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A B S T R A C T   

Magnetron sputtered WB2 coatings doped with 8, 11 and 16 at.% zirconium were analysed using energy 
dispersive spectroscopy, X-ray diffraction and nanoindentation under the load of 4, 7 and 10 mN. It has been 
observed that these coatings crystallize in the α-AlB2 and ω-W2B5 prototype structure. Phenomenon responsible 
for this is an increase of the zirconium content which causes an increase in the ω-W2B5 phase. All the deposited 
coatings have a hardness of about 45 GPa while Young's modulus drops down from 497 to 480 GPa with 
increasing zirconium content. Coatings without doping and doped with 16 at.% zirconium were annealed at 
650 ◦C and subjected to cyclic thermal loads using a maximum temperature 600 ◦C and cooling with a com-
pressed air. It has been observed that addition of zirconium improved coatings phase stability.   

1. Introduction 

Tungsten borides are distinguished by their high hardness, high 
melting point, chemical, and thermal stability. This unique combination 
of properties finds application in the production of high-speed tools, dies 
(rod drawing), and brake discs. In recent years different tungsten borides 
compositions were tested. However, the recent research is focused on a 
tungsten diboride because the results of numerical simulations as well as 
the experimental data indicate the hardness of this material to be over 
40 GPa [1] while maintaining its perfect thermal stability up to 700 ◦C 
[2]. Due to the possibility of microstructure formation, the coatings 
exhibit even better properties in comparison with solid materials [3]. 
Moreover, WB2 properties can be enhanced by the addition of Zr [4], Ti 
[5], Ta [6,7], and N [11]. Recent publication shows that addition of 
tantalum [6] or titanium [5] to α-WB2 can improve both strength and 
fracture toughness in deposited coatings. This effect is related to the 
improvement of the transformation temperature of the AlB2-type WB2 
phase. 

In this work we decided to focus on the effect of zirconium (Zr) 
doping on the properties of WB2 coatings deposited in the magnetron 
sputtering process. The results of experimental research obtained to date 

show the formation of the non-equilibrium α-WB2 phase[1,7] even 
though ω-W2B5 is more thermodynamically stable [20]. The process of 
physical vacuum deposition synthesis is responsible for this effect, 
because this method is known to favor the formation of the point defects 
such as vacancies which stabilize the non-equilibrium phase. Referring 
to the results of Moraes' et al. [7,8], one can see that vacancies can be 
further stabilized by dopants which favor the formation of the phase 
with negative formation energy. In the case of ZrB2, formation energy is 
− 0.987 eV [9], so even lower than the formation energy of already 
investigated TaB2 (− 0.649 eV). In this work our goal is to obtain coat-
ings with a hardness comparable or higher to that of α-WB2 with 
improved elastic properties and better thermal stability simultaneously. 
Reported results suggest that we were able to achieve this via Zr doping 
of the tungsten diboride. 

2. Materials and methods 

2.1. Process of magnetron sputtering 

The sputtering targets with a diameter of 25.4 mm were produced by 
spark plasma sintering (SPS) from boron (purity: 95%, APS: 1 μm, Sigma 
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Aldrich), tungsten (purity: 99.9%, APS: 25 μm, Sigma Aldrich), and 
zirconium (purity: 99.8%, APS: 250–350 μm, Sigma Aldrich). Powders 
were mixed for 30 min using a Turbula® T2F shaker-mixer (WAB, 
Switzerland) in the compositions presented in Table 1. The obtained 
powder mixtures were SPSed in vacuum using an HP D 25/3 furnace 
(FCT Systeme, Germany). The SPS process parameters are as follow: 
sintering temperature: 1800 ◦C, heating rate: 400 ◦C/min, holding time: 
24 min and compacting pressure: 50 MPa. All targets were composed of 
a hexagonal WB2 phase (space group P63/mm) and a hexagonal WB4 
phase (space group P63/mm). The lattice parameters of both phases 
remained almost constant in the analysed range of Zr doping and were a 
= 2.992 Å and c = 13.933 Å for the WB2 phase and a = 5.354 Å and c =
6.384 Å for the WB4 phase. They are in good agreement with the theo-
retical lattice parameters which are as follows: in WB2 phase a = 3.016 Å 
and c = 21.052 Å, in WB4 phase a = 5.360 Å and c = 6.453 Å. The 
hexagonal ZrB2 phase (space group P6/mmm) was observed in the Zr- 
doped targets (Fig. 1) at 2θ angle of 32.61 and 41.6◦, therefore in 
great agreement with the theoretical position of the (100) and (101) 
plane of ZrB2, respectively. The lattice parameters of ZrB2 phase are a =
3.171 Å and c = 3.547 Å and are consistent with the theoretical pa-
rameters of a = 3.170 Å, c = 3.548 Å. Detailed information on SPS 
targets can be found in Ref. [4]. 

Afterwards, each target was mounted in the water-cooled 1-in. 
magnetron sputtering cathode (Kurt J. Lesker, Germany). The deposi-
tion process was performed in a vacuum chamber initially pumped to 
2⋅10− 5 mbar and then filled with an argon gas up to the working pres-
sure of 9⋅10− 3 mbar. The gas flow of argon was set to be 19 mL/min. 
Prior to each deposition, the target was sputtered for 5 min in order to 
ensure its clean surface and stable sputtering conditions. During all ex-
periments, power supplied to the magnetron cathode was maintained at 
the level of 50 W. Films were deposited for 45 min on Si (100) (Institute 
of Electronic Materials Technology, Poland) and tungsten carbide G15 
substrates. Substrate holder was heated up to 540 ◦C and positioned 40 
mm in front of the target. The deposited coatings were about 1 μm thick. 

2.2. Annealing and cycling temperature changes 

Two types of coatings (WB2-z and W0.76Zr0.16 B2-z) deposited on the 
tungsten carbide substrate were subjected to the heat treatment and the 
cyclic temperature changes. 

Stability of both nanostructure and mechanical properties of the 
deposited coatings were studied after annealing at temperature of 
650 ◦C inside the vacuum chamber (PREVAC) pumped to a pressure of 
2⋅10− 5 mbar. Samples were held at constant temperature for an hour 
and after the annealing, cooled down for 120 min to a temperature of 
100 ◦C. 

Described tests of cyclic temperature changes were carried out in the 
heating-cooling system ShockTherm (PESS Company), using a 
maximum temperature 600 ◦C and cooling with a compressed air stream 
to room temperature. The temperature was controlled by thermocouples 
placed just above the samples. Individual heating-cooling cycle took 
approximately 180 s, while the typical course of the process is presented 
in Fig. 2. Changes in the structure and evolution of layer properties were 
analysed after 10 and 50 heating-cooling cycles. 

2.3. Characterization 

The surface microstructure and chemical composition were investi-
gated using Scanning Electron. 

Microscope – SEM (JEOL JSM-6010Plus) equipped with an energy 
sensitive detector (EDS. In order to get the most reliable values of boron 
content the accelerating voltage was set to be 5 kV, according to 
Ref. [12]. Moreover, the system was calibrated with the use of 

Table 1 
Weight content of tungsten, zirconium and boron in W/B W/Zr/B powder 
mixtures used for the preparation of sputtering target.  

Stoichiometric composition Tungsten [g] Zirconium [g] Boron [g] 

WB2.5 12.202 – 1.795 
W0.92Zr0.08B2.5 11.635 0.502 1.861 
W0.84Zr0.16B2.5 11.025 1.042 1.931 
W0.76Zr0.24B2.5 10.366 1.624 2.007  

Fig. 1. XRD diffractogram of WB2.5 and W1-xZrxB2.5 SPS targetsMarked with dashed lines area shows growing intensity of the diffraction patterns, which indicates 
growing content of ZrB2 phase. 

Fig. 2. Schematic view of the heating-cooling cycle.  
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commercially available target W2B5 (purity 99.9%, Huizhou Tian Yi 
Rare material Co. Ltd). It should be explained that the authors are aware 
of the uncertainties in boron measurement with EDS, which are related 
to the proximity of the boron and carbon peaks as well as carbon 
contamination. However, precise measurement of boron and tungsten at 
the same time is difficult with other techniques such as XPS as well. This 
is partially related to the accuracy of the calibration [15,16]. The crystal 
structure and phase composition of deposited layers were characterized 
by X-Ray Diffractometer (Bruker D8 Discover, λ = 1.5418 Å) system. 
Measurements were made in 2θ scan mode, with the sample fixed at a 
constant angle of incidence at 8◦. In this configuration, it was possible to 
avoid signal from the substrate while maintaining high intensity of the 
signal originating primarily from the studied coating. Rietveld refine-
ment was used for the phase analysis of the targets and the coatings. 

2.4. Mechanical properties 

Nanoindentation analyses were performed at room temperature 
using NanoTest Vantage (Micro Materials) system. Measurements were 

performed with Berkovich-shaped diamond indenter. The geometry of 
the indenter tip, so called Diamond Area Function, was calculated for 
each load and used when calculating mechanical parameters. Each 
indentation has been repeated 12 times and the measurements were 
made in the line with the distance of 50 μm from each other. To mini-
mize the effect of the substrate, the hardness and elastic modulus values 
were calculated based on the average data obtained at depths of about 
100 nm (indentation load of 7 mN). The goal of this is to (i) ensure that 
the maximum indentation depth is not bigger than 1/10 of the coating 
thickness, thus minimizing substrate effect [13] and (ii) to measure 
hardness in load independent region [14], thus minimizing deformation 
created by the preceding indent. 

3. Results and discussion 

All the deposited coatings were smooth with a mean square rough-
ness of 12 ± 5 nm. No debris or delamination was observed, see Fig. 3a. 
Performed SEM-EDS analysis indicate that chemical elements 
composing WxZr1-xB2-z coatings after magnetron sputtering were 

Fig. 3. a) SEM image of WB2-x, b) EDS line scanning analysis of the coating deposited from the W0.76Zr0.24B2-z target.  

Fig. 4. Chemical composition of the deposited coatings a) B/(Zr + W) and Zr/(Zr + W) concentration, b) an example of EDS spectrum of the coating deposited from 
WB2.5 (top) and W0.76Zr0.24B2.5 target (bottom). 
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homogeneously distributed in the entire surface of the coating (see 
Fig. 3b). The boron content B/(Zr + W) is in the range of 62.5–74.6 at.% 
(1.36–1.59, see Fig. 4) which means that boron decreased by 36–46% 
compared to the target composition. A decrease of light elements has 
already been observed, e.g. in Ref. [3,17]. This phenomena may be 
related to the plasma scattering of light boron atoms (10.81 u) into 
heavy tungsten atoms (183.84 u). As a result of this, lower amount of 
boron seems to reach the substrate. 

In the coatings deposited from zirconium-doped targets, the zirco-
nium content dropped up to 34% in the comparison to initial target 
composition. The decrease in zirconium content, as in the case of boron, 
is predicted to be due to scattering of the zirconium atoms (91.224 u) on 

the tungsten atoms. Therefore, similar as previously described phe-
nomena can be observed, resulting with lower Zr% then predicted. 

The XRD diffractogram of the deposited coatings revealed main 
diffraction peaks at 2θ ranging from about 24◦ to 31◦, see Fig. 5a. In the 
case of WB2-z coating the peak positioned at 28.9◦ originates from the 
(001) plane of hexagonal AlB2-type WB2 (α-WB2) while the peak posi-
tioned at 26◦ is derived from the (004) plane of hexagonal MoB2-type 
WB2 (ω-W2B5). Detailed deconvolution of XRD diffractogram leads to 
the determination of cell parameters as well as phase composition. The 
α-WB2 phase is characterized by the following lattice parameters a =
2.96 Å and c = 3.089 Å. At the same time the ω-W2B5 phase has the 
lattice parameters a = 3.076 Å, c = 13.684 Å. It should be explained that 

Fig. 5. Structural evolution of the as-deposited W1-xZrxB2-z coatings with increasing Zr content (x = 0, 0.08, 0.11, 0.16). The standardized 2ϴ-peak positions of ω – 
W2B5 (a = 2.983 Å, c = 13.879 Å) [18], α - WB2 (a = 3.020, c = 3.050) [19], and AlB2-type-ZrB2 (a = 3.170 Å, c = 3.548 Å) are marked with circle, square and filled 
rhombus symbols, respectively. 

Fig. 6. The effect of Zr content on the lattice parameters a) α-WB2, b) ω-W2B5. Triangle and circle stands for a and c lattice constant, respectively.  
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the theoretical parameters are as follows: a = 3.020, c = 3.050 [19] and 
a = 2.983 Å, c = 13.879 Å [18], respectively. The α-WB2 to ω-W2B5 ratio 
is 4.8 and both phases have similar crystallite size of 37 ± 2 nm 
(calculated on the basis of Scherrer formula [21]). In the XRD dif-
fractogram, apart from narrow diffraction lines, a broad diffraction line 
at 2θ between 22◦ and 46◦ was observed. This data indicates the pres-
ence of the amorphous phase. 

In the case of Zr-doped coatings, the amorphous phase decreases, and 
the remaining diffraction lines (related to α-WB2 and ω-W2B5) are shifted 
towards smaller 2θ angles. Observed shift (towards smaller angles) in-
creases with increasing Zr content. The deconvolution of XRD dif-
fractograms showed that experimentally obtained lattice parameters 
(both a and c) increase with increasing Zr content, see Fig. 6. Moreover, 
the α-WB2 to ω-W2B5 ratio decreases with Zr, see Fig. 7. Reported 
behaviour of doped WB2-z coating has been already observed by Moraes 
et al.[7]. It was indicated that the shift in diffraction lines is related to 
boron vacancies in WB2 lattice and the formation of a new phase, in our 
case this is the W-Zr-B phase. Finally, obtained results point to the 
conclusion that the crystalline size of α-WB2 and ω-W2B5 phases does not 
change significantly with increasing Zr content and is 30 and 40 nm, 
respectively. Overview of the phases observed in the W1-xZrxB2-z coat-
ings is presented in Table 2. 

The formation of non-equilibrium α and ω phases [20] has already 
been observed in Ref. [7,23]. As in the case of the coatings described in 
this work, studied by those two teams W–B coatings showed a boron 
deficiency in relation to the formed phases. Boron deficiency can be 
related to the coating deposition method. For example, PVD methods are 
known to promote the incorporation of point defects such as vacancies 
during crystal growth. Moreover, it has been already shown in 
Ref. [7,24] that both the boron defects and the doping (contributing 
formation of the compound having very negative energy of formation) 
increasing the ω phase stability. The formation energy of ZrB2 is − 0.987 
eV, so very negative. This is even lower than the formation energy of 
TaB2 (− 0.649 eV) which was analysed by Moraes et al. [7]. 

In the next step, detail nanomechanical investigation has been per-
formed. The tests were made with loads of 4, 7 and 10 mN and show that 
the plastic depth increases linearly with the load. The reported results 
indicates that conducted studies are made in a load-independent region, 
which suggest that developed plastic deformation under the indenter tip 
originates only from the coating, without the impact of the bulk mate-
rial, see Fig. 8a. One can see that all the tested coatings do not show an 
effect of pop-in on the loading region. Therefore, one can expect that up 
to the indentation load of 10 mN, crack initiation and propagation do 
not occur [22]. However, with an indentation load above 7 mN, small 
pop-out effect was observed. This is particularly visible for the WB2-x 
system, see Fig. 8a,b. The observed phenomenon may be related to two 
phenomena (i) the delamination of the coating from the substrate or (ii) 
temperature difference between indenter tip and the specimen. One 
should explain, that the samples were tested after 24 h from the 

Fig. 7. The effect of Zr content on the phase composition of the depos-
ited coating. 

Table 2 
. Overview of the phases observed in the W1-xZrxB2-z coatings.  

Composition of 
the coating 

Lattice constants 
of the as 
deposited coating 

Phase composition of 
the coating after 1 h 
annealing 

Phase 
composition 
after 50 shocks 

WB2-z α-WB2: 
a = 2.96 Å, c =
3.09 Å 
ω – W2B5: 
a = 3.08 Å, c =
13.68 Å 

α-WB2: 
a = 2.96 Å, c = 3.08 
Å 
ω – W2B5: 
a = 3.08 Å, c =
13.78 Å 

α-WB2: 
a = 2.96 Å, c =
3.11 Å 
ω – W2B5: 
a = 3.08 Å, c =
13.78 Å 

W0.92Zr0.08B2-z α-WB2: 
a = 2.98 Å, c =
3.13 Å 
ω – W2B5: 
a = 3.11 Å, c =
13.87 Å 

– – 

W0.89Zr0.11B2-z α-WB2: 
a = 2.99 Å, c =
3.16 Å 
ω – W2B5: 
a = 3.14 Å, c =
13.98 Å 

– – 

W0.84Zr0.16B2-z α-WB2: 
a = 3.03 Å, c =
3.2 Å 
ω – W2B5: 
a = 3.17 Å, c =
14.17 Å 

α-WB2: 
a = 3.05 Å, c = 3.22 
Å 
ω – W2B5: 
a = 3.20 Å, c =
14.21 Å 

α-WB2: 
a = 3.05 Å, c =
3.24 Å 
ω – W2B5: 
a = 3.21 Å, c =
14.21 Å 

Theoretical 
α-WB2 phase 

Space group P6/ 
mmm: a = 3.020 
Å, c = 3.050 Å 

– – 

Theoretical ω – 
W2B5 

Space group P63/ 
mmc: 
a = 2.983 Å, c =
13.879 Å 

– –  

Fig. 8. Load-displacement curves of a) WB2-x coating under maximum load of 5, 7 and 10 mN, b) WB2-z (solid line) and W0.76Zr0.16B2-z (dotted line) under the 
maximum load of 7 mN. Pop-out effect can be observed in the WB2-z unloading curves. 
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installation in the machine, i.e. any temperature differences should be 
removed by then. 

Mechanical properties of the coatings were compared for the 
indentation load of 7 mN. This was to avoid the maximum indentation 
depth exceeding 10% of the coating thickness. It was observed, that in 
the whole composition range, hardness of the deposited coatings did not 

change significantly (it varies from 44.5 ± 1.6 to 46.2 ± 1.6 GPa – see 
Fig. 9 line with rectangles). However, with increasing Zr content, 
especially after reaching 10% level, the Young modulus drops down 
from 497 ± 11 to 480 ± 13 GPa, see Fig. 9 – line with circles. 

The WB2-z and W0.76Zr0.16B2-z coatings after 1 h annealing in vacuum 
at the temperature of 650 ◦C did not delaminate and their roughness 
remained the same as before the annealing. Recorded XRD diffracto-
grams of WB2-z shows a shift of the main XRD peak α - WB2 (001) to-
wards the higher 2θ angles (see Fig. 10). This phenomenon indicates the 
compressive stress component parallel to the sample surface. Another 
consequence of WB2-z coating annealing is a significant reduction in ω – 
W2B5 (it drops from ~17% to 2%). In the case of the W0.76Zr0.16B2-z 
coating, the diffractogram did not change. Taking into account high 
boron deficiency, presented results indicates that (i) α phase field is 
extended to lower boron contents than ω phase and (ii) Zr stabilize α 
phase. Similar results were obtained for Ta doping [7]. 

After annealing, the hardness of the WB2-z coating increased from 
45.8 ± 0.6 to 48.3 ± 3.4 GPa, and the Young modulus drops from 497 ±
12 to 481 ± 17 GPa. However, reported result is within the accuracy 
range of the measurement. The pop-out effect is no longer observed in 
the unloading curve, see Fig. 11. This can be related to the reduction of 
internal strains and well thermally stabilized specimen. The mechanical 
properties of W0.76Zr0.16B2-z appear to be constant after annealing at 

Fig. 9. Nanoindentation hardness and Young's modulus of WB2-z coatings with 
different Zr content. Circles stands for Young's modulus, squares stands 
for hardness. 

Fig. 10. XRD diffractogram of WB2-z (left) and W0.76Zr0.16B2 (right) as deposited (black line) and after 1 h vacuum annealing at 650 ◦C (red line). Dotted line stands 
for theoretical standardized 2ϴ-peak positions of ω – W2B5, α - WB2 and ZrB2. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 11. Load-displacement curves of coatings as deposited (solid line) and after an hour vacuum annealing at 650 ◦C (dashed line) a)WB2-z, b) W0.76Zr0.16B2-z. 
HAD_mean – average hardness from 10 measurements of as deposited coating, Hann_mean – average hardness from 10 measurements of the coating after an hour vacuum 
annealing at 650 ◦C. 
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650 ◦C. 
The influence of cyclic thermal loading on the properties of the 

deposited coatings seems to be more significant than the annealing 
process itself. First, the surface roughness increased to 35 ± 7 and 21 ±
5 nm for the WB2 and W0.76Zr0.16B2-z coatings, respectively. A change in 
surface quality was also observed in the SEM images, where the 
appearance of a preferential grain growth can be observed. Moreover, in 
the case of WB2-z coating, micro craters with a diameter of up to 2 μm 
were noticed, see Fig. 12. 

The XRD diffractograms of WB2-z coating after 50 thermal shocks 

show an increase in the ratio of ω-W2B5 to α-WB2 phase and the presence 
of ω-W2B5 diffraction lines other than (004), see Fig. 13. It has been 
calculated that ω-W2B5 phase increases from 17 up to 27%. In the case of 
the W0.76Zr0.16B2-z coating, new diffraction lines originating from the 
ω-W2B5 phase were also observed, but the content of the above- 
mentioned phase has not changed significantly. The XRD diffractograms 
of both tested coatings show a shift of the main diffraction lines towards 
smaller diffraction angles. This phenomenon indicates a uniform in-
crease in strain which may result from the difference in thermal 
expansion coefficient between the substrate and the layer. 

The different results reported after heating and thermal shocking 
may originate from the rate of change of the heat load. Fig. 2 shows the 
operation of the furnace, while the actual temperature changes on the 
surface of the layer will be much more abrupt (the thin layer will heat up 
and cool down rapidly). Due to the lower thermodynamic stability of the 
α phase, it is expected that this phase is reduced in the case of the WB2-z 
coating. For the Zr-doped coatings, an alpha stabilization effect can be 
observed, which is in line with the simulations presented in Ref. [7]. 

The nanoindentation test shows that the heating-cooling cycles led to 
an increase in Young's modulus of about 50% for both WB2-z and 
W0.76Zr0.16B2-z coatings (58 and 53%, respectively), see Fig. 14. The 
hardness increases by 28 and 17%, respectively, for the WB2-z and 
W0.76Zr0.16B2-z coatings. The increase in hardness and Young modulus 
may be due to residual stresses after thermal shocks. This subject will be 
further developed in the up-coming contribution of this group. Series of 
spherical nanoindentation tests with different indenter sizes are planned 
to be performed. This will allow us to calculate stress-strain curves for 
these systems and ultimately will lead to calculation of different me-
chanical parameters like: shear stress, yield point, UTS or hardening 
exponent. 

Fig. 12. SEM images of WB2-z (left) and W0.76Zr0.16B2-z after 50 thermal 
shocks (right). 

Fig. 13. XRD diffractogram of WB2 (left) and W0.76Zr0.16B2 (right) as deposited (solid line) and after 50 shocks (dashed line). A base 10 log scale is used for the Y axis.  
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4. Conclusions 

The experimentally obtained lattice parameters of WB2-z coating are 
in good agreement (for α-WB2 and ω-W2B5) with previously reported 
lattice parameter increase with increasing Zr content. Taking into ac-
count boron concentration it can be stated that all deposited coatings 
have boron vacancies. According to the numerical simulations and 
available experimental data, it has been noticed that α-phase field is 
extended to lower boron contents than ω phase. Moreover, Zr doping 
contribute formation of the compound having very negative energy of 
formation which stabilize α phase. 

From the mechanical point of view, the deposited coatings are 
superhard showing hardness above a 44.5 GPa. W-Zr-B coatings have a 
hardness similar to WB2-z and at the same time have a lower Young 
modulus. Thermal tests (annealing and cycling thermal loads) point to 
the conclusion that Zr doped coatings are characterized by better me-
chanical properties and have higher thermal stability. In addition to 
that, these coatings show to be less prone to cracking and have a lower 
Young's modulus. In the case of cycling thermal loads the hardness and 
Young's modulus of coatings grow due to thermal residual stresses. 
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