neighboring
ith carbon atoms would experience weak covalent (relatively

epulsive) forces compared with those neighboring vacancies.
ventually, the W atoms prefer vacancies to carbon atoms with
n increase in W content in the B1 structure. This results in
igher lattice parameters than those calculated by Vegard’s law.
his implies that the atomic interactions in (Ti1−xWx)C1−y play
greater role in determining the lattice parameters.

.4. Lattice parameters by ab initio simulation

The WC phase of the B1 structure was observed only at
igh temperatures, and the lattice parameter of WC was esti-
ated to be 4.24 Å. This is smaller than that of TiC, which

s 4.327 Å.8,22 The lattice parameters calculated in this study
ere 4.290 and 4.334 Å for B1 WC and stoichiometric TiC1.0,

espectively. These values are slightly larger than the experi-
ental values. However, it should be noted that the experimental

alues were obtained from TiC0.98 that contained some carbon
acancies. These calculated values are quite reasonable because
acancies reduce the lattice parameter. The equilibrium lattice
arameters were found by fitting the total energy versus vol-
me data using the Birch–Murnaghan equation.23 Fig. 7 shows
he total energy of TiC and WC (having NaCl structures) as a
unction of lattice parameter.

Fig. 5 shows that the actual lattice parameter (Curve E)
ecreases with increasing W concentration. In order to inves-
igate the reduction of the lattice parameter, W atoms were
laced randomly into Ti sites of TiC having 64 atoms per unit
ell. Curve S in Fig. 8 presents the calculated lattice parameters
or various W contents (based on stoichiometric TiC1.0), along
ith the experimental data in Fig. 5. These results show that

he calculated equilibrium volumes almost obey Vegard’s law
Veq(x) = (1 − x)Veq

TiC + xVeq
WC(NaCl)],24 and that they match

hose measured experimentally (Curve E, synthesized and sin-

ered at 1300 and 1510 ◦C, respectively). This means that the
eduction of the lattice parameter is primarily due to the smaller
tomic radius (1.35 Å) of the W atom than that (1.40 Å) of the
i atom in the structure. Based on this Curve S, it can be said

F
C
C
t
(

tting curve from the Birch–Murnaghan equation: (a) WC and (b) TiC.

hat the effect of carbon loss on the lattice parameter is nearly
he same as that of atomic (electronic) interactions. That is, the
ffect of vacancies on the lattice parameter seems to be com-
ensated by the presence of relatively weak bonding between

and C in the NaCl(B1) structure.
In addition, a highly symmetric structure of (Ti0.75W0.25)C1.0

ith a L12 structure was examined, where W atoms were in good
rder.25 The L12 structure is depicted as an inset in Fig. 8. The
round state of the L12 structure provides a smaller lattice param-
ter (4.310 Å) than a random configuration, suggesting that the
12 structure is unlikely to form in the (Ti,W)C system. The lat-

ice parameters were also checked in two different cases where
ig. 8. The change in the lattice parameter of stoichiometric (Ti1−xWx)C1.0,
urve S, as a function of W content, along with other data from Fig. 5:
urve S: stoichiometric (Ti1−xWx)C by ab initio calculation (©), L12 struc-

ure (Ti0.75W0.25)C1.0 (�), Curve E: experimental bulk from 1200 to 1510 ◦C
�), 1300 to 1510 ◦C (�).
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F ll with clustered W atoms and (b) supercell with randomly distributed W atoms.
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Fig. 10. Calculated formation energy versus W content. The formation energy
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ig. 9. Two different supercell configurations of (Ti0.8125W0.1875)C: (a) superce

ffect, a random distribution of W atoms is more realistic than
segregation for (Ti0.8125W0.1875)C1.0. This situation might

hange to the partial segregation of W atoms in the cell as
he W content increases to the solubility limit. In addition,
t is found that the bulk modulus is linearly proportional to
he W content. It ranges from 250 to 290 GPa for 0–38 at.%
ddition of W to the TiC structure, obeying Vegard’s law
Bav(x) = (1 − x)BTiC + xBWC(NaCl)) closely.

Figs. 1 and 3 show that (Ti1−xWx)C1−y cannot be a sin-
le phase when x exceeds 0.4. Instead, it is a mixture of
Ti1−xWx)C1−y with a B1 structure, and WC with a hcp lat-
ice. Using a similar approach to that in Fig. 7, in addition
o (Ti0.8125W0.1875)C1.0, an attempt was made to determine if
here is any tendency for W atoms to segregate in the unit cell
efore WC phase separation occurs from (Ti,W)C. However,
his approach (using a 64-atom unit cell) was unable to discern
ny tendency for W before phase separation.

Nevertheless, it was possible to explain the formation of a
eparate WC phase using the formation energy. The formation
nergy was defined as

form = ETixW(1−x)C − xEWC(hcp) − (1 − x)ETiC,

here EWC(hcp) and ETiC are the total energies of the 64-atom
nit cell of WC(hcp) and TiC(B1), respectively. Fig. 10 shows
he calculated formation energy of the 64-atom unit cell with the
aCl structures for various W contents. It should be noted that

he formation energy is negative when x < ∼0.26, which suggests
hat (Ti1−xWx)C with the B1 structure is stable. A compari-
on with the results from ThermoCalc® software (x < ∼0.552)
howed that the solubility limit of W in (Ti,W)C increases with
ecreasing carbon content, thereby losing stoichiometry. This is

elated to the instability of the NaCl-type WC in stoichiometric
Ti1−xWx)C.

In this study the carbon loss (or presence of vacancies), the
ize of the W atom, and the instability of WC in a B1 structure

t
s
t
o

s negative for x < ∼0.26, which indicates that the (Ti1−xWx)C alloy with a NaCl
tructure is stable in that composition range. The solid line is a polynomial fit
o the calculated formation energy.

ere found to determine the lattice parameters. In particular, the
arbon content significantly affects the lattice parameter. The
ffects of both the carbon loss and the smaller size of the W
n the lattice parameters seem to be compensated by the effect
f the weak bonding between the W and C in the NaCl(B1)
tructure. Furthermore, it is realized that the results of the ab
nitio simulation are in good agreement with the experimental
esults for high W contents (x > 0.2), even without reflecting
he nonstoichiometry of this system. The deviation for low W
ontents is yet to be explained.

. Summary and conclusions

(Ti,W)C solid solution powders were synthesized to study

he effect of W content on the carbon nonstoichiometry and
ubsequently the lattice parameter. The mechanism of forma-
ion of (Ti1−xWx)C was discussed using simple modeling based
n lattice parameters. Furthermore, the behaviors of carbon and
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ungsten in (Ti1−xWx)C were investigated using ab initio sim-
lations using a pseudo-potential program. A summary of the
onclusions reached in this study is as follows:

1) The loss of carbon was observed with increasing W in the
(Ti1−xWx)C1−y ceramics. However, the measured carbon
content in the sintered ceramics was less sensitive to the
change in the W content than predicted by ThermoCalc®.

2) The lattice parameter of monolithic (Ti1−xWx)C1−y

decreased with increasing W content in the solid solution.
This is due to the small atomic radius of W and the loss
of carbon for system stability. The changes in the lattice
parameter of (Ti1−xWx)C1−y and the solubility limits of W
and C in (Ti,W)C were largely attributed to the instability
of WC in the B1(NaCl) structure.

3) Ab initio simulations with stoichiometric (Ti1−xWx)C1.0
showed that the calculated equilibrium volumes almost
obey Vegard’s law when W atoms are located randomly
at Ti sites. The results match the experimental values for
(Ti1−xWx)C1−y. This might be due to the compensating
effects of carbon loss and the relatively weak bonding forces
between the W and C in the B1 structure. This approach
(using a 64-atom unit cell) is unsuitable for predicting W
separation in a (Ti,W)C system.
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