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A B S T R A C T

In this work, (W,Ti)B2 films with different stoichiometric ratio Ti/W deposited on silicon and 304 stainless steel
by radio frequency magnetron sputtering are presented. The coatings were deposited from plasma spark sintered
targets obtained from the mixture of pure boron, tungsten and titanium powders. It is shown that during plasma
spark sintering process using overstoichiometric boron and a low content of titanium change the WB2 to WB4
phase with almost no secondary phases. Subsequently, the impact of titanium content on the films properties is
investigated systematically, including the chemical and phase composition, crystalline structure, surface and
cross-section morphology. Simultaneously, nano-indentation test and ball-on-disk tribometery are performed to
analyse the hardness and tribological properties of the films. It is shown that deposited films with titanium
content of 3.6 and 5.5 at.% are formed in the zone T of the Thornton's Structural Zone Model. In opposite to α-
WB2 magnetron sputtered coatings they are more flexible and hard nanocomposite coatings. The results show
that the addition of titanium is apparently changing the film structure from nanocrystalline columnar to
amorphous, very dense and compact structure with the addition of TiB2 phase. That films are simultaneously
hard (H > 37.5 GPa), have high hardness to effective Young's modulus ratio values (H/E⁎ > 0.1) and elastic
recovery (We > 60%) appropriate for tough and resistant to cracking materials. The presented (W,Ti)B2 films
exhibit also tribological and corrosion properties better than unalloyed coatings.

1. Introduction

The development of many modern advanced technologies requires
creating new and improving known materials feature high performance
in the context of constantly increasing production requirements.
Designing materials with given properties can be successfully solved by
multi-element coating methods using ion-plasma technologies, which
are successfully used for protective coatings composed of nitrides,
carbides and borides of transition metals (TM). While the use of hard-
wearing and corrosion-resistant materials based on nitrides and car-
bides has found its place in production, the industrial application of
thin films based on borides is rather limited and still under investiga-
tion [1–4].

Theoretical [3,5–9] and experimental studies [10–13] indicate that
tungsten borides demonstrate many remarkable mechanical, thermal

and chemical properties. Even as a thin films, due to their super-
hardness, incompressibility, low friction coefficient and good thermal
stability tungsten borides can have many potential applications in-
cluding materials for tools and abrasives. Previous research shows that
it is possible to deposit this material in different phases depending on
the selected method and setting parameters. Yang et al. [14,15] pre-
pared bcc-W coating doped by B via magnetron co-sputtering W and B
targets. The coatings including W, α-W(B) supersaturated solid solution
and W2B were synthesized. The incorporation of 6.3 at.% B in W film
remarkably improve its hardness from 14.1 ± 0.93 GPa to
28.1 ± 0.79 GPa and deposited films have low friction coefficient
(~0.18). Due to higher crack formation threshold induced by finer
grains, and the higher H/E⁎ (> 0.1) improving crack resistance W(B)
films exhibits enhanced toughness. W2B coatings deposited with higher
concentration of boron possess intrinsically low hardness (~20 GPa).
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The W2B films were also deposited using radio frequency (RF) mag-
netron sputtering method from single WeB target with 27 at.% B by
Willer et al. [16]. Deposited films are amorphous and very stable. An-
nealing at 880 °C enables to identify the crystalline phases of tungsten
and W2B. Because of high crystallization temperature, those coatings
are suggested as candidate for an amorphous diffusion barrier. Taking
in account the WeB phase diagram and enthalpies of WeB compounds
formation, the next deposited stable phase with increasing boron con-
centration should be α-WB with the lowest ΔE =−0.375 eV/atom [9].
It is possible to deposit this phase by RF magnetron sputtering from the
WB2.5 target on heated (320–550 °C) substrate [17,18]. The deposited
films are crystalline with highly oriented columnar structure. Such
coatings possess a high hardness 45 GPa, Young's modulus about
525 GPa, a smooth surface with a mean roughness Ra = 0.002 μm and
a good adhesion. The wear resistance of the coating is
2.7·10−6 mm3 N−1 m−1. In comparison with the uncoated stainless
steel substrate, the wear rate decreases almost 25 times. Additionally,
films are thermally stable to 250 °C in air and does not change the
surface appearance and its chemical and phase composition during
annealing in argon to 1000 °C. Sobol et al. [19,20] during DC-magne-
tron sputtering of a WB2 target (hexagonal crystal lattice) obtained the
β-WB phase with an orthorhombic crystal lattice and a B/W atoms ratio
of about 1.19. The films deposited at 700 °C possess lower hardness
(26.7 ± 0.5 GPa) and elastic modulus (376 ± 7 GPa) than low
temperature MoB-type tungsten boride presented in [17]. The increase
of the DC power and applying the appropriate bias voltage during DC-
MS of WB2 target leads to deposition of AlB2 - type WB2 coatings
[21–24]. AlB2 - type WB2 is metastable phase and firstly was reported
by Woods et al. [25] in 1966. In this case, the thin film is prepared by
resistively heating an amorphous boron wire in a mixed atmosphere of
WCl6 and Ar at 800 °C. Its crystal structure is assumed to crystallize in
an AlB2-type structure (No.191, P6/mmm, a = 3.02 Ȧ, c = 3.05 Ȧ).
Prepared by this method film is porous and cannot be used for further
investigations of its basic properties. The AlB2- type WB2 coatings de-
posited by the DC magnetron sputtering method were also extensively
investigated due to influence of deposition parameters on properties of
films by Liu et al. [21–24]. It is shown that coatings are dense and
uniform with columnar structure. Because of the superhardness
(43.2 GPa), steady-state friction coefficient (0.23) and wear rate about
6.5·10−6 mm3 N−1 m−1 the AlB2- type WB2 coatings have high po-
tential application in industry. Additionally, Liu and coworkers [26]
showed that the mechanical, tribological and corrosion properties of
the WB2 films can be improved by doping a small amount of nitrogen
when PN2 ≤ 0.006 Pa. Greater nitrogen content leads to properties
deterioration due to the increasing content of soft BN phase and the
enhanced compressive stress. For N-doping (5.6 at.%) of WB2 films
deposited on Si wafers, the thermal stability of the AlB2 - type WB2
phase is improved greatly from 700 °C to 1000 °C due to the stabili-
zation effect of a-BN. Similar effect is possible by tantalum alloying
[1,27]. The results clearly reveal the enormous potential of α-WB2-
based coatings in combining high strength with high fracture toughness
3.8 ± 0.5 MPam1/2 (W0.93Ta0.07B1.76) [1]. Experimental and theore-
tical studies show that WB4 phase has great application potential as
superhard, incompressible material with high thermal oxidation tem-
perature [4,10]. Until now there are a few reports about pulsed laser
deposition (PLD) [28–30] or chemical deposition [31,32] of this

material. In the case of PLD deposition films are superhard but have
high roughness. It is also possible to deposit a single WB4 phase by
applying the confined-plume chemical deposition (CPCD) but there is
lack of information about thermal and mechanical properties of ob-
tained layers [32]. The problem with synthetizing of WB4 phase in
lower temperatures is necessity of using excess boron with W:B ratio at
least of 1:9 [10]. This problem can be solved by adding of a second
metal, for example thallium [10], then WB4 can be stabilized with a
nearly stoichiometric amount of boron (4.5) with no secondary phases.
The addition of titanium to WBx coatings were carried out earlier
[19,20,33–36], however, the content of boron in the target did not
exceed 2.5. Sputter deposited WxTi1-xB2-z thin films are shown to
crystallize in the columnar AlB2 structure type. Also hardness for
samples of WB2-TiB2 system is noticeably higher than for coatings ob-
tained by sputtering with poor WB2 content [19,36]. Adding small
amount of titanium can change phase composition from β-WB to AlB2-
type WB2 [19,33]. Deposited coatings are thermally stable up to 800 °C
for low Ti content and up to 1000 °C for Ti concentration> 37% at
[36]. Chrzanowska et al. [37] proposed combined magnetron sput-
tering and pulsed laser deposition technique for alloying WB films by
titanium. By changing the laser fluence at the surface of titanium target
it is possible to control the ablation rate and hence the dopant content.
At titanium content of 5.5 at.% the hardness and Young's modulus of
coatings are very high and do not differ from un-alloyed WB coating
presented in [17]. However, the titanium alloying results in changing
initial α-WB structure to the mixed α-WB and AlB2-type WB2 structure
with some admixture of W2B. Until now the WBx films (where x > 1)
are not deposited by RF magnetron sputtering. Particles possess higher
energy then during DC magnetron sputtering which can affect over-
stoichiometric content of boron [19].

In this work we investigated the influence of overstoichiometric
boron and titanium addition on the properties of spark plasma sintered
(SPS) and RF magnetron sputtered tungsten borides materials. The ef-
fects of Ti addition on the film structure, phase composition, mechan-
ical and tribological properties were investigated systematically. We
proposed method of obtaining very hard α-(W,Ti)B2 thin films with the
increased crack resistance and good tribological performance. Due to
the potential application of (W,Ti)B2 films in high humidity or corrosive
environments, the corrosion behavior of the films was studied.

2. Material and methods

2.1. Spark plasma sintering (SPS)

The spark plasma sintering process was performed using a HP D 25/
3 (FCT Systeme GmbH) furnace. Targets were fabricated from boron
(~625 mesh, 99.7% purity, Sigma Aldrich), tungsten (12 μm, 99.9%
purity, Sigma Aldrich) and titanium (45 μm, 99.98% purity, Sigma
Aldrich) which were sintered in various molar ratio. The sintering
parameters and molar ratio of the elements due to formula W1−xTixBy
are shown in Table 1. Purchased elements were milled and ultra-
sonically mixed. For this purpose, tools made from 2333 graphite were
used (MERSEN d. Carbone Lorraine). The loading chamber in the gra-
phite tools unit was filled with the powder mixture. For experimental
reasons, Papyex N998 graphite film (MERSEN d. Carbone Lorraine) was
placed between the powder mixture and the die and punches. Such

Table 1
Parameters of sintering.

W
(1−x)

Ti
(x)

B
(y)

Temperature
[°C]

Holding time
[min]

Compacting pressure
[MPa]

Heating rate
[°C/min]

1 1 0 4.5 1600 2.5 50 50
2 0.92 0.08
3 0.84 0.16
4 0.76 0.24
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prepared tools unit were then placed in the sintering chamber of the HP
D 25-3 furnace to perform the sintering process.

The cylindrical samples with the diameter of 1″ (25.4 mm) and
3 mm thickness were produced.

2.2. Magnetron sputtering

W-Ti-B films were deposited by RF magnetron sputtering on Si(100)
and 304 stainless steels (SS 304) plates. Before sputtering metallic
substrates were polished to an average roughness Ra of about 0.002 μm.
The substrates were cleaned with subsequent rinses in acetone, alcohol
and deionized water. W-Ti-B layers deposited on Si(100) substrates
were used for structural, chemical and mechanical analysis while those
on SS 304 were used for tribological and corrosion tests. Each of the
substrates was mounted on a rotating substrate holder and heated to
520 °C. Heating was performed for better layer-to-substrate adhesion
[17].

The deposition was performed in a vacuum chamber pumped to
residual pressure of 10−3 Pa, and then filled with argon to a working
pressure of 0.9 Pa. The argon flow was 19 mL/min and it was adjusted
with a mass flow controller. The water-cooled W-Ti-B targets were
mounted in the 1″ magnetron source (Kurt J. Lesker TORUS Magnetron
Sputtering Cathode) and positioned at a distance of 40 mm from the
substrate. The RF sputtering power was 50 W. The bias potential on the
substrate was floating. Pre-sputtering of the target was carried out for
5 min prior to each deposition. Then, the substrate holder was posi-
tioned next to the magnetron. The deposition time was about 45 min.
The deposition conditions were chosen due to the best mechanical and
tribological properties of films presented in [18].

2.3. Characterisation

The crystal structure and phase composition of the targets were
examined by X-Ray diffraction (XRD) using Bruker D8 Discover (Cu
radiation, λ = 1.5418 Å). In the case of deposited layers, measurements
were taken in the 2θ scan mode, with the source fixed at 8° position. In
this configuration, it was possible to avoid a signal from the substrate,
while maintaining high intensity of the signal originating primarily
from the coating.

The surface quality was analysed using a scanning electron micro-
scopy (SEM JSM6010PLUS/LV JEOL). BSE (backscattered electrons)
mod was used to detect contrast between areas with different chemical
compositions in targets. In addition, an Energy Dispersive X-ray
Spectroscopy (EDS) microanalysis was used to study the elemental
distribution of B, Ti and W in the investigated samples. During EDS
measurements an accelerating voltage of 5 kV was used, according to
ref. [38]. Due to problems with boron measurement and subsequently
determining its quantity in combination with other, especially heavy
elements, before measurement the EDS spectrometer was calibrated on
the base of polished W2B5 commercial standard (TYR material, 99.9%
purity).

The chemical state, in particular the detection of binding energy of
titanium, tungsten and boron compounds was carried out by X-Ray
Photoelectron Spectroscopy (XPS) using a Microlab 350 spectrometer
(Thermo Electron). Prior to measurement, the samples were sputtered
by Ar + ions. The following ion etching parameters were used: ion
beam energy 2 keV, beam current 1.3 μA, time 300 s, size of sputtering
area 6 × 6 mm. The XPS spectra were acquired using Al Kα
(hν = 1486.6eV) radiation. The survey spectra were recorded in the
electron binding energy from 1350 to 0eV with 1.0 eV step. The high
resolution (HR-XPS) spectra were collected in a narrow range of
binding energy with 0.1 eV step and with pass energy of 40 eV. The
intensity of XPS signal was determined by subtracting Shirley back-
ground. XPS spectra were deconvoluted using the Gauss/Lorentz
asymmetric mixed function and the measured binding energies were
corrected based on the C1s energy at 285.0 eV after ion sputtering

process. Due to the limitations of the XPS [39,40] method, chemical
composition measurements were performed to verify EDS results only.

Detailed microstructural observations were performed using a Cs-
corrected High-Resolution Scanning Transmission Electron Microscope
(STEM) (Hitachi HD-2700). The STEM images were taken in bright-field
(BF) and selective area electron diffraction (SAED) mode. In SAED
mode the patterns were acquired by inserting a 250 nm of aperture. The
samples for STEM observations were prepared using a focused ion beam
(FIB) technique with a Hitachi NB5000 microscope. The coatings
thickness was estimated base on TEM images of film cross-section.

The hardness of the selected layers was measured using Ultra-low
Load Indentation system (CSM Instruments). For all measurements, a
diamond Berkovich-shaped indenter was used. At least 8 indentations
were made for each sample. The Young's modulus and hardness were
specified using the Oliver-Pharr method [41]. The elastic recovery We

was estimated on the basis of load-displacement curve. The elastic re-
covery We, corresponds to the area ratio in the indentation hysteresis
loop, i.e., the ratio of the recovered area and the total area [42].

Dry-sliding-wear tests were performed on a tribo-tester using ball-
on-plate configuration in a reciprocating motion style. The test was
conducted under applied normal loads of 0.3 N and 0.5 N using Al2O3

ball with a diameter of 6 mm and at 1 h of sliding time, such as a similar
to wear test condition in [18]. The trace length after wear was 3 mm.
Three to five wear tests were conducted for each condition in order to
obtain statistically valid results. To determine the wear resistance of the
W-Ti-B coatings, all grooves after wear test (cross-section profiles of
wear track) were measured by scanning profilometry technique
(Hommel Tester T8000). The average width and depth of the groove
were calculated from three taken profiles from each groove after wear.
A detailed description of the wear test device and measuring the effects
of wear were presented in [43].

The effect of titanium on the corrosion resistance of deposited films
was investigated in the electrochemical corrosion tests – impedance
spectroscopy and polarization. Samples were installed in a corrosion
cell where coatings were exposed at 0.5 M NaCl solution. In the test, a
standard saturated calomel electrode (SCE) as a reference electrode and
platinum as a counter electrode were used. The contact area in all cases
was 1 cm2 and the tests were carried out at ambient temperature
(20 ± 5 °C). The stabilization of corrosion potential took 1 h. After
impedance tests, potential were decreased for 0.2 V and polarization
tests were performed. Results of spectroscopy impedance are shown on
Nyquist (real vs. imaginary impedance) and Bode plots (phase and
impedance modulus vs. frequency) while polarization was analysed on
the basis of the Tafel lines (current density vs. corrosion potential) [44].
In electrochemical spectroscopy impedance section only comparison
between coating containing Ti was presented. Stainless steel and pure
WeB coating results show correlation typical for bulk materials and
adding them to presented plots would make them unclear and difficult
to interpret.

3. Results and discussion

3.1. W-Ti-B targets

The analysis of X-ray diffractograms was used to determine phase
composition of targets. As seen in Fig. 1. the phase composition
changed from 91.8% of WB2 (P63/mmc) + 8.2% WB4(P63/mmc) [30] to
4.6% WB2 (JCPDS 01-073-1244) + 95.4% WB4 (JCPDS 00-019-1373)
for 0 and 8 at.% Ti, respectively. The exact structure of tungsten borides
is still a matter of vigorous debate in the literature. The theoretical
calculations show that WB4 may be in fact the defect-containing WB3
[9,45,46]. However, Kaner et al. [47] had unambiguously proved the
existence of superhard WB4 phase by combined refinement of X-ray
powder, X-ray single crystal, and neutron time-of-flight power diffrac-
tion data. Moreover, they demonstrate that the crystal structure of WB4
not only contains partially filled tungsten sites (one-third of W atoms
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are systematically absent) but also boron trimer sites [47]. Therefore, in
the rest of the manuscript the designation WB4 will be used. An increase
in the content of WB4 phase was possible by providing an excess of
boron to stabilize the compound or adding another transition metal
[10]. For example a nearly single phase (WB4) compound was suc-
cessfully stabilized with tantalum and prepared with a nearly stoi-
chiometric amount of boron (4.5) as W0.668Ta0.332B4.5 [10]. In the case
of titanium Akopov et al. showed Ti is soluble in WB4 below 20 at.% but
at higher concentrations, a secondary phase, TiB2 (JCPDS 01-075-0967)
appears [48]. Additionally, the excess of boron is still needed. In our
case W-Ti-B compound is stabilized with titanium and prepared with a
nearly stoichiometric amount of boron (4.5). Presented in the Fig. 1
XRD spectra of targets are similar to each other. However, the higher
content of titanium allows getting the greater content of a WB4 phase.
Moreover, accurate comparison of spectra allows noticing small dif-
ferences caused by the presence of titanium in the crystal lattice of WB2
or WB4 phases.

XRD diffractograms (Fig. 1) indicate low content of TiB2 phase and
confirm that titanium dissolves well in the WB4 phase. With increasing
titanium content the TiB2 phase increases (the positions of TiB2 are
marked with a dashed line). Moreover, WB4 peaks are shifted to a lower
2Ɵ angle. This effect can be explained by the increase in the interplanar
distances due to the dissolution of titanium in the crystal lattice of the
WB4 phase. In Fig. 2 an exemplary cross-section SEM-BSE images are
shown. In the case of WB4.5 target two phases are seen. The dark, grey
phase contains pure boron, whereas white areas are a mixture of WB2
and WB4 phases and were marked in Fig. 2a as WBx. In Fig. 2b
(W0.84Ti0.16B4.5 target) the effect of titanium addition on microstructure
of obtained targets is observable. The addition of titanium results in a

decrease of dark boron areas and appearing of light grey islands of ti-
tanium diboride (Fig. 2b). The alloying also causes the fragmentation of
white WBx (WB4 + WB2 mixture) grains.

More details about chemical composition and other properties of
WeB and W-Ti-B targets were presented in [30,49].

3.2. W-Ti-B films

3.2.1. Chemical composition and microstructure
The results of films chemical composition obtained by EDS method

are presented in Table 2 and Fig. 3.
As it is seen in Table 2 the stoichiometry of used targets is not

preserved. The difference in tungsten to titanium ratio in targets and in
films respectively decreases with increasing of titanium addition. For
example for sample W-B-Ti#8 Ti/(Ti + W) ratio in target is 0.08 when
in coating 0.065 respectively. In the case of W-B-Ti#24 sample it is 0.24
and 0.196 respectivelly. At the same time, the content of boron increase
from 64.2 at.% to 66.4 at.% for sample W-B-Ti#8 and W-B-Ti#24 re-
spectively (Fig. 3c). A similar phenomenon was observed by Grančič
et al. [50], where with the increasing of amount of heavy element
(tantalum) the content of boron decreased. It can be seen also the
amount of boron in relation to transition metals decreased from 4.5 in
targets to 1.9 in W-B-Ti#0 and ~2.4 in W-B-Ti#24 coating. It should be
noted, when the boron content is measured with EDS method the result
may be inaccurate. It is caused by the overlapping the peak of carbon
and the peak of boron in the vicinity of 0.25 keV (Fig. 3b). The loss of
titanium and boron was observed during previous works [17,37] and
may be related to scattering caused by collisions with heavier elements
in the plasma plume. The second reason of the decrease in the amount

Fig. 1. XRD patterns of W1−xTixB4.5 targets with x = 0–24 at.% titanium. Dashed lines indicate growing content of TiB2 phase.

Fig. 2. Cross-section SEM-BSE images of SPS targets a) WB4.5, b)W0.84Ti0.16B4.5.
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of boron can be the resputtering of boron from the surface of the de-
posited layer. The>2.1 (titanium alloyed coatings) ratio of boron to
transition metals means that (W,Ti)B2 is supersaturated [19]. A further
increase in the amount of boron could result in the formation of WB4
phase, however, the energy balance on the surface of the sample pre-
vents such solution. The transition to higher tungsten borides is ob-
served during pulsed laser deposition WBx where the energies of the
arriving particles are much higher compared to the sputtered by RF
magnetron [51].

However, the rise of titanium content in the deposited layers can
increase the amount of oxygen from 2.3 to 5.6 at.% for W-B-Ti#0 and
W-B-Ti#24, respectively (Fig. 3c). This is probably due to the higher
chemical activity of titanium compared to tungsten. For example the
heat of formation −∆Hf

0 of TiO is 518.7 kJ/mol [52] and is smaller
than WO2 (589.1 kJ/mol) [53].

The Fig. 4 presents XRD patterns of (W,Ti)B2 films deposited from
targets with different titanium content. It was observed that the films
structure strongly depends on titanium addition. The films deposited
from the target without titanium had AlB2-type WB2 structure with
(0001) preferred orientation (Fig. 4a). Low content of titanium
СТi = 2.0 at.% in sample W-B-Ti#8 (Fig. 4b) caused formation of wide
and unclear spectrum indicating amorphous structure of the deposited
film. Further increase of titanium content caused growth of AlB2-type

(W,Ti)B2 films, and in W-B-Ti#24 coating, the single phase AlB2-type
(W,Ti)B2 was observed. The peak (0001) was broader and shifted to
lower 2Θ angles in comparison with that from films without titanium
(Fig. 4a). Additionally reflections from other planes appeared. In the
Fig. 5b the presence of amorphous structure has been confirmed by
selected area electron diffraction (SAED). The image taken from film
confirmed the occurrence of the amorphous layer (blurred diffraction
rings) on the crystalline Si substrate (visible diffraction spots). In Fig. 5a
W-B-Ti#0 coating with dense columnar-like microstructure was ob-
served. The directional growth was typical for magnetron deposited
films from WB2 [22,36] or WB2.5 [17] targets. Further increase in the
amount of boron to 4.5 in relation to tungsten and titanium in targets
did not change the morphology of deposited films. Similar structure
was observed by Mayrhofer et al. [54] for overstoichiometric boron in
TiB2 films deposited by magnetron sputtering. Deposited films had also
a columnar structure, with an average feature size of 20 nm, and (0001)
preferred orientation. Columns were encapsulated in excess B and were
themselves composed of smaller stoichiometric TiB2 subcolumns with
separated by a thin B-rich tissue phase of thickness 1–2 monolayers
what caused their superhardness [54]. With the increasing content of
titanium in deposited coatings, the columnar-like microstructure
changed to the very dense and compact featureless morphology. TEM
cross-section images of W-B-Ti#8 and W-B-Ti#16 films were similar to

Table 2
Target composition, coating thickness, growth rate and chemical composition of the coatings measured by EDS.

Name Target composition Film thickness (μm) Deposition rate (nm/min) Concentration (at.%)

W Ti B O

W-B-Ti#0 WB4.5 0.91 20.2 33.5 0 64.2 2.3
W-B-Ti#8 W0.92Ti0.08B4.5 0.92 20.4 28.5 2.0 64.8 4.8
W-B-Ti#16 W0.84Ti0.16B4.5 0.93 20.6 26.1 3.6 65.3 5.2
W-B-Ti#24 W0.76Ti0.24B4.5 0.93 20.7 22.6 5.5 66.4 5.6

Fig. 3. Exemplary EDS analysis of the W-B-Ti#24 coating a) SEM image of the investigated area, b) EDS spectra and elemental composition of the film, c) the effect of
titanium content in the target on the chemical composition of the deposited films.
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W-B-Ti#24 film (Fig. 5b), and all of them presented the featureless
morphology.

Similar morphology was observed by Sobol et al. [19] due to DC
magnetron sputtering of targets made of WB2 and TiB2 powders. The
deposited films with a small content of titanium atoms possessed an
unoriented structure. At a content of Ti ≈ 10.2 at.%, a columnar
growth of crystallites was observed [19]. The change of morphology
after the titanium addition could be explained on the basis of Thorn-
ton's structural zone model (SZM) of sputtered films extended to the
region of low sputtering gas pressures [56]. The used deposition con-
ditions i.e. argon pressure pAr = 0.9 Pa, substrate temperature
Ts = 520 °C and melting temperature of WB2 = 2365 °C indicated that
films deposited without titanium were in the region of “ZONE 1” where
columnar crystallites separated by voids were formed. In this region the
films were under tensile macrostress σ > 0. The addition of titanium
caused the increase of Ts/Tm ratio due to lowering of melting tem-
perature of (W,Ti)B2 and change of macrostress to the compressive
[57]. As a result the dense voids-free microstructure was formed (ZONE
T) [56,58].

Figs. 6 and 7 present high resolution TEM images of W-B-Ti#8 and
W-B-Ti#24 samples studied in a plane-view. The sample W-B-Ti#24
(Fig. 6a) was cut evenly. In the case of W-B-Ti#8 (Fig. 7a), the sample is
a little crooked, which was caused by the relatively small thickness of
the film. The main aim of the TEM study was to investigate the struc-
ture of the mentioned two different states. As was expected, both layer
structures indicate an amorphous character. It cannot be observed any
grains or columnar structures (Figs. 6b and 7b). Furthermore, the ad-
ditional fast Fourier transform (FTT) has been carried out (Figs. 6c and
7c) to show whether the material is amorphous or crystalline. As it can
be seen on obtained FTT images, the presence of the amorphous layer
(blurred diffraction rings) has been confirmed in two obtained films.
The results of the FTT investigation are consistent with SAED study
(insert of Fig. 5b), in which the amorphous halo confirms the presence
of the amorphous phase.

Worth noting is the absence of peaks corresponding to Ti and TiB2
phase on the X-ray diffraction pattern of the deposited films (Fig. 4). In
order to estimate the chemical state of deposited coatings, the XPS
analysis was performed (see Fig. 8). Conducted research indicates that
Ti-doped films were similar to each other in relation to chemical state.
However, they were different taking into account the quantitative
chemical composition.The binding energy for deposited films varied

Fig. 4. X-ray diffraction patterns of deposited films a) W-B-Ti#0, b) W-B-Ti#8,
c) W-B-Ti#16, d) W-B-Ti#24. Blue dashed line – theoretical positions of α-WB2
phase peaks (a = 3.010 Å, c = 3.050 Å [1]) and red dashed-dot lines - theo-
retical positions of P6/mmm TiB2 peaks (a = 3.035 Å, c = 3.223 Å [55]). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Cross-section Bright-Field TEM images of deposited films (a) W-B-Ti#0 and (b) W-B-Ti#24. Inserts present corresponding SAED patterns.
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from 30.7 to 31.2 eV for the W4f7/2 peak and from 187.9 to 188.4 eV for
B1s (187.8 eV for pure boron [59]), which is consistent with the lit-
erature data and corresponds to W2B5 phase [60]. The comparison of
presented values with the W4f7/2 peak of pure W centred at 31.4 eV
[61] showed shift to the lower-energy side. The shift to lower energy
can be explained by the electronegativity of boron (EN = 2.04) which

was lower than that of tungsten (EN = 2.36). When oxygen with
electronegativity (EN = 3.44) for example is investigated, the shift to
higher energy is observed and the change gets greater due to increasing
oxidation. When titanium is added the Ti2p3/2 peak with binding en-
ergy from 454.6 to 454.8 eV appears. The shift from position 454.0 for
pure titanium [62] indicates the formation of TiB2 phase. As it was

Fig. 6. Plane-view high-resolution TEM images of W-B-Ti#24 coating performed in: a) 10 k magnification, b) 1000 k magnification and c) 1000 k magnification with
the fast Fourier transform (FTT) analysis.

Fig. 7. Plane-view high-resolution TEM images of W-B-Ti#8 coating performed in: a) 15 k magnification, b) 1000 k magnification and c) 1000 k magnification with
the fast Fourier transform (FTT) analysis.

Fig. 8. XPS spectra of W-B-Ti#0 and W-B-Ti#24 coatings. a) high-resolution spectrum of binding energy corresponding to W4f7/2, W4f5/2 and W5p3/2 electron states,
b) B1s c) Ti2p1/2 and Ti2p3/2. The vertical dashed line indicates the binding energy of pure elements. The horizontal arrows show the direction of shift due to change
of chemical status.
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shown in [10,48] tungsten borides poses great posibility to alloying by
other metals. Titanium occupies the positions of voids in the crystal
lattice and change the properties of alloyed tungsten borides [19,36].
The surplus of the doping element may react with boron and form
compounds with a structure similar to WB2. The addition of titanium
cause the formation of TiB2 which has similar hexagonal structure
(P6/mmm) as α-WB2 [3].

The appearance of a new phase in the structure of the deposited
layers does not change the X-ray diffraction pattern, however the po-
sitions of the WB2 peaks are shifted towards the corresponding positions
of the TiB2 peaks, i.e. towards smaller angles (Fig. 4). The Fig. 8c shows
that TiB2 phase is present in all coatings deposited from Ti alloyed
targets. In deposited films the XPS spectra show also presence of
tungsten oxides (WO2, WO3), titanium oxide (TiO, Ti2O3) and con-
tamination with carbon, carbon in carbides, carbon in oxidized state
and nitrogen. Carbide was not indicated on the high resolution XPS
tungsten spectra because the signal from WeC bonds coincides with the
range for WeO bonds correspond to WO2 specieces. It should be re-
membered that the XPS method is a surface method and the signal is
collected from a layer of three average free paths of electron. Even after
5 min Ar ion beam etching and removal of 7 nm of surface layer the
content of oxygen is still high.

3.2.2. Mechanical and tribological properties
On the basis of previous publications taking into account tungsten

borides coatings [18,19,21] the optimal indentation load for measure-
ment of mechanical properties should lay in the flat region of hard-
ness–displacement curve up to formation of first crack in coating. For
this load the deformation in the contact is in full plasticity regime.
Additionally, to minimalize the effect of the substrate, the hardness and
elastic modulus values should be calculated based on the average data
obtained at depths< 1/10 of the layer thickness [63]. Accordingly to
those assumptions, a load of 7 mN was chosen to determine the me-
chanical properties. In the Fig. 9 the mechanical properties of films
deposited from targets with different titanium content are presented.
The mechanical properties of coatings are characterized by the hard-
ness H and the effective elastic modulus

= +
E E E
1 1 1 i

i

2 2

(1)

where E is the elastic modulus, and ν is the Poisson's ratio (ν = 0.3
[64]), subscript i means indenter. Also the elastic recovery We and the
ratio H/E*, which can determine the films crack resistance to a certain
extent, are used to evaluate the mechanical behaviour of the films.

The deposited films without titanium had similar properties as
presented in [17,18,23]. Due to the crystalline columnar structure
hardness reached 49.0 ± 0.6 GPa with effective elastic modulus of
709.4 ± 89.5 GPa. The elastic recovery We and the ratio H/E* were
below 0.6 and 0.1, respectively, what means that they were not flexible
and not resistant to cracking [56,58]. As it is shown in the Fig. 9 the
addition of 2 at.% of Ti (coating W-B-Ti#8) caused a two-fold decrease
of the hardness and elastic modulus. Due to parameters presented by

Musil [56] the nature of the layers also changed. The elastic recovery
was still under 0.6 but ratio H/E* was>0.1. It was a result of changing
highly oriented crystalline structure to amorphous and the appearance
of the TiB2 phase. According to the reports on the similar systems
[26,65], the absence of dislocation activity in the small nanocrystals
and the formation of a strong interface between the two phases could
greatly reduce the crack formation and propagation. The increasing of
titanium content to СТi ≈ 3.6 at.% (W-B-Ti#16 coating) caused about
20% rise of the hardness and effective elastic modulus to
37.5 ± 1.9 GPa and 341.2 ± 2.4 GPa, respectively. At the same time
the We and the ratio H/E⁎ reached value 0.685 and 0.11, respectively.
The highest hardness H = 39.2 ± 1.5 GPa was measured for
СТi ≈ 5.5 at.% (W-B-Ti#24 coating). The increasing of titanium content
from 3.6 to 5.5 at.% slightly increased value of other parameters. The
deposited films were very hard, flexible and resistant to cracking at the
same time. The phase of α-WB2 (Fig. 4d) was stabilized by hexagonal
nanocrystals of TiB2, which may block dislocation movement. The
better elastic properties were also the results of change of structure
from columnar to voids-free solid nanocrystalline material (ZONE T).
When the grain size is smaller than the length of dislocation, the dis-
locations are not generated and processes in grain boundary regions
play a dominant role. In the case of a nanocomposite which consists
coherently coupled grains of two phases (with good correspondence
between the periods of crystal lattices at the phase boundary) the
binding strength is increased [19,66]. According to Fig. 4, such a
structure was made on the basis of the coincidence of the interplanar
distances of two phases α-WB2 (a = 3.010 Å, c = 3.050 Å) and P6/mmm
TiB2 (a = 3.035 Å, c = 3.223 Å). The creation of consistent boundaries
between nanocrystals of different phases increased the strength of the
composite. Formation of coherent boundaries between grains caused
suppression of grain-boundary sliding in monocrystalline materials
[19]. This leaded to increased mechanical properties of deposited films.

The Fig. 10 shows the average values of the wear track width and
depth after wear process as a measure (characteristic) of W-B-Ti-layer
wear. The tribological test was conducted for of the coating W-B-Ti#24.
Values of the depth and width of the groove were 0.26 μm and 30 μm at
a load of 0.3 N, and 0.41 μm and 43 μm at a load of 0.5 N, respectively.
As it was shown earlier WB coating were many times more resistant to
wear than steel [18]. In Fig. 10b a comparison of present investigation
to those results are shown. As it is presented in Fig. 10a, with the same
diameter of the counterspecimen Al2O3 ball (6 mm) and under a similar
normal load force than in [18], the coating with titanium addition had a
higher wear resistance. This behaviour of coating resulted from the
structure of the compared layers. The titanium-alloyed layer, due to its
compact structure, had a lower hardness, however the crack resistance
was higher. The non-columnar structure contained fewer defects, which
made it more ductile and resistant to cracking.

Further studies showed, that the friction coefficient was lower for
the W-B-Ti#24 layer than for the WB layer (Fig. 11). For the W-B-Ti#24
coating, the friction coefficient was stable with very low value in the
range 0.12 ÷ 0.15 during 1 h of wear test. In the case of unalloyed layer
W-B-Ti#0 the friction coefficient oscillated close to 0.2 but at first part

Fig. 9. Mechanical properties of the deposited films in function of Ti concentration. On the left results of hardness H and effective elastic modulus on the right results
of elastic recovery We and H/E⁎.
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of test there were great dispersions from 0.19 to 0.28. After 30 min the
average friction stabilizes.

This behaviour was related the removal of contaminants from the
wear track (Fig. 12a). Because the addition of titanium increased crack
resistance, less defects and contaminants appeared and the shape of the
groove was regular throughout the measurement (Fig. 12b).

3.2.3. Corrosion resistance
Electrochemical spectroscopy impedance results are pesented for

coatings alloyed with Ti on Nyquist and Bode plots (Fig. 13). They are
illustating the same measuring setup and are mutually exclusive. Ny-
quist plot represents the relation between real and imaginary im-
pedance while Bode plot shows correlation between phase shift angle
and module of imedance magnitude depending on measuring fre-
quency.

On Nyquist plot (Fig. 13a) parts of semicircules was recognized,
which represents the coating-solution contact. Wider diameter means

greater electrical resistance and as a result better corrosion resistance.
In this case coating with W-B-Ti#8 prove better electochemical re-
sistance then samples with higher Ti content. Creation of second
smaller semicircules for W-B-Ti#16 and W-B-Ti#24 represents the
diffusion in active surface and electrolyte (mass transport). Bode plot
(Fig. 13b) confirm presented accuracy by comparing different factors.
Phase curve (thin lines) and imedance magnitude (thick lines) shows
that again W-B-Ti#8 coating has better corrosion resistance properties,
while the other two samples are at similar level.

Potentiodynamic polarization results for the (W,Ti)B2 coated
stainless steel 304 substrate and the original substrate in a 0.5 M NaCl
solution are shown in Fig. 12 and Table 3. Additionally, the protective
efficiency, Pi (%), which is opposite of porosity of the films, was cal-
culated from Eq. 2 [67].

= ×P I
I

(%) 1 100i
corr

corr
0 (2)

where Icorr and I0corr represent the corrosion current density in the pre-
sence and absence of a coating, respectively.

There was a considerable decrease in the anodic current of the
samples with deposited films compared to the uncoated 304 SS. It is
well known that the Icorr is important parameter to evaluate kinetics of
corrosion reaction. Corrosion protection is normally proportional to the
Icorr measured via polarization [68].The deposition of WB2 films caused
lowering of the current density in relation to 304 SS from 2.008 to
0.673 μA cm−2 what was in good agreement with result presented in
ref. [26]. However, the addition of titanium caused further improve-
ment of the corrosion resistance. The current density for the sample
coated with (W,Ti)B2 film with CTi = 5.5 at.% (W-B-Ti#24) was about
one order of magnitude lower than that of the uncoated 304 SS (Fig. 14
and Table 3). As it was shown in the Fig. 5 the addition of titanium to
the WB2 caused that films were more dense and lost their columnar
structure. As a result less direct diffusion path for the corrosive medium
were formed what resulted in the improvement of corrosion resistance.
In the case of the pure WB2 films, the columnar structure provided the
straight diffusion channels for corrosive medium, which may accelerate
the corrosion behaviour.

The best protective efficiency Pi = 96.1% was achieved for W-B-
Ti#8 coating. The corrosion protection efficiency of this coating was
evident from both the increase in corrosion potential and the reduction
in the corrosion current density. Because hydrogen evolution takes
place during potentiodynamic test at iron surface in pores, hence the
coating substrate adhesion plays important role. The adhesion of film
W-B-Ti#8 to substrate was probably greater than that of coatings with
higher titanium content due to more gradual transition of hardness and
elastic modulus across coating substrate interface. Therefore, the pro-
tective efficiency drops with the rise of titanium content and the as-
sociated increase in hardness.

4. Summary

In this work the effects of titanium content on the properties of thin
films deposited by RF magnetron sputtering from spark plasma sintered
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(SPS) targets are presented. The effect of adding titanium was evident
in both sintered targets and deposited layers. Even if almost stoichio-
metric atomic content of boron (4.5) was used, the addition of 8 at.% Ti
caused formation of 94.5% WB4 phase, when without titanium it was
only 8.2% WB4. In spite of using of W1−xTixB4.5 targets, the films de-
posited by RF MS method were mainly composed with AlB2-type WB2
phase. The overstoichiometric boron was lost due to scattering on
heavy particles in the plasma plume and resputtering from the films
surface. The WB2 coatings deposited without titanium had crystalline
columnar structure with 0001 preferred orientation. The superhardness
of deposited films H = 49 ± 0.6 GPa could be explained by inhibition
of nucleation and gliding of dislocations due to small dimension across
the WB2 nanocolumns and also the high cohesive strength of the thin B-
rich tissue phase which prevents grain-boundary sliding. In opposite to
well-known columnar α-WB2 magnetron sputtered coatings, the addi-
tion of titanium to deposited films caused that they were formed in the

zone T of the Thornton's Structural Zone Model and created flexible
hard nanocomposite coatings. The investigations showed that the al-
loying by titanium apparently leads to the change of the structure from
columnar to dense, compact structure with featureless morphology. The
introducing of titanium caused change of crystalline to amorphous
phase and next with higher content of titanium the hexagonal α-(W,Ti)
B2 structure is formed. Such change is due to lowering of melting
temperature of synthetized material and increasing of the particle en-
ergy arriving to the film surface by the using RF against DC generator.
Obtained films are simultaneously hard H > 37.5 GPa, exhibit high
values of the hardness and effective Young's modulus E⁎ ratio H/
E⁎ > 0.1, elastic recovery We > 60%, compressive macrostress
σ < 0 and dense, void-free microstructures. It can be stated that the
(W,Ti)B2 coatings have better tribological properties than superhard
WB layers. During 1 h of wear test the friction coefficient of alloyed
coatings was stable with very low value in the range 0.12 ÷ 0.15.
Moreover, titanium addition improved anticorrosive properties. The
change from columnar to dense and crystalline/amorphous structure
caused less direct diffusion path for the corrosive medium. As a result
the protective efficiency reached 96% in comparison with uncoated
surface of 304 SS.
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