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Tungsten carbide (WC) is considered a very important material used for industrial applications due to their high hardness and wear resistance.
In this work the production of WC coatings using repetitive pulsed arc plasma assisted physical vapor deposition (PAPVD) system is studied.
During the deposition process a W target was used as cathode. The atmosphere is a mixture of argon (50%) and methane (50%). As is known,
the use of methane as precursor gas for WC production causes the formation of different phases such as WC and W2C. The power supply
allows varying the pulses active and passive times, having a value which of 1 s. Coatings were characterized by X-Ray Diffraction (XRD)
and X-Ray Photoelectron Spectroscopy (XPS) for determining their chemical composition, structure and stoichiometry. Density functional
theory (DFT) methods were used for performing studies of the WC stability. It was carried out using computational techniques by means of
charge distribution and molecular orbital, finding a transition from hybridization of ded shell to thef shell.

Keywords: PAPVD; Pulsed arc; WC; DFT.

El carburo de tungsteno (WC) es considerado un material muy importante, usado para aplicaciones industriales, debido a su gran dureza
y resistencia al desgaste. En este trabajo se estudia la producción de recubrimientos de WC usando un sistema de arco pulsado repetitivo
de Deposito F́ısico de Vapor Asistido por Plasma (PAPVD). Durante el proceso de depósito, un blanco de W fue usado como cátodo, la
atmósfera de trabajo se compone de una mezcla 50/50 de argón y metano; como es conocido, el uso de este gas como material precursor
en el crecimiento de pelı́culas de WC propicia la formación de diferentes fases, como WC y W2C. La fuente de potencia utilizada permite
variar el tiempo activo y pasivo de los pulsos, que en este caso toma valores de 1 s. Los recubrimientos obtenidos fueron caracterizados
por Difraccíon de Rayos X (XRD) y Espectroscopia de Fotoelectrones de Rayos X (XPS), con el fin de determinar la composición qúımica,
estructura y estequiometria de las pelı́culas delgadas. Se utilizó, el ḿetodo de la Teorı́a de Funcionales de Densidad (DFT) para realizar
estudios acerca de la estabilidad del WC, usando técnicas computaciones por medio de la distribución de carga y los orbitales moleculares,
encontrando una transición entre hibridaciones de la capad a la capaf .

Descriptores: PAPVD; Arco Pulsado; WC; DFT.

PACS: 52.80.Mg; 71.15.Mb.

1. Introduction

Transition metal carbides (TMC) have a unique combination
of properties over their parent metals, due to their high hard-
ness and high melting temperature while sustaining conduc-
tivity and heat capacities similar to metals. TMC can be used
as anti-wear coatings on cutting tools and/or nuclear reaction
chamber coatings [1]. One of the most studied TMC is tung-
sten carbide (WC) used as protective hard coatings due to
their excellent physical and chemical properties such as high
hardness, high corrosion resistance and high wear resistance
that are sustained up to 400◦C [2,3]. This material has been
produced by different techniques as magnetron sputtering,
thermal spray, chemical vapor deposition, cathodic vacuum
arc plasma, among others [4-7]. Cathodic arc plasma exhibits
a potential use in preparing thin films of metal and nitrides,
oxides and carbide ceramics with high cementing force, since
the cathode spots in vacuum arc evaporates highly energized
metallic ions in short periods of times with high efficiency
[8]. On the other hand, computational simulations have been
widely used for understanding material properties and cor-
roborating experimental results with a good approximation
and relative low computational cost [9]. Several computa-

tional methods have been developed and they have been ap-
plied to different material, including TMC. For instance, H.
Amara et al [10] present a tight-binding potential for transi-
tion metals, carbon, and transition-metal carbides, their ap-
proach appears to be very efficient to describe interactions in
systems containing carbon and transition-metal elements. A
theoretical study of interface stability in Al/WC bilayers was
carried out by D. J. Siegel et al [11]. They examined the rel-
ative stability and adhesion of the polar Al(111)/WC(0001)
interface using Density Functional Theory. The interfacial
electronic structure was analyzed to determine the nature of
metal/carbide bonding. Although these works present im-
portant results about the electronic structure of materials and
their stability, further studies are needed for increasing the
knowledge about TMC especially in the case of WC.

The aim of this work is to carry out a computational study
of stability and hybridization of WC by using DFT by means
of charge distribution and molecular orbital, with a good ap-
proximation and relative low computational cost. Results ob-
tained will be compared with some experimental analysis.
This analysis will be carried out in the results and discussion
section.
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2. Experimental setup

Films deposition was carried out by using a PAPVD pulsed
vacuum arc technique, in a noncommercial mono-evaporator
system [12]. This system consists of a reaction chamber
made of stainless steel. In this chamber there are two-faced
electrodes, the cathode with a target of WC (6N) and the
anode which contains stainless-steel AISI 304 as substrates.
The atmosphere is a mixture of argon (50%) and methane
(50%) at a total pressure of 3 mbar, using a pulsed arc source
to produce 5 arcs of two seconds duration in one second in-
tervals with a total power of∼17 kW. Structural analysis was
performed through a Bruker AXS D8 Advance diffractometer
using Bragg-Brentano geometry with Cukα radiation source
(λ=0.5406Å), lattice parameters were also obtained using
the Rietvelt method [13]; XPS analysis was performed in a
Thermo Vg Scientific ESCALAB 250 XPS/ISS, with an X-
Ray source of monochromatic Alkα (1486.6 eV).

GAUSSIAN 98 software was used to determine the en-
ergy minimized geometry and charge distribution of WC
thin films. In GAUSSIAN 98, crystalline orbitals are ex-
panded as a linear combination of atomic orbitals which
themselves are defined in terms of a linear combination of
Gaussian primitive functions. The Unrestricted Hartree-Fock
(UHF) method was used for periodic systems as a practi-
cal approach for treating electron correlation. The choice of
Hartree-Fock allows a description of the system in terms of
localized electrons due to its explicit treatment of exact ex-
change [14]. The calculations were developed using the ef-
fective Stuttgart/Dresden pseudopotentials (SDD) [15] data
base, by single point energy via Hartree-Fock (UHF) method,
using Gaussian 98W software [16]. Simulations were car-
ried out for observing the system stability during the atomic
cell formation, changes in hybridization and oxide formation.
Crystalline structure and Lattice parameters were obtained

from XRD analysis presented here. The crystal of WC shows
a typical structure consisting of close-packed triangular lay-
ers of C with each W atom coordinated by six C atoms. The
WC crystal structure is polar with two sets of three equiva-
lent {1010} planes which leads to the formation of triangle-
shaped crystals [17,18].

3. Results and discussion

3.1. Experimental results

Figure 1 shows the XRD pattern of the WC coatings pre-
senting two phases. The first phase belongs to the hexagonal
(HCP) crystalline structure, for the W2C phase. This phase
presents orientation in the (110), (111), (002), (112), (300)
and (302) planes, with lattice parameters of a=2,889Å and
c=2,823̊A. The second one is the WC phase, oriented in the
(100), (101) and (110) crystalline planes, with lattice param-
eters of a=5,171̊A and c=4,719̊A. This result indicates that
the films correspond to a polycrystalline material with mixed
crystal phases. The polycrystallinity in a thin coating is nor-

FIGURE 1. XRD of the WC thin films obtained by pulsed arc evap-
oration.

FIGURE 2. XPS narrow spectra for: a) C1s and b) W4f.
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FIGURE 3. Simulations performed to achieve the complete HCP configuration for WC. a) Initial cell grow, b) half cell grown, c) to e) final
stages of cell grow.

FIGURE 4. Charge distribution for determining the WC-HCP reactivity. a) Initial cell grow, b) half cell grown and from c) to e) final stages
of cell grow.

mally due to impurities concentration, which in this case are
the C-C bonds as will be showed later in the XPS analy-
ses [19]. This is directly related to the production of va-
cancies and interstitial defects. The ability of the transition
metal carbides, nitrides and oxides to exist over a wide range

of stoichiometries and phases is another remarkable feature
of these compounds. In the WC case, this happens because
of the high solubility of carbon in the metallic lattice [20]. On
the other hand, thin films grown in the W-C system are con-
nected with many unsolved questions. For example, regard-

Rev. Mex. Fis. S59 (1) (2013) 106–111
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FIGURE 5. Energy decrease as a function of the atom number for
the WC structures.

less of the deposition technique (chemical vapor deposition
or physical vapor deposition), the use of hydrocarbons (i.e.
methane or acetylene) as carbon precursor would most cer-
tainly yield phase mixtures of W, W2C, β-WC1−x and WC
or nanocrystalline or nearly amorphous filmsβ-WC1−x. The
hexagonal stoichiometric WC phase, cannot be deposited at
narrow-deposition conditions [21]. According to the phase
diagram [22], WC can be just produced at an exact stoichiom-

etry (50% W and 50% C) different from that of other refrac-
tory compounds like TiN and TiC that can be obtained in a
wide range of stoichiometries.

According to the literature, the WCx stability (bonds in-
tensity) depends strongly of thex value, because of the car-
bon mobility. It is necessary a lower activation energy for
carbon interstitial migration that can be activated at low tem-
peratures. Not only the carbon vacancies but also interstitial
carbon atoms preferably diffuse in the basal plane. In ad-
dition, the feature of high vacancy diffusion barriers is very
important for the stability of carbides, especially in the sub-
stoichiometric (WCx withx < 1) case. It implies that once
substoichiometric WC is formed, the lattice stays intact be-
cause vacancies do not hop to other sites, unless the system
is annealed at very high temperatures and for long periods of
time. In contrast, carbon interstitial is significantly more mo-
bile for overstoichiometric (WCx withx > 1) case. It means
that the structure of overstoichiometric WC is not stable. Our
results may give an explanation for that the overstoichiomet-
ric phase is not observed in the phase diagram [23]. Accord-
ing to this analysis the W2C may be more stable than WC
phase and these bonds are more intense.

XPS narrow spectra C1s and W4f peaks are observed in
Fig. 2(a) and 2(b). C1s presents two peaks belonging to W-C
and C-C at binding energies of 283.52 eV and 285.03 eV

FIGURE 6. Molecular orbital for the WC-HCP structures a) Initial cell grow, b) half cell grown and from c) to e) final stages of cell grow.
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respectively. C-C bonds are due to low binding energy
needed to form compounds and also from the presence of
non reactive molecules of the precursor gas [10,24]. More-
over, such bonds formation can be explained by means of
the model proposed by Frenklash y Spear [25], were the C-H
bonds broken results in the creation of new C-C bonds ac-
cording to the expression [26]:

C− H + C− H ⇒ H2 + C− C

W4f region displays two peaks at 33.65 eV and 31.52 eV
corresponding to W4f5/2and W4f7/2respectively. These two
peaks belong to C-W bonds.

Both XRD and XPS analyses suggested that W and WC
were not oxidized at low temperatures due to the absence of
oxide phases in the XRD results and oxygen bonds in the
XPS spectra. On the other hand, the films thickness was mea-
sured using the AFM technique; this values was 2.6±0.2µm.

3.2. Theoretical analysis

Five simulations of the WC system were carried out as is
shown in Fig. 3 (a-e), in order to obtain the HCP complete
cell. The charge distributions presented in Fig. 4 (a-e), shows
system stabilization. The complete HCP cell, Fig. 4e, struc-
ture is less reactive compared to the initial stages in Figures
a-c. This behavior is also observed from the total energy de-
crease as a function of the atoms number in the cell (Fig. 5).
As presented in the XRD and XPS analysis, oxidation pro-
cesses for this material are complex, due to the great amount
of energy needed to destabilize the configuration. This phe-
nomenon is also observed in the simulations from the charge
distribution in Fig. 4e, as the reduction of total polarizations
in the complete structure.

The molecular orbital Fig. 6 shows that in the initial
grown stages, the W hybridized from the d orbital; these re-
sults do not concord with our XPS analysis and are due to
electron absence in the f orbital. Anomalies observed be-
tween the orbitals of W atoms are sign of instability and high
reactivity, these anomalies decreases with the formation of
the completed structure.

When the atom number is increased, the hybridization
changes to the f orbital, these results do concords with ours
XPS results presented above. Transition states are induced
due to the electronic stabilization of the compound filling the
d orbital permitted sites and sharing de f orbital. Low varia-
tions between structures in Fig. 4 (d–e) were found, in terms
of energy and molecular orbital hybridization.

4. Conclusions

A computational study of stability and hybridization of WC
by using DFT by means of charge distribution and molecular
orbital was carried out. In the molecular orbital great electron
affinities are observed and the tungsten f orbital superposi-
tion, those can be observed in some areas Fig. 4, these kinds
of interactions determine a covalent bond behavior. Mean-
while, in other areas of the structure a total superposition of
the f tungsten orbital is observed, which determines a metal-
lic bond type.

XRD results present two phases of WC. The first phase
belongs to the hexagonal (HCP) crystalline structure, for
the W2C phase. With lattice parameters of a=2,889Å and
c=2,823̊A. The second one is the WC phase, oriented pre-
sented a=5,171̊A and c=4,719̊A.
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