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First principles calculation reveals that the W-TiC interfaces with one overlayer possess high interface strength
and are thermodynamically stable with negative interface energies, which could serve as the driving force for
interdiffusion of W and TiC. It is also found that interface orientation should have an important effect on interface
cohesion, i.e., the W(110)-TiC(100) interfaces are not only energetically more favorable with lower interface
energies, but also possess higher interface strength than the corresponding W(100)-TiC(100) interfaces,
suggesting that the W(110)-TiC(100) interfaces should be more preferred in actual applications. Moreover,
the electronic structures would give a deep understanding of cohesion properties of various W-TiC interfaces,
and the derived results agree well with experimental observations in the literature.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The W-TiC system has raised great research interests during the
past years [1-13]. First of all, TiC particles have been widely added,
as reinforcements and grain refiners, to improve the mechanical
properties of W matrix for high temperature applications, such as
structural components in fusion devices and specimen grips during
high temperature testing [1,2,5-8]. Moreover, the TiC-W clad layer
has been deposited on steel to enhance its wear resistance [11,12],
and epitaxial TiC/W multilayers could be promising quantum well
devices due to their unique mechanical, electrical, and optical proper-
ties [9,10]. In addition, an intermediate W layer has been placed
between TiC protection layer and molybdenum substrate, in order to
improve the thermal stability of TiC-Mo interface for fusion reactor
first wall applications [13].

It is well known that the cohesion properties of TiC/W interfaces
play a very important role in the performance of various TiC-W prod-
ucts. Several experimental studies have qualitatively shown that the
interface cohesion between TiC and W seems good [2,7-9], and that a
(Ti, W)C solid solution transition zone could be formed in the W-TiC
interface [2,7,8]. Nevertheless, no detailed interface properties of TiC/
W have been reported so far in the literature, and the fundamental
mechanism of TiC/W interface cohesion also needs further theoretical
investigation.

By means of highly accurate total energy calculations based on
density functional theory [14,15], the present study is, therefore, dedi-
cated to find out the interface strength and interface energy of several
W-TiC interfaces. The derived results will be compared extensively
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with experimental evidence in the literature, and the fundamental
mechanism will be revealed in terms of electronic structures, which
could provide a deep understanding to various interface properties of
W-TiC.

2. Method of calculation

The present first-principles calculation is based on the well-
established Vienna ab initio simulation package (VASP) with the
projector-augmented wave (PAW) method [16]. The exchange and
correlation items are described by generalized gradient approximation
(GGA) of Perdew et al. [17], and the cutoff energy is 500 eV for plane-
wave basis. The interface calculations are focused on four interface
structures, ie., W/(100)/TiC(100), TiC(100)/W(100), W(110)/
TiC(100), and TiC(100)/W(110), in which the first and second parts
are overlayer and substrate, respectively. The optimized bulk lattice
constants of the substrates and its crystal structures, i.e., 3.176 A of
BCC and 4.339 A of the rock-salt structure, are chosen for W- and
TiC-based interfaces, respectively [4,18].

To achieve a good lattice match, a 1 x 1 surface unit cell is selected
for both W(100) and TiC(100) in the W(100)/TiC(100) and TiC(100)/
W(100) interfaces, while 1 x 2 for W(110) and 1 x 3 for TiC(100) in
the W(110)/TiC(100) and TiC(100)/W(110) interfaces. Before the
interface calculation, a series of surface tests have been performed for
the ground-state structures of W (BCC) and TiC (rock-salt). The number
of surface layers is gradually increased until the surface energy conver-
gence is reached with a criterion of 0.01 J/m?, and the thickness of
vacuum layers is also tested in a similar way to get converged surface
energy and work function. Based on these tests, 7 substrate layers
with a vacuum layer of 20 A are selected for each interface before adding
a certain number (1-5) of overlayers at the top of the substrate layers.
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Fig. 1. Three dimensional atomic configurations of (a) TiC(100)/W(100) and (b) TiC(100)/W(110) interfaces. (c) and (d) are top views of the interfacial atoms corresponding to (a) and

(b), respectively.

As typical examples, Fig. 1 shows the atomic configurations of TiC(100)/
W(100) and TiC(100)/W(110) interfaces. It should be pointed out that
the above interface settings are just to simulate the experimental epi-
taxial growth of TiC/W multilayers [9], and that the lattice mismatches
of the present interface models are very small values of less than 3.5%
with in-plane periodicity.

In each calculation, periodic boundary conditions are added in three
directions of the unit cell, and the Gamma centered k grid is adopted, i.e.,
11x 11 x 1and 11 x 4 x 1 for W(100)-TiC(100) and W(110)-TiC(100)
interfaces, respectively, within both relaxation and static calculations;
while 21 x 21 x 1 and 21 x 7 x 1 for density of states (DOS) calculations
of W(100)-TiC(100) and W(110)-TiC(100) interfaces, respectively.
Energy criteria are 0.01 and 0.001 meV for relaxation and static calcula-
tions, respectively.

3. Results and discussion

Before the interface calculation, the surface properties have been ob-
tained for W(100), W(110), and TiC(100) surfaces. It is found that the
calculated results from the present study agree well with the available
results in the literature [19,20]. For instance, the surface energies of
W(100) and W(110) from the present study are 3.904 and 3.212 J/m?,
respectively, with an average value of 3.558 /m?, which matches well

with the corresponding experimental values of 3.675 J/m? [19]. The
work function of TiC(100) is calculated to be 4.643 eV, which is also
compatible with the corresponding data of 4.1 eV from experiments
[20]. Moreover, a surface undulation of TiC(100) after relaxation has
been observed in the present study, i.e., the outward relaxation of 1.5%
for C and the inward relaxation of 3.7% for Ti. It should be noted that
such a relaxation tendency of Ti and C is in good accordance with exper-
imental and theoretical results [21-23].

The work of separation (Wsp,) of W-TiC interfaces is first calculated
through the following formula:

Weep = Ew + gﬁ‘c Etor 7 1)
where E and A are total energy and interface area of the W-TiC inter-
face, respectively, and Eyy and Er;c correspond to total energies of pure
W and TiC surface layers after the removal of the TiC and W layers, re-
spectively. It should be noted that Wi, is the reversible work needed
to separate the interface into two free surfaces, and therefore a direct
measure of the interface bond strength. Consequently, the W, values
of the four W-TiC interfaces are derived and shown in Fig. 2(a). It can
be seen that each W-TiC interface has very high interface strength,
and that the highest interface strength is reached for each interface
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Fig. 2. (a) Work of separation (Wsep) and (b) interface energy (Ein) of W-TiC interfaces.

when the number of overlayers is one. Moreover, the interface orienta-
tion plays an important role in interface strength, i.e., the descending
sequence of Wee, of W-TiC interfaces with five overlayers is as follows:
W(110)/TiC(100) — TiC(100)/W(110) — TiC(100)/W(100) — W(100)/
TiC(100). Interestingly, the W, of W(110)-TiC(100) interfaces with
five overlayers is generally bigger than that of the W(100)-TiC(100)
interfaces, suggesting that the W(110) surface has stronger cohesion
with the TiC(100) surface than W(100).

To find out the thermodynamics of the W-TiC interface, the interface
energy (Ein) is then calculated according to the following form:

Eiot—E —E i
Eint _ Etot bulké\x bulk_TiC 7 (2)

where Epy w and Epyi Tic are bulk energies of the W and TiC layers,
respectively. Fundamentally, the interface energy can be defined as
the energy of interface formation by means of two bulk phases, and is
therefore an expression of interface stability. Accordingly, the calculated
interface energies of the four interfaces are displayed in Fig. 2(b). It can
be discerned from Fig. 2(b) that each interface with one overlayer has
the lowest and negative E;; value, which is consistent with the highest
interface strength shown in Fig. 2(a). One could also see that the
W(110)-TiC(100) interfaces have much lower E;j,, values than the
W(100)-TiC(100) interfaces, implying that the W(110)-TiC(100) inter-
faces should be energetically more favorable and thermally more stable.
As shown in Fig. 2, both W, and E;y, values of the four interfaces have
converged with the number of overlayers, while very small fluctuation
could be seen in the W(100),/TiC(100) and W(110)/TiC(100) interfaces,
and such kind of fluctuation would be probably attributed to the well-
known quantum size effect [24].

It is of interest to compare the above calculated results with available
experimental evidence in the literature. Firstly, the high Wi, values of
W-TiC interfaces shown in Fig. 2 suggest that the W-TiC interfaces pos-
sess high interface strength and that the interface cohesion between W
and TiC should be strong, which agrees well with similar experimental
observations in the literature [2,7-9]. Such high interface strength
could ensure the load transferring of W-TiC interfaces and be

responsible for the strengthening effect of TiC dispersed W matrix and
W-TiC multilayers [2,7,10].

Secondly, the negative E;,; values of the four W-TiC interface with
one overlayer shown in Fig. 2(b) imply that the interdiffusion between
W and TiC could happen in the interface region, which is in excellent
agreement with the interdiffusion zone (solid solution transition
zone) at W-TiC interfaces observed from experiments [2,7,8]. In other
words, it is the negative interface energy which fundamentally induces
the interface interdiffusion of W-TiC interfaces.

Thirdly, both Wi, and Ejp, values of W(100),/TiC(100) and TiC(100)/
W(100) interfaces with five overlayers are close to each other. A similar
feature could be also observed for W(110)/TiC(100) and TiC(100)/
W(110) interfaces. Such a similarity of interface strength and interface
energy suggests that the strain effect within the W-TiC interfaces
should be very small, which is compatible with the experimentally epi-
taxial growth of W-TiC mutilayers [9].

Fourthly, it can be seen from Fig. 2(b) that the interface energies of
both W(100)-TiC(100) interfaces are very close to zero, suggesting
that the W(100)/TiC(100) and TiC(100)/W(100) interfaces should be
thermodynamically favorable and could possibly be formed in real situ-
ation, which is consistent with the experimental observation of the
W(100)-TiC(100) multilayers [9].

We discuss a little bit more about the interface cohesion of W-TiC.
As shown in Fig. 2 related before, the W(110)-TiC(100) interfaces
with five overlayers are not only energetically more favorable with
lower interface energies, but also possess higher interface strength
than the corresponding W(100)-TiC(100) interfaces. Such a compari-
son implies that interface orientation should have an important effect
on interface cohesion of W-TiC, and that the W(110)-TiC(100) inter-
faces are more preferred in actual applications. It should be pointed
out that the W(110)-TiC(100) interfaces have not been reported
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Fig. 3. Total density of states (DOS) of interfacial atoms in (a) W(100)/TiC(100),
(b) TIC(100)/W(100), (c) W(110)/TiC(100), and (d) TiC(100)/W(110) interfaces. The
solid and dashed lines are for interfaces with one and five overlayers, respectively.
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Fig. 4. Charge density plots of (a) W(100)/TiC(100) and (b) W(110)/TiC(100) interfaces with five overlayers. The charge density is in the unit of e/A>,

experimentally so far in the literature, and further experimental stud-
ies are therefore needed to confirm the W(110)-TiC(100) interfaces.

To have a deep understanding of interface cohesion from the per-
spective of electronic structure, Fig. 3 shows the comparison of total
density of states (DOS) of each interfaces with one and five overlayers.
It is clear from this figure that compared with the model with five
overlayers, each interface with one overlayer possesses a smaller band-
width of DOS, and the electronic structure is more localized with higher
values of DOS peaks near the Fermi level. Such comparison implies that
each interface with one overlayer should have a stronger chemical
bonding, which would therefore induce the higher interface strength
and lower interface energy as displayed in Fig. 2.

In addition, Fig. 4, as another example, displays the comparison of
charge densities of W(100)/TiC(100) and W(110)/TiC(100) interfaces
with five overlayers. One can observe clearly from Fig. 4 that the charge
densities from the interfacial W to C in both W(100)/TiC(100) and
W(110)/TiC(100) interfaces are directional and dense, suggesting that
a pronounced covalent bond has been formed between interfacial W
and C atoms. Such a strong W-C bond should therefore cause the good
interface cohesion of W-TiC as related before. Furthermore, a careful
observation would reveal that the charge densities within the interface
region of W(110)/TiC(100) seem a little bit denser than those of
W(100)/TiC(100), which could thus bring about a deep understanding

to the stronger interface cohesion of W(110)/TiC(100) as shown in Fig. 2.

4. Concluding remarks

First principles calculation has been conducted to reveal interface
bond strength and interface energy of various W-TiC interfaces. It is
found that interface orientation and the number of overlayers play
important roles in interface cohesion of W-TiC. The thermodynamically
more stable interface configuration of W(110)-TiC(100) is first
proposed to have a better interface cohesion than the experimental
observed configuration of W(100)-TiC(100). The density of states
(DOS) and charge densities are given for further understanding of vari-
ous interface properties, and the derived results are in good agreement
with experimental observations.
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