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ABSTRACT

A series of TiZrNb(V) high entropy alloy-based metallic coatings have been deposited using high-power impulse magnetron sputtering
(HiPIMS), with variable V concentrations and constant ratios among the other metals. The coatings were analyzed regarding their composi-
tion, surface and cross-sectional morphologies, microstructure, roughness, mechanical properties, oxidation resistance, and thermal stability.
The structure of the deposited coatings reveals a transition from the bcc crystal structure to an amorphous phase as the V concentration
increases. The addition of V also led to a decrease in roughness Ra and an improvement in adhesion, while it did not affect hardness, which
remained at ∼10–11 GPa for all samples. Annealing under a protective atmosphere at 400 °C caused structural ordering, which was followed
by an increase in mechanical properties. The purpose of the present paper is, therefore, to present a study on the deposition of TiZrNb coat-
ings with increasing V concentration prepared by HiPIMS and to understand the role of V concentration on their structure, chemical com-
position, mechanical properties, and oxidation resistance. Comparison of the results with those achieved for a reference TiZrNb coating is
presented too.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0003864

I. INTRODUCTION

Nuclear energy, both fission and future fusion, in alliance with
renewables, has a most important role to play toward the planet’s
net zero CO2 goals. It is a perfect example where state of the art
materials’ science is needed to design, develop, and test new materi-
als for extreme environments. The challenging environments asso-
ciated with next-generation fission1–3 and fusion4–9 are likely to
vary markedly according to the reactor design and the component
of interest, but may involve extremes of temperature, radiation

damage, corrosion, stress, and heat flux. Further, such conditions
are also faced in other advanced engineering applications.10,11

On the road to improve the mechanical properties of a mate-
rial, there are many milestones considering the reconfiguration of
the microstructure with various design strategies, from multilayered
materials12–14 to all kinds of nanocrystalline structures.15,16

Today, the expanded compositional freedom afforded by high
entropy alloys (HEAs) and other high entropy materials represents
a unique opportunity for the design of alloys for harsh
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environments,17–20 such as advanced nuclear applications,21–23 or
other applications where current engineering alloys fall short.
Surface coating technology has brought new vitality to the develop-
ment of HEAs,24–27 which relieves the restrictions of preparation
and industrial application caused by the cost of bulk HEAs and
enhances the possibility of rapid design for new materials. Many
publications have reported that HEA coatings demonstrate excellent
corrosion resistance in aggressive environments.28 In general, the
factors affecting the corrosion resistance of HEA coatings include
the formation of a passive layer, coatings composition, and micro-
structure of the coating surface, which are closely associated with
the composition design and preparation process parameters.

In this work, a series of TiZrNb(V) medium entropy alloy
(MEA)-based metallic coatings have been developed. The choice is
based on the previous work in this system in bulk form. The
NbTiVZrx (x = 0.5, 1, and 2) MEAs were experimentally confirmed
to be a single-phase MEA system.22 Further, homogenization at
1200 °C for 100h resulted in single-phase bcc microstructures
without compositional microsegregation observed in as-cast or
slow cooled samples.22 Also important, the system has been
recently scrutinized in terms of radiation resistance properties.
Kadyrzhanov et al.29 studied the kinetics of accumulation of radia-
tion damage in the near-surface layer of NbTiVZr alloys upon irra-
diation with Kr15+ ions and fluences of 1010–1015 ion/cm2.
Further, the role played by V in HEAs has been explored using
density functional theory (DFT) calculations by Lin-Vines et al.30

The preferential formation of V split interstitials over any of the
other elements provides a mechanism for the observed strengthen-
ing in the material. Further, V appears unique among other ele-
ments for providing high strengthening in both the fcc
Co-Cr-Fe-Mn-Ni-V and bcc Cr-Mo-Nb-Ta-V-W-Hf-Ti-Zr HEA
families.31

The mechanical properties of coatings depend on the deposi-
tion technique employed. Over the past decade, important
advancements in magnetron sputtering deposition technologies
have emerged, to produce highly ionized fluxes of sputtered mate-
rial. These innovations have provided greater control over the ener-
getic ion bombardment, including the energy and direction of the
deposited species. Among the remarkable developments are two
techniques: high-power impulse magnetron sputtering (HiPIMS),
also known as high-power pulsed magnetron sputtering, and mod-
ulated pulsed power magnetron sputtering (MPPMS). Both
HiPIMS and MPPMS involve applying exceptionally high target
power densities to achieve enhanced plasma densities and subse-
quent ionization of the sputtered material. Researchers have already
investigated the impact of the different deposition parameters on
the properties of coatings. More compact coatings with improved
mechanical, physical, tribological, adhesion to the substrate, and
thermal properties have been reported by using these new technol-
ogies.32,33 Since, for the desired application, an alloy with the best
possible properties is required and for that a formidable structure
and adhesion is crucial, HiPIMS will be the deposition method
used in this work; in addition to the fact that Hajihoseini and
Gudmundsson34 obtained superior results for V-based coatings
using this deposition method.

When dealing with coatings, one must consider adhesion and
tribological properties and not only those properties encountered

in the bulk material. TiZr alloys are a material well studied by a
large number of authors that prove their excellent tribological prop-
erties and resistance to oxidation.35,36 According to Ji et al.,37 the
addition of Nb has a very positive impact on the oxidation resis-
tance of these alloys, mainly in terms of pitting. Therefore, in
theory, the TiZrNb alloy is a good base for a high-performance
HEA for very harsh environments. TiZrNb alloys have great appli-
cability, mainly for biomedical applications, namely, for prostheses
with better tribological properties and oxidation resistance, when
compared to the Ti6Al4V alloy (very common in this type of appli-
cation). Hu et al.38 suggest the use of this alloy in a massive way,
completely replacing the Ti6Al4V alloy. After several cold calender-
ing processes and subsequent annealing, the values of fracture
toughness and Young’s modulus were achieved for the TiZrNb
alloy in relation to the Ti6Al4V alloy. Mu et al.39 suggest the use of
the TiZrNb alloy as a coating to apply on the Ti6Al4V alloy (solid
material) in order to improve its resistance to wear and oxidation.
Forty and Karditsas40 confirmed that Zr alloys should be consid-
ered for fission applications and especially when long longevity is
desired, which meets the application needs of this work.
Additionally, the addition of V to HEA can be advantageous for
several reasons. As this is a refractory metal, a very positive impact
on thermal stability is expected, as well as on wear resistance at
high temperatures, as is the case with the CrFeHfMnTiTaV alloy.41

According to Yin et al.,31 V distorts the crystal lattice of the bcc
structure, a structure that is quite dominant for alloys with Ti and
Zr. In the bulk form, Wang et al.42 showed that the presence of V
in solid solution favors a grain size refinement. Thus, the effect of
V addition must be studied for other systems. Previous experimen-
tal and modeling studies of the Zr-V system assessed materials pro-
duced by magnetron sputtering that highlighted the preference for
amorphous structures to preferentially form over crystalline struc-
tures in specific ranges of the binary system.43,44

Also important, recent studies used HiPIMS to produce
Ti-based alloy coatings. To mention just a few examples,
Marczewski et al. compared the microstructure and mechanical
properties of Ti-Nb alloys as created by conventional powder met-
allurgy, mechanical alloying, and HiPIMS.45 Lou et al. employed
HiPIMS for the fabrication of (TiZrNbSiMo)1−xNx HEAs coatings
paying attention to the effects of nitrogen addition.46 Kamrudin
Bachani et al. studied TiZrNbTaFeN HEA coatings prepared by
HiPIMS. The effect of nitrogen flow rate on the microstructure,
mechanical and tribological performance, electrical properties, and
corrosion characteristics was reported.47 These studies highlighted
the potential of using HiPIMS to develop protective coatings.

The purpose of the present paper is, therefore, to present a
study on the deposition of TiZrNb coatings with increasing V con-
centration prepared by HiPIMS and to understand the role of V
concentration on their structure, chemical composition, mechanical
properties, and oxidation resistance. Comparison of the results with
those achieved for a reference TiZrNb coating is presented too.

II. EXPERIMENT

A. Deposition process

TiZrNbV coatings with different V concentrations, ranging
from 0 to 27.89 at. %, were deposited in a Hartec chamber using an
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HiPIMS power supply (HiPIMS Cyprium™ III plasma generator,
Zpulser Inc.) working in deep oscillation magnetron sputtering
(DOMS) mode. The targets were acquired from Photon Export
(https://photonexport.com/). One high purity (99.9%) TiZr com-
pound target (47 at. % Ti–53 at. % Zr) with dimensions of
150 × 150 × 8 mm3, containing 20 holes of 10 mm diameter evenly
distributed along the preferential erosion zone of the race track,
was used for the deposition of the coatings. This target architecture
allows the tuning of the chemical composition of the films by
filling/changing the holes with pellets of different elements (Nb
and V). Five holes were filled with Nb (99.9%) cylindrical rods and
the remaining holes with incremental number of V (99.9%) cylin-
drical rods, to achieve a progressive increase of V content on the
TiZrNbV films.

The coatings were deposited onto silicon wafers (111) for
chemical, cross-sectional, and surface morphology analysis; struc-
tural analysis; and mechanical properties evaluation (hardness
and Youngś modulus). Al2O3 substrates (10 × 0.8 mm2) were
used for oxidation resistant tests. For adhesion evaluation
through scratch testing, M2 steel disks (Ø24 × 8 mm2) were used
as substrates.

Before the deposition, all the substrates were ultrasonically
cleaned in acetone and alcohol for 15 min each and then mounted
on a rotating substrate holder that revolved at around 23 rpm in
the center axis of the chamber. Prior to the deposition, the
chamber was evacuated down to a pressure of 1 × 10−4 Pa. The
TiZr target was then cleaned in Ar (discharge pressure—0.5 Pa) for
10 min by applying an average peak power (Pa) of 1200W, a charg-
ing voltage (DCint) of 350 V, and a pulse duration (D) of 1500 μs,
while having the shutter in front to avoid cross contamination
between the target and the substrate. After, substrate etching with
Ar ions using a DC-pulsed power supply was conducted at a pres-
sure of 0.5 Pa applying a bias of 320 V for 50 min. After the
etching, all the depositions were conducted at a working pressure
of 0.5 Pa. The following parameters were kept constant during the
depositions: average peak power at the target of 1200W, charging
voltage of 350 V established at the capacitors, constant on time
(ton) of 6 μs, an oscillation period (T) of 70 μs, and a pulse dura-
tion of 1500 μs. To keep these parameters constant, the pulse fre-
quency (F) was automatically adjusted by the DOMS power supply
software. In all the cases, the deposition time was set to achieve a
thickness of the coatings close to 2 μm. The denomination adopted
for the coatings, as well as the summary of the deposition condi-
tions, are shown in Table I.

B. X-ray diffraction and nanohardness

The crystallographic structure of the coatings was investigated
with x-ray diffraction (XRD) using a copper Kα1 radiation
(λ = 1.54 Å) using GIXRD geometry with a parallel beam in θ-2θ
mode (2θ range: 5o–110o, anode current: 40 A and voltage 45 V,
incidence angle ω = 1°). The XRD equipment employed was an
X’Pert Pro x-ray diffractometer from Philips.

The hardness and Young’s modulus of the coatings were eval-
uated by nanoindentation. The nanoindenter equipment was a
NanoTester Platform 1 from MicroMaterials.

This test was conducted using a Berkovich diamond indenter.
The indentation depth was kept less than 10% of the coating thick-
ness to avoid the contribution of the substrate. The nanoindenta-
tion tests were carried out 12 times in every specimen to obtain
reliable statistics.

C. Scanning electron microscopy and
wavelength-dispersive x-ray spectroscopy

The cross-sectional and surface morphology of the coatings
were studied using a Zeiss Merlin scanning electron microscope
(SEM) equipped with wavelength-dispersive spectroscopy (WDS)
system for chemical composition analysis. Standard specimens were
used for calibration.

D. Atomic force microscopy (AFM)

The surfaces were examined using AFM. The employed AFM
was a Veeco Dimension 3100 AFM with a Veeco NanoScope V
controller. We used it in tapping mode using a PPP-NCHR probe
manufactured by Nanosensors.

E. Adhesion tests

The adhesion of the coatings to the substrates was evaluated
using a scratch tester (Scratch test control Revetest Csem). The fol-
lowing parameters were used during the tests: linearly increasing
load from 2 to 100 N, with a feed speed of 10 mm/min and a load
increment of 100 N/min. In this test, a Rockwell C spherical
indenter with a radius of 0.2 mm was employed. Subsequently, the
results were evaluated using an optical microscope with a magnifi-
cation of 200×.

TABLE I. HiPIMS deposition parameters used to fabricate multicomponent TiZrNb(V) coatings, Vp is the peak voltage, Ip is the peak current, Pp is the peak power, and Fi is
the frequency, which is automatically adjusted to maintain the average power applied to the target.

HiPIMS parameters

Coating designation Number of Nb pellets Number of V pellets Deposition time (min) Vp (V) Ip (A) Pp (kW) Fi (Hz)

V0 5 0 65 1210 96 116 156
V1 5 5 60 1220 82 100 157
V2 5 10 55 1236 64 79 156
V3 5 15 50 1237 49 61 156
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F. Oxidation resistance tests

The oxidation resistance of the coatings was evaluated in two
different ways: using dynamic tests and isothermal tests. For both,
thermogravimetry analysis (TGA) equipment was used, maintain-
ing an oxygen atmosphere with a purity of 99.9% and the mass
gain due to oxidation was continuously measured using a microbal-
ance, with a precision of 0.01 mg, at time intervals of 2 s.

Dynamic oxidation tests were carried out in order to deter-
mine the temperature at which the coatings begin the oxidation
process. The coatings were, thus, heated from room temperature to
1200 °C, at a rate of 20 °C/min, and the mass gain was recorded.
Isothermal oxidation tests were performed by subjecting the coated
samples to an isothermal temperature of 400 °C for 1h. This tem-
perature was selected through the analysis of dynamic tests.
The heating rate used to reach the isothermal temperature was
20 °C/min. At the end, the cross-sectional morphology and respec-
tive elemental maps distribution were reassessed using SEM-EDS.

III. RESULTS AND DISCUSSION

A. Chemical analysis and x-ray diffraction

Figure 1 displays the chemical compositions of the coatings
acquired through WDS. As anticipated, the stepwise incorporation
of V pellets into the target resulted in coatings with progressively
higher V concentrations. Notably, the ratios of Zr/Ti, Nb/Ti, and
Nb/Zr, as evident in Fig. 1 (inset), remained constant. Thus, the
addition of vanadium does not alter the proportion between these
elements. Consequently, it can be inferred that variations in coating
properties are attributable solely to the fluctuation in vanadium
content and deposition conditions, without affecting the proportion
between the remaining elements. Going forward, the coatings will
be designated as V0, V1, V2, and V3. Here, V0 represents the
TiZrNb ternary coating, while the indices 1, 2, and 3 indicate an
increasing concentration of V in the TiZrNbV coatings. It is impor-
tant to note that oxygen was present in all coatings at a level of

approximately 7%–10%. We believe this high concentration can be
attributed not only to residual oxygen from the deposition process
but also to the fact that the analysis was conducted on the surface
after exposure to ambient air.

The x-ray diffraction patterns of the various samples are
depicted in Fig. 2. The XRD patterns of the coatings are presented
in the range of 38°–50° 2θ, as this range captures the sole diffrac-
tion peak identified during wide-range scanning. Notably, V0 and
V1 coatings exhibit a high-intensity diffraction peak situated at
approximately ∼43° 2θ. This specific peak falls between the (110)
peaks of Zr (at 41.8°) and Ti (at 45°), suggesting the formation of a
substitutional solid solution. The structures of these coatings align
with a body-centered cubic (bcc) structure, where different ele-
ments randomly occupy substitutional positions within the bcc
framework.48 All the samples had similar dimensions and revealed
comparable thicknesses (approximately 2 μm); thus, the conspicu-
ous intensity observed in the V0 and V1 coatings cannot be
ascribed solely to a mere increase in the quantity of diffracting
material. The noteworthy intensity of the diffraction peak, espe-
cially in the case of the V0 coating, implies a preferred orientation
(110). This indicates that the crystallographic planes (110) are
aligned parallel to the sample surface in the V0 coating.

One conceivable reason behind the anomalous intensity of
the (110) diffraction peak could be the development of a mosaic
structure, wherein diffraction domains exhibit only slight misori-
entation with respect to one another and the underlying substrate.
As the diffraction patterns were acquired using an x-ray parallel
beam, in contrast to conventional Bragg–Brentano mode, the
range of tilts for the diffracting domains relative to the film
surface is significantly smaller. Consequently, this often leads to
reduced diffraction intensity. However, in cases where the diffrac-
tion domains are marginally misaligned in relation to each other
and the film surface, the number of domains increases substan-
tially, giving rise to a much higher intensity of the XRD peaks. A
similar observation was observed for TiSiN films deposited by the
same technology.48

FIG. 1. Chemical composition of the coatings in at. %. Note that in some cases
the error bar is smaller than the symbol. The inset in the top right corner pre-
sents the Zr/Ti, Nb/Ti, and Nb/Zr ratios of the four samples, starting from V0 and
ending in V3. FIG. 2. GIXRD diffraction patterns of the TiZrNb(V) coatings.
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The intensity of the diffraction peak in sample V0 is five times
greater than that in sample V1, indicating a reduction in crystallin-
ity with the introduction of V into the coating. Additionally, the
introduction of V to the V1 coating shifts the diffraction peak to
higher angles, implying a decrease in the lattice parameter.49 It is
worth noting that the atomic radius of V is 135 pm, whereas the
atomic radii of Zr and Nb are 155 and 145 pm, respectively.50 As a
result, the substitution of some Zr and Nb atoms by V leads to a
shift of the diffraction peaks to larger angles, attributed to the
smaller atomic radius of V. XRD peak positions vs V concentration
will discuss and illustrate in Sec. III F.

Further increase in V content in the coatings leads to the for-
mation of x-ray amorphous structure, as indicated by the broad,
low-intensity peaks (Fig. 2, inset). The probability of forming an
amorphous structure in the alloy increases when the number of
components in the HEAs system is greater than the ternary.51 In
addition, the increasing V content stabilized the amorphous phase
and reduced the driving force to form a crystalline structure
leading to formation of dense amorphous structure like it was
found for other HEA obtained by PVD methods.52

It is worth mentioning that DFT calculations and experiments
confirmed that an amorphous VZr solid solution is more stable
than a random body-centered solid solution of the two elements.48

Additionally, crystallization of the V2Zr Laves phase in VZr alloys
is predicted to occur at relatively high temperatures.48

B. Morphology of the coatings

The evolution of cross-sectional and surface morphology of
the coatings with V additions is depicted in Fig. 3. Figure 3(a)
reveals that the cross-sectional morphology of sample V0 is colum-
nar. In Fig. 3(b), the sample V1 exhibits a similar morphology but
more compact. For sample V2, Fig. 3(c) shows a significantly more
compact cross section with only a few traces of columnar attributes.
Finally, in sample V3, the coating is fully compacted, as illustrated
in Fig. 3(d). It can be concluded that the addition of V has a
notably positive effect on increasing the compactness level of the
samples. This enhancement could be crucial in improving proper-
ties such as hardness and corrosion resistance. It should be noted
here that the increasing V concentration gradually decrease the Pp
(peak power) value. The decrease of Pp value is normally associated
with the generation of less compact and consequently more open
morphologies. In fact, a decrease of Pp is associated with the reduc-
tion in the ionization fraction of the metallic elements and the cor-
responding decrease in their energy.48,53 In the present work, the
decrease in Pp leads to more compact morphologies. Indeed, it is
established in the literature that amorphous coatings typically
possess a compact structure.48,54

Concerning surface morphology, the V0 sample, as shown in
Fig. 3(a), exhibits an inhomogeneous morphology with some
columnar elements. In Fig. 3(b), the morphology of sample V1

appears significantly more compact. Samples V2 and V3, presented
in Figs. 3(c) and 3(d), respectively, display a very compact and
homogeneous morphology. It is noteworthy that all the coatings
exhibit a cauliflower surface morphology, where protruding features
agglomerate to form larger structures. These structures are

FIG. 3. Cross-sectional and surface morphology (insets) of the TiZrNb(V) coat-
ings. (a) V0, (b) V1, (c) V2, and (d) V3. Scale bar is the same for all images
including insets.
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associated with unstable growth under surface diffusion-limited
conditions.53

C. Atomic force microscopy

The surface roughness of the as-deposited samples was deter-
mined at room temperature by AFM. Standard analysis provides
two main values, Ra and Rq. Ra or “roughness average” stands for
the mean roughness and is calculated as the arithmetic average of
the absolute values of the roughness profile ordinates. It gives a
good general description of the height variations in the surface. Rq
is the root mean square (RMS) roughness; therefore, the RMS
average of the roughness profile ordinates.

Uniform nanostructures were clearly observed, and the
heights of these undulating nanostructures were less than 7 nm.
These experimental images verified the fine nanostructures on the
surface of the TiZrNbV coatings, and the surface was very smooth
as a whole, with a surface roughness, Ra, of less than 7 nm. The
texture (clearer in V1, V2, and V3) in the coating is due to the pol-
ishing process in the substrate previous to the deposition.

The surface roughness of the crystalline coatings, V0 and V1,
was very similar, 6.8 ± 0.3 and 6.6 ± 0.2 nm, respectively. For V2

and V3 coatings, the Ra decreases to 4.7 ± 0.2 nm, respectively,
probably owing to the refining of the surface structural features and
amorphization. So, it appears that in this system thin films with
amorphous structure possess lower Ra and Rq roughness as com-
pared to their crystalline counterparts.

Note that the substrate plays a role in the morphology of the
film and in its fine details in terms of microstructure and more. It
is beyond the scope of the present paper to explore this issue in
depth, but it is an important topic for future study (Fig. 4).

D. Mechanical and adhesion properties of
as-deposited coatings

The mechanical properties of our TiZrNbV coatings were
evaluated using nanoindentation. Specifically, we have evaluated
the hardness and Young’s modulus. In the process of forming a
solid solution, the lattice distortion arises due to the atomic size
effect. This phenomenon elucidates the impact of the atomic size
effect on the alloy’s hardness.55

The hardness values of as-deposited V0, V1, V2, and V3 are
12.0, 13.8, 12.6, and 12.9 GPa, respectively. Ternary V0 coating
reveals a slightly lower hardness value. Including a greater number
of constituent elements does not ensure improved structural prop-
erties. A higher cohesive energy among atoms in a lattice demands
increased shear stresses to rupture metallic bonds, thereby enhanc-
ing stiffness. An alloy with fewer elements may inherently possess a
higher cohesive energy than one with a greater number of elements
in the same series, consequently surpassing the higher-entropy
alloy in terms of structural properties.56

Figure 5 shows the marks generated by the scratch tester to
assess the adhesion of coatings to the substrate. By observing
Fig. 5(a), it is evident that the adhesion of the reference coating
(V0), which does not contain V, is lower than the others. The first
cohesive failure occurs at 0.15 mm, which corresponds to a critical
load (Lc1) of 3.35 N, while the first adhesive failure appears at
4.50 mm and corresponds to a critical load (Lc2) of 42.5 N.
However, there is no total failure of the coating (Lc3). There are
also visible spalling effects (chipping) along the sample, indicators
of poor adhesion.

In sample V1, Fig. 5(b), only a first cohesive failure is visible
at 2.19 mm, which corresponds to a critical force (Lc1) of 21.7 N.
In sample V2, there are no visible flaws, as well as in V3, repre-
sented in Figs. 5(c) and 5(d). It is evident that V additions improve
the adhesion of the coatings to the substrate.

E. Oxidation resistance

Figure 6(a) shows the results of the dynamic oxidation tests
carried out on the coatings. The reference sample V0 begins its oxi-
dation at a temperature of around 380 °C, slightly higher than the
temperature at which the rest of the coatings are starting their oxi-
dation. This indicates that the addition of V lowers the onset point
of oxidation (to values around 300 °C). Furthermore, it is possible
to observe that the oxidation curves of the coatings with V are devi-
ated for lower temperature values than the reference sample V0,
indicating that they are less resistant to oxidation than the reference
V0 coating. In all the dynamic oxidation graphs, a horizontal
plateau is visible. This threshold indicates that the coatings were
fully oxidized. It should also be noted that the total mass gain is
different for all coatings. The higher the concentration of V in the

FIG. 4. 3D AFM images of a surface topography of the TiZrNb(V) coatings. From left to right, (a) V0, (b) V1, (c) V2, and (d) V3 as labeled. Ra and Rq values are provided
in the bottom right corner.
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coating, the greater the mass gain acquired is. This behavior is due
to the combined effect of (i) an increase in the thickness of the
coatings with an increase in V (more material to oxidize which
implies more mass gain) and (ii) mass gain due to the formation of
vanadium oxide—V2O5. The ratio between V and O in the V2O5

phase is greater than the ratio of the other oxides formed (e.g.,
TiO2) leading to a greater mass gain the higher the concentration
of V. Note that the coatings V2 and V3 have the same thickness
and, therefore, the greater mass gain of the last coating can be
explained by the formation of a greater amount of vanadium oxide.
It is noteworthy that, although V-doped TiZrNb coatings exhibited

a higher mass gain, they were fully oxidized at a higher temperature
(730 °C) compared to the TiZrNb coatings, which fully oxidized at
680 °C.

Figure 7(a) shows the results of the isothermal oxidation tests
carried out on the coatings. As expected, according to the dynamic
oxidation curves, the V0 coating has the best resistance to oxida-
tion, showing a mass gain of 0.11 mg/cm2. The introduction of V
in the coating leads to an increase in mass gain. This progressively
increases with increasing V concentration up to 21.5 at. % and then
decreases slightly for the V3 coating. Therefore, although in the
dynamic tests, the curves of the V-rich coatings are very similar
and suggest that they have similar oxidation resistance, the isother-
mal curves clarify that there is an increase in mass gain due to oxi-
dation with increasing V concentration, with the exception of the
V3 coating. This decrease in the oxidation resistance of coatings
with the addition of V has already been studied for other coating
systems, and according to the literature, it results from the rapid
diffusion of V to the surface, which leaves behind a porous layer,
preventing the formation of continuous protective layers.54 In fact,
although a higher concentration of V enables greater diffusion of
this element to the surface, the degree of compactness of the
coating can delay this diffusion and could explain this behavior.
Also, the higher compactness means less “porous” coating, which
also halts the entrance of oxygen into the coating to help with the
formation of the vanadium oxide (even if only in the beginning of
the oxidation process). By having higher “porosity,” there is also
higher surface area in contact with the atmosphere.

Figures 7(b)–7(e) show the cross section of the coatings after
oxidation and the respective elementary distribution lines of
the main chemical elements of the coatings. As can be seen in
Fig. 7(b), the reference sample V0 has a very small, oxidized zone
(see the intensity of the oxygen signal), which corroborates its low

FIG. 5. Optical images of the scratches after adhesion tests of the TiZrNb(V) coatings with access critical load values: (a) V0, (b) V1, (c) V2, and (d) V3.

FIG. 6. TG curves of the TiZrNb(V) coatings tests in the linear dynamic heating
mode.
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mass gain due to oxidation shown in Fig. 7(a). The addition of V
leads to the formation of a thicker oxide layer, as seen in Figs. 7(d)
and 7(e). The low resolution of the SEM equipment might render
the pore morphology nondiscernible in the cross-sectional images.

Finally, it is worth mentioning that oxidation tests of various
HEAs revealed a complex nature of oxides. In our case, the passiv-
ation film can be composed of TiNb2O7, VO2, V2O3, TiO2, and
Nb2Zr6O17 oxides.57,58 For V-doped refractory alloys, the oxide
mixture did not improve high-temperature oxidation resistance, as
oxidation primarily occurred through internal processes. The spe-
cific sequence of reactions for the Ti-Zr-Nb-(V) oxide mixture
remains unclear. On the other hand, the formation of V2O3 and
VO2 oxides inhibits molten salt corrosion and enhances material
performance during prolonged contact with biomimetic media.59,60

F. Structure and mechanical properties of the coatings
after annealing

To analyze the thermal stability of the coatings, they under-
went an annealing treatment at a temperature of 400 °C for 200
protective atmosphere of hydrogenated argon (Ar + H2–5 vol. %) at
0.1 Pa. Subsequently, the structure, hardness, and Young’s modulus
were reassessed and compared with the properties of the samples
in the as-deposited state.

As depicted in Figs. 8(a), and 8(e), the (110) peak after the
annealing is observed at a slightly higher 2θ value than before. This
phenomenon can be associated with the release of internal stress
and some minor rearrangements within a structure. Notably, the
bcc structure of V0 and V1 samples remains stable for annealing up
to 400 °C. GIXRD configuration does not allow us to estimate the
size of the grains correctly, so FWHM values can be used only for
qualitative analysis. For V0 coating before and after annealing,
FWHM values were of 0.75°; in the case of the V1 sample, it insig-
nificantly decreased from 0.85° to 0.79°. Shape and signal-to-noise
ration of V2 and V3 GIXRD patterns after annealing do not allow
to fit the peak; meanwhile, one can see no signs of crystallization
[Fig. 8(c)]. Figure 8(b) shows the hardness and Young’s modulus
values of the coatings before and after annealing. It is possible to
observe that, after heat treatment, the hardness value increases for
all coatings. Displacement of diffraction peaks toward higher angles
[Fig. 8(e)] typically represents a loss of residual compressive
stresses and a consequent decrease in mechanical properties;61 this
shift was observed after annealing in case of V0 and V1 coatings,
but mechanical properties increased in our study.

Further, the mechanical properties of the system may be
dependent on a variety of factors, like possible local chemical inho-
mogeneities (as in other TiZrNb-based refractory HEAs, Ref. 62),
on precipitates of unwanted phases,63 nanoscale details such as
atomic packing density,64 and on oxygen content.53,54 Therefore,
the exact mechanisms that favor the adhesion properties depending
on the V content are beyond the scope of the present work.

As screening parameters, both H/E and H3/E2 have consider-
able merit and have demonstrated many successes; for hard coat-
ings, these proxies are used to relate resistance to crack initiation
and tribological performance. For hard PVD coatings, higher H/E
promoted lower wear.65,66

FIG. 7. (a) Isothermal TGA mass gain curves for TiZrNb(V) coatings. (b)–(e)
Cross-sectional images of the coatings oxidized at 400 °C for 1 h with chemical pro-
files acquired from the cross section are available: (b) V0, (c) V1, (d) V2, and (e) V3.
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Other results suggest that optimizing the H/E ratio across the
coating and substrate could enhance the adhesion strength of the
coating by redistributing the surface contact stresses.67

Interestingly, our results show that V alone does not affect

hardness. However, adding V to Ti-Zr-Nb refractory alloy coatings
increases both the H/E and H3/E2 values. Heat treatment of
as-deposited coatings caused a noticeable increase in the values of
H/E and H3/E2 proxies. These results suggest that annealing of the

FIG. 8. (a) GIXRD patterns of the coatings before and after annealing. (b) Hardness (left y-axis), and Young’s modulus (right y-axis) measured in as-deposited samples
(solid symbols) and after being annealed at 400 °C for 2 h (open symbols). (c) Zoom of the XRD patterns of V2 and V3 as-deposited and annealed. (d) H/E ratio values,
(e) 2θ position of the 110 peak, and (f ) H3/E2 ratio values.
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Ti-Zr-Nb-(V) coatings can be used as a very effective tool for
mechanical properties tuning. In the case of purely crystalline
HEAs, lattice-distortion effect can tailor mechanical properties.68

The study of the mechanical properties of nanocrystalline/
glassy HEAs demonstrated an extrinsic shift from an inverse to a
regular Hall–Petch relationship during nanocrystallization and
grain coarsening caused by annealing. Furthermore, grain boundary
relaxation processes were identified, which led to increased hard-
ness without notable grain growth after annealing at temperatures
below 500 °C. In the case of x-ray amorphous materials, the
enhancement in mechanical properties might be explained as
follows: low temperature annealing (200–400 °C) leads to structural
relaxation, as the amorphous domains and interphase regions reor-
ganize to a lower energy state, the second mechanism involves the
breakdown of the material’s initial glassy character, which leads to
the redistribution of excess free volume from the interphase regions
into areas of short-range order.69

IV. SUMMARY AND CONCLUSIONS

In the present work, refractory multiprincipal-element alloy
coatings in TiZrNb(V) system were deposited by the HiPIMS
process. The concentration ratios of Zr/Ti, Nb/Ti, and Nb/Zr were
similar when V concentration was increasing from 0 to 28.5 at. %.
Morphology, structure, resistance to oxidation, and thermal stabil-
ity of the coatings and evaluation of V concentration impact on
these properties were studied.

The results obtained throughout the work allowed drawing the
following conclusions:

(i) The increase in V content in TiZrNb(V) coatings led to an
increase in the degree of compactness of the microstructure,
which was also accompanied by transition from bcc crystal-
line to the x-ray amorphous structure.

(ii) The hardness of the as-deposited coatings in the TiZrNb(V)
system was very similar irrespective of the V concentration.
Values in the range of 10–11 GPa were obtained. Young’s
modulus values are slightly higher for the V0 and V1 coat-
ings, both exhibiting a crystalline structure (140 GPa).
However, as the V content increases, leading to the transition
to an amorphous structure, there is a subsequent decrease in
Young’s modulus (130 GPa).

(iii) Annealing under a protective atmosphere enhanced the
mechanical properties of the TiZrNb(V) coatings, regardless
of composition. It was demonstrated that values for hardness
(H), elastic modulus (E), H/E ratio, and H3/E2 ratio can be
effectively adjusted by heat treatment at low temperatures,
which prevents grain growth and nucleation.

(iv) Scratch tests of TiZrNb(V) coatings deposited on steel sub-
strates were carried out. Critical load, Lc1, increases with the
increase in V content in the alloy coatings demonstrating the
improved adhesion to the substrate. Failure mechanism for
V0 and V-doped V1, V2, and V3 was different: spalling and
chipping along the sample, proved poor adhesion properties
of the V0 coating. In samples with V addition, there were no
visible flaws, making evident that V improves the adhesion of
the coatings to the substrate.

(v) Dynamic and isothermal oxidation tests demonstrated that
TiZrNb coatings exhibited slower and lower overall mass gain
compared to V-doped TiZrNb coatings. The addition of
vanadium in the TiZrNb system resulted in the formation of
a thicker oxide scale after isothermal oxidation at 400 °C.
However, during dynamic oxidation tests, TiZrNbV coatings
(V1, V2, and V3) were fully oxidized at around 730 °C,
whereas TiZrNb V0 coatings reached complete oxidation at
680 °C.
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