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Abstract
In this work, tantalum-doped tungsten boride ceramic coatings were deposited from a single sputtering target with the radio 
frequency (RF) and high-power impulse magnetron sputtering (HiPIMS) methods. Two-inch torus targets were synthesised 
from pure elements with the spark plasma sintering (SPS) method with a stoichiometric composition of  W1-xTaxB2.5 (x = 0, 
0.08, 0.16, 0.24). Films were deposited with RF and HiPIMS power suppliers at process temperatures from RT to 600 °C. The 
substrate heating and the energy of the ionised material impacting the substrate increase the surface diffusivity of adatoms 
and are crucial in the deposition process. The results of SEM and XRD investigations clearly show that the addition of tan-
talum also changes the microstructure of the deposited films. The coatings without tantalum possess a finer microstructure 
than those with 24% of tantalum. The structure of films is homogeneous along the film thickness and composed mainly of 
columns with a (0001) preferred orientation. Deposited coatings are composed mainly of  P6/mmm α-WB2 structures. The 
analysis of nanoindentation results allowed us to determine that ceramic coatings obtained with the HiPIMS method possess 
hardness above 41 GPa and a ratio of hardness to reduced Young modulus above 0.1. The thickness of HiPIMS-deposited 
films is relatively small: only around 60% of the RF magnetron sputtered coatings even when the average power input was 
two times higher. However, it has been shown that the RF coatings require heating the substrate above 400 °C to obtain a 
crystalline structure, while the HiPIMS method allows for a reduction of the substrate temperature to 300 °C.
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1 Introduction

High hardness, wear resistance, thermal stability and oxi-
dation resistance are required for high-quality protective 
coatings [1]. Super-hard materials perfectly meet the con-
dition of excellent mechanical properties, but not all of 
them meet the conditions of thermal and chemical stabil-
ity. In the last few years, numerous scientific studies have 
indicated the great potential of transition metal borides as 
hard [2] and super-hard materials [3]. Particularly high 
interest may be aroused by tungsten borides doped with 
transition metals (e.g. rhenium [4], titanium [5], zirconium 
[6], tantalum [7] or molybdenum [8]) because previous 
studies have shown that, apart from high hardness and 
fracture toughness, they may exhibit high thermal stabil-
ity and resistance to oxidation. Among the previously 
mentioned additions, tantalum gained our special interest 
because it enables one to shift the thermally driven decom-
position and phase transformation of α-WB2  (AlB2-type) 
to ω-W2B5  (W2B5-type) to temperatures above 1200 °C [9] 
and increases oxidation resistance [10]. Pangilinan et al. 
[11] showed that tantalum satisfies the Hume-Rothery 
rules and is able to form a substitutional solid solution 
with  WB2, with solubility limits at less than 10 at.%, and 
metal atom substitution causes intrinsic hardening. Further 
increasing tantalum content has an influence on extrinsic 
hardening through the refinement of grain morphology and 
the addition of secondary phases  (TaB2 and  WB4). The 
addition of tantalum causes an increase in the ductility 
of the obtained material also. Fuger et al. [12] showed 
that tantalum alloyed  WB2 coatings  (W0.93Ta0.07B1.76) hold 
high cracking resistance, KIC = 3.8 ± 0.5 MPa√m, and at 
the same time are superhard, but also exhibit high com-
pressive stresses (− 1.4 GPa). Several publications report 
on even higher fracture toughness values for transition 
metal nitrides, e.g. Seidl et al. [13]; however, such out-
standing mechanical properties place tungsten diboride 
coatings doped with tantalum in the “flexible” and super-
hard material groups [14], which are simultaneously hard, 
tough and resistant to cracking in bending.

So far, tungsten boride coatings have been mainly 
deposited by magnetron sputtering with the following 
power sources: direct current (DC) [15], RF [16] and 
HiPIMS [17]. DC magnetron sputtering is usually used in 
industrial applications due to a high rate of deposition and 
low prices of power supplies. However, non-conductive 
materials cannot be deposited by DC sputtering since the 
non-conductive coating on the substrate prevents electron 
flow through the anode. Additionally, this method pos-
sesses other disadvantages like low plasma energy and a 
low metal ionisation rate, which cause weak film/substrate 
adhesion [18] and high residual compressive stresses [12] 

in coatings due mainly to argon bombardment [19]. During 
DC MS deposition of transition metal borides, heating of 
the substrate is needed to increase the adatoms mobility 
and obtain crystalline coatings. Usually, during the deposi-
tion process with DC power supplies, the energy is used 
to heat the entire vacuum station instead of being used in 
sputtering sources as well as for densification of the film. 
Fuger et al. [12, 15], during deposition of  W1−xTaxB2−z 
with DC MS, heated up the chamber to the deposition 
temperatures  (Tdep) of 700 °C and 500 °C to obtain the 
substrate temperatures of 400 °C and 300 °C respectively. 
Of course, the problem grows with the increase in the mass 
of the details with which the surface needs to be coated. 
The solution is the use of power supplies that enable the 
achievement of higher energy in the plasma plume, thus 
higher ionisation and, consequently, activation of thermal 
surface diffusion and film densification [20]. A higher 
degree of ionisation can be obtained during RF-MS dep-
osition [21]. In the case of tungsten borides, using this 
method allows for α-WB to be obtained at 530 °C [22], 
while DC-deposited films at 700 °C (other conditions were 
similar) are composed mainly of the β-WB polymorph 
[23], which is much softer than α-phase [24].

In RF sputtering, charge build-up on insulating targets is 
avoided by changing the sign of the anode–cathode polarisa-
tion at a high rate (commonly 13.56 MHz). The RF power is 
applied continuously, which results in a low-density plasma 
similar to DCMS. In the case of HiPIMS magnetron sput-
tering, short pulses are used, and the charge accumulation 
is thought to be compensated by the opposite charge when 
the applied voltage is switched off or reversed for a brief 
moment [25]. As a result of peak power densities of several 
kilowatts per square centimetre, a dense ionised plasma is 
obtained and incident irradiation at the growing film surface 
is dominated by metal-gas ions, while the amount of gas ions 
is lower. Such conditions allow for a decrease in the ion-
induced residual stress in deposited layers [19]. Additionally, 
due to the fact that the ionised target particles reaching the 
substrate have a similar mass to the film-forming species, a 
more effective momentum transfer is obtained and the recoil 
density and energy needed to reduce porosity at low deposi-
tion temperatures are provided [26].

The type of power source used to create the plasma 
significantly impacts the properties of the coating that is 
deposited. In this paper, we analyse the properties of tan-
talum-doped tungsten borides and investigate the effects 
of the sputtering method on the coating properties. In pre-
vious studies,  W1−xTaxB2−z coatings were deposited with 
the DC MS method from two sources. Therefore, the study 
of this material deposited with HiPIMS and RF magne-
tron will complement the transition metal doped tungsten 
boride coatings database and promote their applications in 
various engineering fields. We also aim to determine the 
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effects of substrate temperature on the deposited coatings, 
which would be interesting for both temperature-sensitive 
substrates and large-size elements, as well as because of 
the energetic efficiency of the process. Additionally, we will 
simplify the deposition process by sputtering from a single 
target.

2  Materials and methods

2.1  Deposition process

In this work, sputtering targets were prepared using the 
spark plasma sintering (SPS) process. Tungsten (99.9% 
purity, average grain size – 25 μm, Sigma Aldrich), tanta-
lum (99.8% purity, average grain size – 250–350 μm, Sigma 
Aldrich), and amorphous boron (95% purity, average grain 
size – 1 μm, Sigma Aldrich) powders in a (W + Ta)/B molar 
ratio of 1/2.5 were mixed for 30 min using a  Turbula® T2F 
shaker-mixer (WAB, Switzerland). Afterward, the received 
material was placed in the sintering chamber of an HP D 
25/3 furnace (FCT Systeme, Germany) for the sintering pro-
cess. Detailed information on the manufacturing process is 
described in the literature [27].

The deposition process was performed in a vacuum 
chamber that was pumped down to a base pressure of 4 · 
 10−6 mbar and then filled with argon to a working pressure 
of 9 ·  10−3 mbar (0.9 Pa). A two-inch diameter  W1-xTaxB2.5 
(x = 0, 0.08, 0.16, 0.24) target was mounted on the sputter-
ing cathode of a magnetron module (PREVAC MS2 63C1) 
with an RF or HiPIMS power supply. The pulse parameters 
are the result of an optimisation process, which looked at the 
coating stoichiometry, mechanical properties and deposition 
rate [17]. The pulse duration and pulse frequency were 20 µs 
and 700 Hz, respectively. No bias voltage was applied to the 
substrate.

Sputtered material was deposited on a Si (100) substrate 
(ITME, Poland) and placed in front of the magnetron cath-
ode 80 mm from its surface. Before sputtering, the sub-
strate’s surface was plasma cleaned by applying – 800 V 
bias voltage for 15 min. During deposition, the substrate 
was heated to a temperature in the range of 200–600 °C. The 
resistive substrate heater (refractory metal module with a 
silicon carbide-coated graphite (SiCg) heating element) was 
placed on the backside of the substrate. The distance from 
the heater to the substrate was 1 cm. The surface temperature 
was calibrated with a pyrometer. Each deposition process 
lasted 90 min.

2.1.1  Deposition rate

To deposit at least a 1.5 µm thick coating, the deposition 
rate at different process parameters was tested using a quartz 

crystal thickness monitor inserted in the place of the sub-
strate. It is well known that the deposition rate during the 
HiPIMS process is much lower than during RF-MS [28]. 
Therefore, the deposition parameters were selected so that 
the deposition rate would be similar. In Fig. 1, the compari-
son of deposition rate as a function of the average deposition 
power for both methods is shown.

In the case of the RF power supply, the power was 
changed from 50 to 150 W during deposition rate estimation 
and set at 150 W during coating deposition, with a different 
Ta amount and at elevated substrate temperatures. It should 
be noted that the measurement was impossible above 150 
W due to instabilities on the quartz crystal. For the HiPIMS 
power supply, the pulse duration and pulse frequency were 
20 µs and 700 Hz, respectively, and the average power was 
changed from 100 to 300 W during deposition rate measure-
ments and set to 250 W during the processes.

Each deposition process lasted 90 min and resulted in 
1.1–1.9 µm coating thickness. As is shown in Table 1, 
Sect. 3.4, the deposition rates obtained from film thickness 
measurements deposited with HiPIMS is lower than those 

Fig. 1  Deposition rates at different sputtering powers. The target to 
substrate distance was 80  mm; HiPIMS pulse frequency, 700  Hz; 
pulse time duration, 20 µs; target,  W0.92Ta0.08B2.5

Table 1  The roughness and thickness of coatings deposited at differ-
ent substrate temperatures  (Ts)

Ts (°C) RF HiPIMS RF HiPIMS
Film thickness (µm) Roughness Ra 

(nm)

200 – 1.1 – 1.1
300 1.89 1.28 3.7 1.3
400 1.95 1.19 3.5 1.3
500 1.87 1.12 2.5 1.6
600 1.65 – 1.8 –
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from quartz crystal thickness monitor. This is the result of 
the substrate heating and the use of theoretical parameters, 
such as the speed of sound and the density of undoped  WB2.

2.2  Characterisation

The surface’s microstructure, cross-section (fracture of the 
specimen) and thickness of deposited films were investi-
gated using a scanning electron microscope (SEM, JSM-
6010PLUS/LV JEOL microscope, Akishima, Japan). The 
chemical composition was determined using an energy dis-
persive X-ray spectroscope (EDS) with an accelerating volt-
age of 7 kV. The analysis of light elements, such as boron, 
especially in the presence of heavy elements, is subject to 
significant measurement error. Therefore, before measuring 
the deposited coatings, we calibrated the EDS detector with 
a commercial  W2B5 standard with a purity of 99.9% (TYR 
Material, China). The coating’s thickness was measured on 
the basis of a cross section of deposited films.

X-ray diffractometry (XRD) was carried out using a 
Bruker D8 Discover in 2θ scan mode, with Cu-Kα radiation 
(λ = 1.5418 Å). Measurements were taken with an incidence 
angle fixed at an 8° position to diminish the signal from the 
substrate while maintaining a high intensity of the signal 
originating from the coating [4]. The calculation of phase 
content was performed using Rietveld refinement. After 
indexing the XRD pattern, the lattice constant was calcu-
lated using Bragg’s law (and Miller indices). The crystalline 
size of the coatings was calculated using the Scherrer for-
mula � =

0.9⋅�

�. cos �
 , where τ is the mean crystalline size, λ is the 

X-ray wavelength, β is the line broadening at half maximum 
intensity, and θ is the Bragg angle.

The hardness of the sputtering targets was tested using 
a microindentation hardness tester (Buehler) equipped 
with a Vickers-shaped diamond indenter, which allowed us 
to determine the  HV0.2 value. In the case of coatings, the 

hardness and Young’s modulus were determined based on 
the nanoindentation test (NanoTest Vantage system provided 
by Micro Materials Laboratory Ltd.). A Berkovich-shaped 
diamond indenter has been used for all nanomechanical 
investigations. Before the experiment, equipment was cali-
brated and the indenter’s DAF (diamond area function) was 
determined for each applied load to measure the indenter’s 
exact shape at its top surface [29, 30]. A load from 5 to 20 
mN was used on each sample to determine the load-inde-
pendent region, i.e., to sufficiently develop the plastic zone 
of the coating and minimise the effect of the substrate (with 
the maximal depth of indentation not exciding 10% of the 
coating thickness). To obtain reliable results (the burden 
with the lowest possible measurement error), indentations 
at a given load were repeated 10 times inline mode, with a 
distance of 50 μm from each other. To eliminate creep in the 
sample, the maximum load was held constantly for 2 s. Each 
loading and unloading curve was recorded at 10 and 5 s. 
The hardness and Young’s modulus values were calculated 
on the basis of the Oliver and Pharr method, considering 
the elastic unloading part of the created load–displacement 
curve.

The surface roughness of the films was measured with a 
VK-X100 laser confocal microscope (Keyence, Mechelen, 
Belgium). The measurements were conducted according to 
the ISO 4288 standard. Five profiles were tested on each 
of the surfaces. The arithmetic mean roughness values, Ra, 
were determined.

3  Results and discussion

3.1  Study on the influence of Ta content 
on the properties of  WxTa1‑xB2‑x targets

The ceramic targets were SPS-ed with a 2.5 B: W atomic 
ratio instead of 2 due to our previous experiments, where 

Fig. 2  XRD spectra of  WB2.5 
targets doped with Ta
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sputtering a  WB2.5 target resulted in a coating with boron 
deficiency [17]. Additionally, such a composition is ade-
quate for the energetically preferred structure  WB2  (P63/
mmc) usually obtained in bulk materials [31]. In Fig. 2, it 
can be observed that the  WB2.5 target was composed of the 
ω-WB2  (P63/mmc) phase with lattice parameters a = 2.888 Å 
and c = 13.920 Å (theoretical lattice parameters a = 2.983 Å, 
c = 13.879 Å). Doping with 8, 16 and 24% Ta caused the 
diffraction lines to be shifted towards larger diffraction 
angles, which means the lattice parameters change to the 
following: a = 2.881 Å and c = 13.864 Å. The shift of the 
 WB2 peaks results from obtaining of solid solution through 
the substitution of tungsten by small amounts of transition 
metals. Moreover, as a result of a growing amount of Ta, 
the intensity of the diffraction lines at 2θ = 27.2° and 33.8° 
(α-TaB2) increased. Fuger et al. [12] demonstrated that the 
ω-phase has a lower formation energy than the α-phase 
except for highly defective structures; however, applied dop-
ing does not result in a change to the α-phase. This is due 
to the sintering of the target materials with excess boron 
(B/(W + Ta) = 2.5), thereby avoiding the formation of boron 
point defects, which are beneficial in stabilising the α-phase.

The hardness of the SPS targets increased with Ta con-
centration, see Fig. 3. The target without Ta doping shows 
the lowest hardness value of 22.1 ± 1.8 GPa. As a result of 
increasing tantalum content in the target from 8 to 24%, the 
hardness increases from 24 ± 2.5 to 25 ± 1.9 GPa.

The XRD spectra and the hardness of  W1-xTaxB2.5 are 
similar to the results of high-pressure synthesised hexago-
nal  WB2 presented in the literature [32]. The addition of Ta 
causes an increase in the lattice constant due to replacing 
tungsten atoms with tantalum atoms and intrinsic hardening 
due to solid solution hardening. As it was presented in ref. 
[11] further increases in tantalum content above 8 at.% can 
be caused by the appearance of  TaB2 particles and further 
extrinsic hardening. However, in the case presented in Fig. 3 

a growth of hardness with increasing amount of Ta is in the 
range of measurement error.

3.2  Study of the influence of Ta content 
on the properties of  WxTa1‑xB2‑z coatings 
deposited with RF magnetron sputtering

Coatings were deposited by RF magnetron sputtering from 
the aforementioned targets with different contents of Ta 
using parameters described in Sect. 2.1: “Deposition pro-
cess”. Deposited coatings were composed of the α-WB2 
phase. The (0001) peak of α-TaB2 is also present at ~ 27.5°, 
see Fig. 4. Sputtering material was deposited on a Si sub-
strate heated to a temperature of 500 °C.

The positions of the diffraction lines also change as they 
move towards lower diffraction angles. Fuger et al. [12] 
observed a similar shift, but it should be noted that coat-
ings deposited with the RF method (this work) also contain 
α-TaB2-that can cause a shift and broadening of the diffrac-
tion peaks In the next step, a change in network constants 
was designated (Fig. 5). Due to the presence of only single 
diffraction lines it was impossible to calculate constant a. 
In the case of the α-WB2 phase, the c lattice constant was 
reduced from 3.122 to 3.086 Å. The shortening of the c lat-
tice constant is in agreement with the theoretical calculations 
presented by Moraes et al. [10]. The introduction of boron 
vacancies into the supercell causes a significant decrease in 
lattice parameter c. The presence of boron vacancies in RF-
sputtered films is confirmed by the results of composition 
measurements showing a much lower amount of boron than 
stoichiometric (B: W = 2) in deposited films (see Fig. 11 in 
the next section).

In Fig. 6, the influence of tantalum content on the micro-
structure is presented. Results of SEM investigations clearly 

Fig. 3  Microhardness  HV0.2 as a function of Ta (in at. %) content x in 
the  W1-xTaxB2.5 targets

Fig. 4  Diffraction pattern of  W1-xTaxB2-z coatings doped with Ta and 
deposited by RF magnetron sputtering at 500 °C
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show that the addition of tantalum changes the microstruc-
ture of deposited films. The surfaces of coatings without 
tantalum possess a more fine microstructure than those with 
24% tantalum. The fibres are relatively straight, and this is a 
homogeneous structure along the thickness of the film that 
is confirmed by the XRD pattern (Fig. 4), where only one 
peak (0001) of the dominant α-WB2 phase is present. Due to 
Barna et al. [33], the crystalline columns grow out of the pri-
mary nuclei and proceed to the top of the film; they are often 
collected into bundles. In the case of coatings with tantalum, 
the microstructure changes and is less homogeneous along 
the film thickness. The growth of oriented grains develops 
the columnar structure; however, the decreased mobility of 
grain boundaries contaminated with tantalum limits further 
grain growth. Due to this, such coatings are fine and crystal-
line at the substrate but can be columnar in the upper part of 
the films, see Fig. 6d.

The effect of tantalum doping on the hardness of 
 Wx-1TaxB2-z is presented in Fig. 7. The hardness of the coat-
ings increases with increasing tantalum content, reaching a 
maximum of 36.9 GPa at a tantalum content of 16%. Further 
increases in tantalum content did not significantly change the 
hardness. However, it should be noted that some error bars 
in Fig. 7 are large, particularly for coatings doped with 8 

Fig. 5  Lattice constant c of the α-WB2 phase in coatings doped with 
Ta (in at. %) and deposited by RF magnetron sputtering at 500 °C

Fig. 6  Surface and cross-sectional SEM images of films without Ta a, c and RF-deposited from the target with 24% Ta b, d 
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and 16% Ta. In these cases, some of the load–displacement 
curves were affected by a pop-in effect, indicating a more 
brittle character. Since the error was defined as the standard 
deviation of 10 measurements, it can be observed that the 
error is lower with 24% Ta and results for coatings were 
more repeatable. The similar increasing trend in hardness 
with increasing amounts of tantalum can be related to solid 
solution hardening effects, including parelastic and dielastic 
contributions such as α-TaB2 with α-WB2 having different 
lattice parameters (Fig. 5b) and shear moduli [31]. Also, 
the change in microstructure from columnar, perpendicular 
to substrate to microstructure with grains at different direc-
tions can introduce additional strengthening mechanisms 
[34]. Such a microstructure can be observed, for example, 
in the case of HiPIMS coatings deposited at a temperature of 
400 °C (see Fig. 15), where characteristic “v”-shaped grains 
appear near the substrate.

The effect of tantalum content on the reduced Young’s 
modulus of  WB2-x is presented in Fig. 8. It can be observed 

that doping with 8 and 16% Ta resulted in similarly reduced 
Young’s moduli of 325 and 319 GPa, respectively. Dop-
ing with 24% tantalum resulted in a significant decrease in 
Young’s modulus, down to 301 GPa for greater loads, but 
is similar at 5 mN. The elastic modulus is more sensitive to 
the effect of substrate. Therefore, the elastic module should 
be designated for the lower loads. Linear fitting towards 0 
loads gives even higher values. For RF-deposited coatings 
at 500 °C it reaches 380 GPa (please compare with Fig. 21). 
The lack of dependence of Young’s modulus on the amount 
of tantalum in the range up to x = 0.24 is consistent with 
previous results presented in the literature [12].

3.3  Study of the influence of Ta content 
on the properties of  WxTa1‑xB2‑z coatings 
deposited with HiPIMS

Deposition with HiPIMS sputtering changes the microstruc-
ture of deposited films. In the XRD pattern, new reflections 
from the (0101) and (0002) crystal planes of α-WB2 are pre-
sented (Fig. 9). This can indicate a more inhomogeneous 
arrangement of grains. The HiPIMS-deposited films have a 
higher crystallite size compared to the RF-magnetron depos-
ited specimens, indicating that deposition energy plays a 
vital role in crystallite growth. The highest particle energy 
with a connection to a lower deposition rate, which is char-
acteristic of the HiPIMS method [25], results in more sub-
stantial species bombardment on the growing film. Thanks 
to this, W-Ta-B crystallites form and grow more rapidly. 
For example, the crystallite sizes are 77.1 and 62.3 nm for 
HiPIMS and RF-sputtering, respectively, for films deposited 
from a 24% Ta target. Similarly to RF-sputtering, a shift 
of the peaks towards lower angles can be observed as the 
amount of tantalum increases. HiPIMS-deposited coatings 
with different content of tantalum are crystalline and possess 
columnar structure (Fig. 10).

Fig. 7  Nanoindentation hardness of  WB2-z doped with Ta (in at. %). 
Coatings deposited by RF magnetron sputtering at 500 °C

Fig. 8  Reduced Young’s moduli 
of  WB2-x doped with Ta (in at. 
%) and deposited by RF magne-
tron sputtering at 500 °C
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Fig. 9  Diffraction pattern of  WB2-z and  W1-xTaxB2-z coatings deposited by HiPIMS magnetron sputtering at 500 °C

Fig. 10  Surface and cross-sectional SEM images of films without Ta a, c and HiPIMS-deposited from target with 24% of tantalum b, d 
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In opposition to RF-deposited films, the addition of 
tantalum in HiPIMS coatings causes a less grainy surface 
(Fig. 10). Additionally, surface feature evolution is deter-
mined by lower deposition rates. The thickness of HiPIMS-
deposited films is significantly lower than in RF-depos-
ited films, and it is connected with a different ionisation 
mode during target resputtering and a subsequent decrease 
in the amount of material reaching the substrate. During 
HiPIMS sputtering, an increase in surface diffusion means 
that defects and the porous grain boundaries are filled with 
deposited material. The films are more dense and their thick-
ness decreases. SEM observations and XRD pattern analy-
sis show that the grain size decreases with increasing Ta 
content.

Results of composition measurements with EDS show 
differences in boron and tantalum content in RF- and 
HiPIMS-deposited coatings (Fig. 11). Regardless of the 
composition of the sputtering target, the differences in the 
amount of tantalum in the films compared to the compo-
sition of the target are small. It should be noted that, in 
the case of HiPIMS-sputtering, the amount of tantalum is 
slightly greater than the stoichiometric composition of the 
target, while for RF-sputtering there is the opposite rela-
tionship. During HiPIMS deposition, the sputtered mate-
rial is more ionised and can be more easily attracted to the 
substrate [35]. In the RF method, argon is mainly ionised, 
and attraction by the substrate can cause additional resput-
tering of low-mass boron atoms [36]. However, in the case of 
HiPIMS sputtering, the amount of boron in coatings is much 
lower than in the RF method. The lowest value is observed 
in films deposited from a target without Ta and grows when 
the amount of Ta increase. Overall, a much lower content 
of boron in deposited coatings for different methods can be 
related to different angular resputtering of the elements used 
in the targets, and it is also connected with the dynamics 
of the plasma. Low-mass boron atoms collide with argon 
atoms and with the significantly heavier tungsten and tan-
talum particles, which causes their dispersion. In the case 
of HiPIMS, a larger amount of heavier and more energetic 

metal compared to argon ions causes a greater resputtering 
of light boron in plasma [20].

Boron deficiency has a positive effect on the mechanical 
properties of coatings. The vacancies stabilise the metasta-
ble α-WB2 phase and, at the same time, the hardness of the 
coatings increases. The hardness increases with the amount 
of tantalum from 34.1 ± 1 GPa for 8% Ta to 41.3 ± 3 GPa for 
24% Ta (load 10 mN), as shown in Fig. 12. Compared to RF-
deposition, the hardness is higher and it results from smaller 
grains which may hinder the movement of dislocations (Hall 
Petch effect) and a higher amount of boron vacancies [37].

As hardness increases, the reduced Young’s modulus also 
increases. The reduced Young’s modulus, resulting from the 
linear fitting to low loads, reaches a value of 387 GPa for 
24% Ta (Fig. 13). The difference in E* between both depo-
sition methods is small, and the plasticity index (H/E*) is 
higher for HiPIMS-sputtering. For example, H/E* is 0.088 
for 8% Ta and 0.107 for 24% Ta, while for RF-sputtering it 
is 0.081 for 0% Ta and 0.096 for 16% Ta. An increase in the 
plasticity index indicates an increase in the ductility of the 
deposited films.

Considering that doping  WB2-z with 24% tantalum causes 
the highest increase in the hardness without significant 

Fig. 11  Composition of RF and HiPIMS coatings: a B/(W + Ta), b Ta/(W + Ta) ratio.  Ts = 500 °C (elements content are given in at. %)

Fig. 12  Nanoindentation hardness of  WB2-x doped with Ta (in at. %). 
Coatings deposited by HiPIMS magnetron sputtering at 500 °C
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growth of the reduced Young’s modulus, it was decided that 
such coatings would be further used for investigations on the 
influence of deposition temperature on the properties of the 
obtained coatings.

3.4  Study of the influence of the substrate 
temperature on the properties of  W0.76Ta0.24B2‑z 
coatings

In the next step, the substrate temperature’s influence on the 
24% Ta coatings’ properties were analysed. The substrate 
temperature range was 300–600 °C for RF and 200–500 °C 
for HiPIMS deposition. The difference in the deposition 
temperature ranges is due to obtaining crystalline micro-
structures for both methods. The coatings deposited at room 
temperature peeled off and were measured only by XRD. 
The roughness and thickness of the coatings deposited at the 
elevated substrate temperatures were summarised in Table 1.

The data presented in Table 1 indicates that the deposition 
rate slightly decreases with increasing substrate tempera-
ture. According to the structural zone diagram [33], struc-
tures deposited at the temperature interval 0 < Ts/Tm < 0.2 

(Tm—melting temperature), where neither the bulk diffu-
sion nor the self-surface diffusion has a remarkable value, 
are built with crystals that probably contain a high density 
of defects and porous grain boundaries. The increase of Ts 
can cause the ordering of the crystals and the decrease in 
porosity which results in a reduction in the thickness of the 
films [33].

The microscopic observations in lower resolution show 
that all deposited coatings have a metallic luster and a 
similar surface appearance regardless of whether RF and 
HiPIMS deposition modes were used. An exemplary SEM 
image of the coatings deposited at 500 °C and the roughness 
profile measured for both methods are presented in Fig. 14.

In the case of HiPIMS, the deposition rate is much lower 
than RF (Table 1). This can be explained by the fact that the 
pulse’s short duration increases the pulse’s energy density 
and thus increases the number of metal ions sputtered from 
the target [38]. These ionised elements undergo back-attrac-
tion to the target and, therefore, do not reach the substrate. 
In the case of RF [21] and HiPIMS [20], ion energies range 
amounts to 0–50 eV. The difference between both methods is 
that, in the case of RF,  Ar+ ions dominate, while for HiPIMS 
their intensity decreases by at least an order of magnitude 
and the number of ions of the sputtered material increases 
significantly. Energetic high-intensity fluxes of metal ions 
reaching the substrate cause differences in the growth of lay-
ers. Applying ion-assisted deposition (HiPIMS) can enhance 
adatom mobility and facilitates atoms to move about on the 
surface and fill some of voids which allows the material to 
obtain a denser microstructure.

The surface of the coatings deposited on the heated 
Si substrate is smooth (Table 1). Several droplets per 
100 × 100  µm have been spotted, see Fig.  14. In both 
RF and HiPIMS sputtering, droplets were up to 800 nm 
in diameter and below 100 nm in height. In the case of 
HiPIMS sputtering, one of the causes of debris deposi-
tion is the arcing phenomenon [39]. Arcing means the 

Fig. 13  Reduced Young’s moduli of  WB2-x doped with Ta (in at. %) 
and deposited by RF magnetron sputtering at 500 °C

Fig. 14  SEM image of the exemplary coatings deposited at 500 °C a and the roughness profile of coatings deposited at 500 °C b 
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appearance of cathodic arc discharges with small cathode 
spots on the target. Discharge arcing leads to the ejection 
of microscopic target debris which will lead to the deposi-
tion of undesirable droplets and cause defects in the coat-
ings. In the case of using SPS-ed targets, the problem is 
more serious due to the porosity and non-uniformity of the 
disc [40]. The quality of the target is much less important 
when using RF sputtering. In this case, due to the differ-
ent types of modes of excitation, arcs on the target surface 
practically do not occur.

The surfaces of the coatings (without taking into account 
the droplets) are characterised by a low Ra roughness value 
of a few nm, see Table 1. At lower deposition temperatures, 
the HiPIMS coatings show more smooth surfaces (Fig. 15), 

unlike the RF method (Fig. 16). This is a result of a different 
mechanism of microstructure growth.

In agreement with the structural zone diagram [33], 
coatings deposited with lower particle energy (RF) and the 
temperature interval 0.1 < Ts/Tm < 0.4 are usually deposited 
in Zone I. Such coatings are characterised by a homoge-
neous structure with thin columnar grains along the film 
thickness (Fig. 16). Increasing the deposition temperature 
does not cause a change in this property. However, the 
crystallisation of RF-deposited films starts at a surface 
temperature above 400 °C. In the case of HiPIMS coatings, 
where arriving substrate particles possess higher energy, 
the structure becomes inhomogeneous and is defined as 
ZONE T. SEM observations (Fig. 15) and XRD analysis 

Fig. 15  Surface and cross-sectional SEM images of HiPIMS-deposited films at elevated substrate temperatures

Fig. 16  Surface and cross-sectional SEM images of RF-deposited films at elevated substrate temperatures
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show that crystalline coatings are obtained for this method 
at a lower substrate temperature of 300 °C. In the case of 
RF, the increase in temperature results in smoother sur-
faces due to greater adatom surface mobility.

The EDS analyses of the  W0.76Ta0.24B2-x coatings were 
focused on comparing the B/(W + Ta) and Ta/(W + Ta) 
ratios. The results of the compositions obtained for both 
methods at elevated temperatures are presented in Fig. 17.

In the case of RF-deposited coatings, the B/(W + Ta) 
ratio is from 1.51 to 1.66 and the Ta/(W + Ta) ratio is from 
0.237 to 0.240. Considering the measurement’s accuracy 
[41], both are independent of temperature. In the case of 
HiPIMS coatings, the B/(W + Ta) ratio is from 1.39 to 
1.44. The Ta/(W + Ta) ratio decreases with temperature 
from 0.254 to 0.251. The RF coatings have about 8–12% 
higher boron content and 4–7% lower Ta content than 
HiPIMS coatings at the same substrate temperature. Dur-
ing HiPIMS deposition, the plasma reaching the substrate 
is composed primarily of high-energy ionised substrate 
material. The impact of high-energetic particles can cause 
preferential resputtering of the film-forming adatoms [20, 
42]. The energies of the atoms reaching the substrate dur-
ing RF deposition are much lower, so fewer boron atoms 
are knocked out. Sroba et al. [36] also showed that the 
substoichiometric composition in the case of  TaB2-x may 
be influenced by reflected neutral Ar. Influencing the 
kinetic energy of Ar neutrals that cause resputtering of 
light boron from the growing films via the target voltage 
(above 400 V) leads to the formation of substoichiometric 
 TaB2-x films, for example.

The phase composition and crystallite size analysis were 
performed based on XRD spectra presented in Figs. 18 and 
19.

The XRD analysis confirms the earlier SEM observation 
of the specimens’ surfaces and cross-sections that RF-depos-
ited coatings below 300 °C are amorphous. Increasing the 
temperature of the substrate favours the formation of fine-
grained α-WB2. However, at temperatures below 600 °C, 

Fig. 17  EDS results: a B/(W + Ta) ratio, b Ta/(W + Ta) ratio in RF- and HiPIMS-deposited films at different substrate temperatures

Fig. 18  XRD spectra of  W0.76Ta0.24B2-z coatings deposited on sub-
strates of different temperatures. Type of power supply–RF. The scal-
ing of the y-axis is logarithmic

Fig. 19  XRD spectra of  W0,76Ta0,24B2-z coatings deposited on sub-
strates of different temperatures. Type of power supply–HiPIMS. The 
scaling of the y-axis is logarithmic
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a broad diffraction line at 2θ between 24° and 48° was 
observed, indicating the presence of an amorphous phase.

The presence of single diffraction lines indicates the pre-
ferred direction of growth: (0001) for the α-WB2 phase. Due 
to the presence of only single diffraction lines, only the lat-
tice constant c was calculated. In Table 2, it is visible that the 
c constant lattice of the α-WB2 phase increases from 3.126 
to 3.142 Å with a temperature increase from 400 to 600 °C. 
An increase in lattice constants can be connected with a rise 
in compressing stress due to significant concentrations of 
trapped gas atoms. Such a dependence is characteristic of RF 
deposition, where the surface of the substrate is mainly bom-
barded by gas-ions (e.g.,  Ar+) during the growth of films due 
to low levels of sputter-material atom ionisation, ≤ 1% [43].

The HiPIMS coatings are crystalline from 300 °C; there-
fore, at a lower temperature than RF coatings. As in the 
case of RF coatings, HiPIMS coatings are mainly composed 
of a fine-grained α-WB2 phase with a preferred (0001) ori-
entation. However, exact analysis of the XRD pattern (the 
logarithmic scaling of the y-axis) also shows other orienta-
tions, which are connected with the inhomogeneous micro-
structure presented in Fig. 15. The broadening of the XRD 
peaks with increasing Ta content is minimal, suggesting that 
the coherently diffracting domain sizes and microstrains are 
comparable for all coatings [13]. The lattice constant c of 

the α-WB2 phase decreases from 3.17 to 3.144 Å with the 
temperature increasing from 300 to 500 °C. An overview of 
the XRD analysis is presented in Table 2. Such levering of 
lattice constants is connected with a change of the position 
of the peaks towards higher angles, which is caused either 
by stress relaxation of the coating or by structural changes in 
the coating with an increase in temperature. Stress relaxation 
of the coatings includes different stress- and strain-driven 
phenomena such as adatom migration and the movement of 
defects, grouping of point defects, reorganisation and annihi-
lation of dislocations, growth, and coalescence of sub-grains 
or plastic flow [44].

The α-WB2 phase lattice constants shown increased com-
pared to the theoretical ones (the theoretical lattice param-
eters of α-WB2 are a = 3.02 Å and c = 3.05 Å). The increase 
in the lattice constants a and c for the α-WB2 phase com-
pared to the constants of the undoped α-WB2 has already 
been noticed by Moraes et al. [10]. This effect is attributed to 
the presence of tantalum doping (theoretical lattice param-
eters of α-TaB2 are a = 3.098 Å and c = 3.227 Å). In the case 
of HiPIMS-deposited coatings, the decrease in the lattice 
constant c with increasing deposition temperature can be 
explained by a slight decrease in tantalum content.

Nanoindentation hardness of the deposited coatings is 
presented in Fig. 20 and the reduced Young’s modulus is 

Table 2  Summary of XRD analysis results for RF and HiPIMS coatings

Substrate temp. 
(°C)

RF HiPIMS

Crystallite size (nm) The lattice parameters Crystallite size (nm) The lattice parameters

300 Amorphous α-WB2: 53.4 α-WB2: a = 3.044 Å, c = 3.17 Å
400 α-WB2: 87.0 α-WB2: c = 3.126 Å; α-WB2: 57.5 α-WB2: a = 3.051 Å, c = 3.16 Å
500 α-WB2: 88.0 α-WB2: c = 3.138 Å; α-WB2: 77.1 α-WB2: a = 3.054 Å, c = 3.144 Å;
600 α-WB2: 88.9 α-WB2: c = 3.142 Å;

Fig. 20  Nanoindentation hardness of the coatings deposited with RF power supply (left) and HiPIMS power supply (right)
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shown in Fig. 21. RF-deposited coatings at a substrate tem-
perature of 400 and 500 °C have a hardness of 35.5 ± 0.5 
GPa. An increase of the substrate temperature to 600 °C 
resulted in a decrease in hardness to 28.7 ± 0.3 GPa, which 
is connected with the increase of α-TaB2 phase content 
and disruption of the crystal structure and phase separa-
tion. Another explanation is that hardness decreases at 
 Ts > 500 °C due mainly to column coarsening and planar 
defect annihilation [34]. In the case of HiPIMS coatings, 
hardness remains constant at about 36.5 GPa regardless of 
temperature. Higher values of hardness for HiPIMS-depos-
ited coatings are primarily attributed to a different micro-
structure and the lower grains (Hall–Petch effect [34]).

The reduced Young’s modulus of RF coatings decreases 
from 387 to 343 GPa (approximation to 0 load, Fig. 21) as 
the temperature increases from 400 to 600 °C. In the case 
of HiPIMS-deposited coatings, the trend is similar and the 
reduced Young’s modulus decreases from 387 to 332 GPa, 
which has a positive effect on reducing the brittleness of 
the material.

4  Summary

This research focused on the study of HiPIMS and RF mag-
netron sputtered W-Ta-B2-z thin-film coatings from one SPS-
ed target.

The first part of the paper presents the effect of tantalum 
doping on the hardness and phase composition of RF- and 
HiPIMS-deposited ceramic coatings. It has been observed 
that an increase in the tantalum content from 8 to 24% 
allows for maintaining a high hardness of 35 GPa for RF-
sputtering and 41.3 GP for HiPIMS-sputtering. Comparing 
HiPIMS deposition to RF deposition, the hardness is higher 
and it results from the rebuilding of the crystal structure 

from columnar to a heterogeneous-like zone T microstruc-
ture with smaller grains. At the same time, the value of the 
reduced Young’s modulus is about 380 GPa for both meth-
ods which means that the plasticity index (H/E*) is higher 
for HiPIMS-sputtering. For HiPIMS-deposited coatings at 
500 °C, H/E* is 0.107 (24% Ta), while for RF-sputtering 
it is 0.096. An increase in the plasticity index indicates an 
increase in the ductility of the deposited films.

In the second part of the paper, the coatings deposited 
with RF and HiPIMS with substrate temperatures from 200 
to 600 °C were compared. The hardness of RF-deposited 
films decreases with an increase in temperature, from 28.7 
GPa to 35 GPa, while increasing from 36.5 to 41.3 GPa 
for HiPIMS-deposited films. The thickness of HiPIMS-
deposited films is relatively small: only around 60% of the 
RF magnetron sputtered coatings, even when the average 
power input was two times higher. The deposition rate reduc-
tion effect is usually attributed to the fact that some of the 
newly formed sputtering ions return to the target. On the 
other hand, it has been shown that the RF coatings require 
heating the substrate above 400 °C to obtain a fully crys-
talline structure, and HiPIMS-deposited coatings allow for 
a reduction of the substrate temperature to 300 °C. Both 
coatings possess surfaces with smooth morphologies, but 
the HiPIMS method requires better quality targets to limit 
arcing on the surface.

By controlling the deposition parameters, RF magne-
tron sputtering and HiPIMS are effective methods for the 
deposition of W-Ta-B coatings with suitable morphologies 
and hardness, making them more appropriate for industrial 
applications as surface protective coatings. Films depos-
ited by the HiPIMS method have a higher plasticity index, 
which means that they are more resistant to cracking and 
therefore more reliable. In the case of the HiPIMS method, 
however, the problem is the low deposition rate for short 

Fig. 21  Reduced Young’s modulus of the coatings deposited with RF power supply (left) and HiPIMS power supply (right)
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pulses. This can be solved by increasing the pulse length 
for example. Due to the use of one magnetron, which also 
influences the deposition rate, the method presented in this 
article is simplified. Additionally, lowering the tempera-
ture during deposition is beneficial for temperature-sensi-
tive substrates, covering large elements whose dimensions 
make uniform heating impossible. In the case of HiPIMS, 
the relatively low deposition rate is one of the main chal-
lenges in terms of the economic efficiency of the deposi-
tion process.

Taking into account the application approach, the key 
parameter is to reduce the deposition temperature while 
maintaining or improving mechanical properties. Based on 
the analysed cases, the best results were obtained when coat-
ings were deposited with a concentration of 24% at. tantalum 
at 400 °C. Despite the temperature reduction, the H/E* ratio 
is the highest (0.123) and at the same time the layers are 
slightly below the super hardness limit (38 ± 1 GPa). High 
hardness combined with reduced brittleness of the mate-
rial should have a positive effect on the wear resistance of 
coatings applied, for example, on forging or extrusion tools, 
where the dies may have a large mass and achieving high 
temperature on the deposited surface is very difficult.
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