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Abstract: (CrTaTiVZr)N coatings were prepared on Si substrates through the reactive magnetron
sputtering system to investigate the oxidation behaviors and structural evolution of the coatings at
different annealing temperatures in air. The (CrTaTiVZr)N coating had a face-centered cubic structure
with an oxidation temperature of up to 300 ◦C, but its surface changed into the amorphous oxide phase
and then into the rutile TiO2 phase when the annealing temperature was increased to 500 ◦C. The rutile
TiO2 phase continued to grow, and an additional solid solution phase of body-centered tetragonal
I41/amd was formed at annealing temperatures beyond 600 ◦C. The high annealing temperature
promoted the oxidation to progress along the thickness direction and synergistically developed
the porosity. As a result, the hardness and the electrical performance of the coating deteriorated.
The hardness decreased from 34.30 GPa to 1.52 GPa, and the electrical resistivity increased from
142 µΩ·cm to 17.5 Ω·cm.
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1. Introduction

The use of high-entropy alloys (HEAs) comprising at least five principal elements with
concentrations between 5 at.% and 35 at.% has good potential in the design of new metallic
multicomponent alloys [1–3]. This specific composition design is compatible with the four core
factors of HEAs, namely, high entropy, sluggish diffusion, lattice distortion, and cocktail effect [1,2].
The high mixing entropy enhances the mutual solubility among elements and reduces the tendency of
phase separation into ordered phases or intermetallic compounds. The sluggish diffusion decreases the
diffusion rate and results in the formation of nanocrystalline or even amorphous structures. The lattice
distortion hinders the dislocation motion and results in a significantly strengthened solid solution.
Finally, cocktail effects cause a composite effect in HEAs. The interaction and influence of alloy
components are reflected in the alloy properties and produce additional effects. With proper alloy
designs, the alloy components have shown properties that outperform traditional materials, such as
high hardness and superior resistance to temper softening, wear, oxidation, and corrosion.

On the basis of the development of HEAs, HEA films are frequently investigated because of their
mechanical and thermal properties. Many researchers have prepared HEA films by using various
methods, such as magnetron sputtering [4–12], laser cladding [13–15], electrochemical deposition [16],
arc thermal spraying [17], cold spraying [18], electron beam evaporation deposition [19], and plasma
cladding [20]. At present, laser cladding and magnetron sputtering are commonly used by researchers
to obtain films with excellent physical properties. The laser cladding technology is used to form
coatings by melting metal powder by using high-power and high-speed lasers. This strategy provides
many unparalleled advantages in forming refractory HEAs. The rapid solidification velocity enables
nonequilibrium solute trapping and avoids component segregation. The coating combined with the
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metallurgy matrix remarkably improves the bonding strength. However, cracks and pores easily occur
during laser cladding [12]. Sputtering deposition occurs due to the ion bombardment on targets by
using plasma and knocking the atoms off the target surface. The high kinetic energy of the knockout
target atoms allows the formation of compact and smooth films. However, sputtered films produce
limited film thickness and poor bonding strength between the film and the substrate. The advantage
of the sputtering method is the deposition of HEA nitride (HEAN) films. HEAN films are easily
synthesized due to the easy incorporation of the nitrogen during deposition. This feature provides an
effective way of exploring the HEAN system.

Additional applications have been expanded recently by producing HEANs in the
form of thin films, such as (AlCoCrNi)N [4], (TiZrHfNiCuCo)N [5], (CrTaTiVZr)N [6,7],
(TiZrNbAlYCr)N [8], (AlCrNbSiTiV)N [9], (FeCoNiCrCuAl0.5)N [10], (FeCoNiCuVZrAl)N [11],
and (TiVCrZrNbMoHfTaWAlSi)N [12]. Almost all HEAN coatings consist of a single face-centered cubic
(FCC) solid solution structure. Their mechanical properties strongly depend on the process parameters
and constituent elements. Our previous research has investigated the structural evolution and the
mechanical and the electro-optical properties of (CrTaTiVZr)N coatings [7]. The target constituents
are all refractory, and strong nitride-forming elements are designed to deposit strong nitride coatings.
In the past years, sputtered ternary (CrTiV)N coatings have exhibited a hardness of 18.74 GPa [21].
Large and heavy Ta and Zr atoms are incorporated to improve microstructure and mechanical properties,
suppress grain growth, increase the energy of sputtered and backscattered atoms reaching the substrate,
densify the coating structure, and enhance physical performance [22]. (CrTaTiVZr)N coatings are
characterized by hardness and electrical conductivity of 36.4 GPa and 7633 S·cm−1, respectively, with
light reflectivity of 74% near 2000 nm. These findings indicate the competitiveness of these coatings in
coating applications. Compared with some high-entropy nitrides with non-nitride-forming elements,
such as Ni, Cu, and Fe, (CrTaTiVZr)N coatings have better mechanical properties. On the other hand,
AlN and Si3N4 are electrically insulating materials, and their incorporation into HEANs results in
high electrical resistivity and low infrared reflectivity. These features make their applicability in
microelectronic and optical fields questionable. By contrast, (CrTaTiVZr)N coatings exhibit satisfactory
electro-optical performance. However, a detailed study on their oxidation resistance and structural
changes during the thermal process in air is lacking. The oxidation resistance of coatings has become an
important issue because of their widespread application. For instance, infrared-reflective coatings on
solar-selective applications are necessary for the concentration of sunlight on heat-collecting elements.
However, the high temperature provided by sunlight causes coating instability, resulting in loss in
reflectivity. Ideal durable infrared-reflective coatings require high infrared reflectivity and durability
in oxidation resistance at high temperatures. Developing high-temperature air-stable solar-selective
coatings is urgently needed. In another example, under some machining conditions, the temperature at
contact points between the tool and the workpiece becomes high. Machining without the application of
coolants has been a common trend in the industry to reduce health and environmental effects but leads
to excessive heat. Thus, the oxidation behavior of protective coatings under high temperature in air is
becoming critical. Therefore, this study attempted to grow (CrTaTiVZr)N coatings for applications
with high temperature in air. The mechanical and electrical properties after annealing at different
temperatures in air were evaluated. The crystal phase evolutions and microstructure developments
were also investigated.

2. Experimental

(CrTaTiVZr)N coatings were deposited on p-Si (100) wafers and fused quartz via the DC magnetron
sputtering system by using equimolar CrTaTiVZr targets with a diameter of 75 mm. All elements in the
target had the same molar ratios. Prior to deposition, the p-Si (100) wafers were cleaned in an ultrasonic
bath and rinsed thoroughly with ethanol and distilled water. These wafers were then placed in the
vacuum system. The distance from the target to the substrate was 90 mm, and the deposition angle
was 60◦ relative to the substrate. The substrate stage was rotated at 5 rpm to obtain the quality and
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thickness of a homogeneous film. The coating thickness was set to approximately 1 µm. The sputtering
system consisted of a stainless-steel vacuum chamber and a rotary turbo pump, which provided an
ultimate vacuum of 7 × 10−6 Torr before the gases were introduced. (CrTaTiVZr)N coatings were
deposited under an Ar + N2 mixed atmosphere at a DC power and working pressure of 400 W and
6.67 × 10−1 Pa, respectively. During deposition, the Ar and the N2 flow rates were 40 and 10 sccm,
respectively. The substrate was not subjected to external substrate bias and heating. The as-deposited
nitride coatings were annealed at different temperatures (300–700 ◦C) for 2 h in air by using a furnace
to determine their oxidation resistance.

The chemical compositions of (CrTaTiVZr)N coatings were determined via field-emission electron
probe microanalyses (FE-EPMA, JEOL JXA-8800 M, JEOL Ltd., Tokyo, Japan), and at least three tests
were performed on each sample. The crystal structures were analyzed using a glancing-incidence (1◦)
X-ray diffractometer (XRD, BRUKER D8 Discover, Bruker, Billerica, MA, USA) with Cu Kα radiation
at a scanning speed of 1◦·min−1. The scanning step and range were 0.02◦ and 10◦–80◦, respectively.
Morphological studies were carried out using a field-emission scanning electron microscope (SEM,
JEOL JSM-6700F, JEOL Ltd., Tokyo, Japan). The microstructural examinations were conducted
using an analytic transmission electron microscope (TEM, FEI E.O. TecnaiF20, Tecnai F20 G2, EFI,
Hillsboro, OR, USA). The hardness and elastic modulus of coatings were measured using the TriboLab
nanoindenter (Hysitron Inc., Minneapolis, MN, USA) with a Berkovich diamond indenter tip (tip radius
of approximately 50 nm). During the tests, a maximum applied load of 5000 µN was set. At least
five tests were performed on each sample. The electrical resistivity of coatings was measured using a
four-point probe system.

3. Results and Discussion

The coating stability at elevated temperature in air (ambient environment in the majority of
applications) is a crucial factor. Figure 1 demonstrates the FE-EPMA results of (CrTaTiVZr)N coatings
after annealing at different temperatures in air. The N content of coatings significantly decreased,
whereas the O content increased with increased annealing temperatures above 300 ◦C. After annealing
at 600 ◦C, the O content reached 61.0 at.%, whereas N was undetected in the coating. The absence of N
implied that complete oxidation occurred. The extremely larger enthalpies in the formation of metal
oxides relative to those of metal nitrides cause the rapid oxidation [23,24]. Notably, the constituent
metal content in the coating was almost the same after annealing. Except V2O5, which had a relatively
low melting point (690 ◦C), the oxides of the target constituents had high melting points (over 700 ◦C).
The V2O5 phase formed during annealing may cause a slight loss in the V content. In other words,
no V2O5 crystal phase was formed in this study.

Figure 1. FE-EPMA results of (CrTaTiVZr)N after annealing at different temperatures in air.
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Figure 2 shows the XRD patterns of (CrTaTiVZr)N coatings after annealing at different temperatures
in air. At 300 ◦C, no phase transformation was detected. The FCC peaks were sustained at 400 ◦C, but
the FCC (111) peak weakened. The FCC peaks disappeared due to the increased annealing temperature
(500 ◦C), and the rutile TiO2 phase began to form. The increase in annealing temperature to 600 ◦C
caused the appearance of an additional tetragonal phase. The relative integrated intensity of oxide
phases increased sharply at 700 ◦C. This result indicated that rapid oxidation occurred at 500 ◦C with
the formation of a nonprotective oxide layer. The initial crystalline TiO2 phase is usually a metastable
anatase due to the faster recrystallization caused by its lower surface free energy compared with
that of a rutile phase. The reported crystallization onset temperatures in the anatase phase often
appear at around 300 ◦C. Then, the anatase phase transforms irreversibly to the rutile phase at 600 ◦C.
This phase transformation is sometimes referred to as ART [25,26]. In our study, the rutile TiO2 phase
was directly obtained at elevated temperatures. Chou et al. [27] have demonstrated that the kinetics of
the anatase to rutile transformation is affected strongly by the O defect levels because O vacancies
facilitate the rutile transformation. Reidy et al. [28] have shown that O vacancies provide a low-energy
mass transport route and decrease the ART temperature. Thus, high O vacancies result in low ART
temperatures. Batzill [29] and Ihara et al. [30] have found that N doping promotes the rutile transition.
In this study, the produced oxide via the annealing of nitride may contain a high level of O vacancies
and lead to a direct rutile transition [31]. The formed tetragonal phase at temperatures above 600 ◦C
was very similar to the ZrSiO4 phase (a = 0.6604 nm, c = 0.5979, space group = I41/amd). However,
no Si signal was detected from the ESCA (not shown). Huang et al. [32] have determined that the
sputtered AlCoCrCu0.5NiFe oxide coatings are in the tetragonal HCP solid solution phase because the
large mixing entropy at elevated temperatures can stabilize solid solutions in multiprincipal elements.
Therefore, the formation of a BCT I41/amd solid solution phase via the CrTaTiVZr oxide coating was
relevant to the high entropy effect.

Figure 2. X-ray diffraction patterns of (CrTaTiVZr)N coatings after annealing at different temperatures
in air.

Figure 3 shows the SEM micrographs of (CrTaTiVZr)N coatings after annealing at different
temperatures in air. The as-deposited typical columnar structure exhibited a cauliflower-like surface
feature. No significant change was observed at 300 ◦C. However, a very thin and dense oxide layer
formed at 400 ◦C with a thickness of 80 nm on the surface of the nitride. The oxide layer thickened
and revealed a nanopore feature when the annealing temperature was increased to 500 ◦C. The oxide
reaction became rapid and nonuniform at 500 ◦C. The oxide layer thickness ranged from 500 nm to
900 nm. At annealing temperature above 600 ◦C, the coating was fully oxidized and displayed a
granular porous structure.
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Figure 3. Plan-view and cross-sectional SEM micrographs of the (CrTaTiVZr)N coatings after annealing
at different temperatures in air. (a) as-deposited, (b) 300 ◦C, (c) 400 ◦C, (d) 500 ◦C, (e) 600 ◦C, (f) 700 ◦C.

TEM was further used to clarify the oxidation behaviors of (CrTaTiVZr)N coatings (Figures 4–7).
Similar to the SEM observation, TEM showed that the as-deposited (CrTaTiVZr)N coating exhibited a
very dense and compact columnar structure (Figure 4a). The selected area diffraction (SAD) patterns
(Figure 4b,c) of the CrTaTiVZr and the (CrTaTiVZr)N layers demonstrated amorphous and FCC
phases, respectively. The combined high-resolution TEM (HRTEM) lattice images (Figure 4d) clearly
demonstrated that the nitride layer had high FCC crystallinity. Annealing the coating at 400 ◦C
resulted in the formation of a thin amorphous oxide with a thickness of around 80 nm on the nitride
coating (Figure 5a,b). The oxide layer contained numerous visible pores with a diameter of 5–30 nm
and developed large cracks that were probably due to the N release and volume expansion during
oxidation. The SAD and HRTEM results (Figure 5b,c) revealed the existence of some unoxidized
nitride crystallites in the oxide layer, which indicated that the oxidation behavior of coatings was
controlled by diffusion [33]. After annealing at 500 ◦C, severe oxidation occurred, and the porous
oxide layer thickened rapidly (Figure 6a). The microstructures of the surface and the inner oxide layers
were significantly different. On the basis of the SAD and the nanobeam diffraction (NBD) patterns
(Figure 6b,c), the phase structure in the inner oxide layer remained unchanged. However, the surface
amorphous oxide layer further transformed into the rutile TiO2 crystalline phase. The HRTEM image
(Figure 6d) also clarified that the amorphous phase transformed into the rutile TiO2 phase. The TEM
observations demonstrated that the formed oxide layer annealed at 500 ◦C in air contained rutile
TiO2 and amorphous phases. This finding indicated the preferred crystallization of TiO2 in this work.
Notably, the behavior of the complex multicomponent (CrTaTiVZr)N alloy was difficult to examine
because the alloy contained elements characterized by different oxidation mechanisms. Hence, the
tendency toward selective oxidation can be anticipated from the difference in free energy for oxidation
per mole of O2. The values are listed in Table 1 [24]. The extent to which this phenomenon happens
or the sensitivity of selective oxidation to the difference in thermodynamic stability is assumed to be
high. According to Table 1, the high thermodynamic driving forces in TiO2 and ZrO2 results in the
predominant formation of TiO2 and ZrO2. However, the phase presentation strongly depends on
the crystallization temperature of amorphous materials. Tominaga et al. [34] have determined that
the crystallization temperatures are 445, 740, and 480 ◦C for Cr2O3, Ta2O5, and TiO2, respectively.
Abadias et al. [22] have confirmed that crystalline oxide phases are detected in ZrN, TiN, and TaN
after annealing at 500, 550, and 800 ◦C, respectively. Zou et al. [35] have found that annealing at
500 ◦C triggers the crystallization of amorphous V2O5. Therefore, except Ta2O5, the binary oxide phase
of other target constituents should be observed after annealing at 700 ◦C. However, the oxidation
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behavior of the multiprincipal elements is very complex. The intense incorporation of elements
with different atomic sizes in coatings results in crystallization retardation. Moreover, the ternary
oxide phase instead of the individual binary oxide may form during high-temperature oxidation.
Müller et al. [36] have reported that TaMoCrTiAl yields the crystal phases of TiO2, Al2O3, Cr2O3,
and CrTaO4 after annealing at 1000 ◦C. Tsai et al. [37] have oxidized (TiVCrZrHf)N at 600 ◦C to
form the (Zr, Hf)TiO4 crystal phase. Ren et al. [38] have detected that Ni-based superalloys consists
of Cr2O3, TiO2, NiCr2O4, Al2O3, and CrTaO4 crystal phases after annealing at 850 ◦C. In general,
the ternary oxide has higher crystallization temperatures than binary oxide, thereby expanding the
amorphous temperature. In oxidized (CrTaTiVZr)N coatings, TiO2 and ZrO2 should be the preferred
phases of formation due to their low free energies of formation and low crystallization temperature.
However, in this study, the ZrO2 phase was undetected. On the basis of the ZrO2–V2O5 phase diagram,
ZrO2 and V2O5 had extremely high affinity and tended to form the ZrV2O7 phase at relatively low
temperatures [39]. Xing et al. [40] have revealed that the phase transition temperature of ZrV2O7 is
771 ◦C. Jantschner et al. [41] have discovered that the crystallization of amorphous ZrV2O7 occurs after
annealing above 600 ◦C. This finding indicates that V2O5 significantly retards the formation of ZrO2

phase. By contrast, TiO2 and V2O5 have extremely low mutual solubilities [42,43]. As a result, the rutile
TiO2 crystal phase formed preferentially. By further increasing the annealing temperature to 600 ◦C, the
coating achieved complete oxidation and developed a granular porous structure (Figure 7a). The SAD
observations (Figure 7b) demonstrated that high temperatures promoted the growth of rutile TiO2

phase and produced a minor BCT solid solution phase. The NBD and the HRTEM images (Figure 7c,d)
also verified the growth of a highly rutile TiO2 phase. These results showed that oxidation occurred
primarily through the inward diffusion of O. This finding suggested that the formation of oxide phases
may have resulted in the escape of N and large volume expansion during annealing and subsequently
led to porosity with many voids. These conditions implied that O can diffuse freely inward through
the voids, intensify oxidation, and adversely affect the coating.

Table 1. Standard free energies of formation of oxides based on the target elements.

Oxide Cr2O3 Ta2O5 TiO2 V2O5 ZrO2

∆G (kJ·mol−1 O2) 352.7 382.2 444.4 283.86 521.4

Figure 4. Cross-sectional TEM micrographs of the as-deposited (CrTaTiVZr)N coatings. (a) bright-field
image, (b) SAD pattern of the metal interlayer, (c) SAD pattern of nitride layer, (d) HRTEM lattice image.
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Figure 5. Cross-sectional TEM micrographs of the as-deposited (CrTaTiVZr)N coatings after annealing
at 400 ◦C in air. (a) bright-field image, (b) SAD pattern of the oxide layer, (c) HRTEM lattice image.

Figure 6. Cross-sectional TEM micrographs of the as-deposited (CrTaTiVZr)N coatings after annealing
at 500 ◦C in air. (a) bright-field image, (b) SAD pattern of the oxide bulk layer, (c) NBD pattern of the
oxide surface layer, (d) HRTEM lattice image.

Figure 7. Cross-sectional TEM micrographs of the as-deposited (CrTaTiVZr)N coatings after annealing
at 600 ◦C in air. (a) bright-field image, (b) SAD pattern of the oxide layer, (c) NBD pattern of the oxide
layer, (d) HRTEM lattice image.
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Figure 8 shows the variations in the hardness and elastic modulus of the (CrTaTiVZr)N coatings
after annealing at different temperatures in air. The hardness of the as-deposited (CrTaTiVZr)N coatings
was about 34.3 GPa. Hardness was almost constant during annealing at 300 ◦C. However, increasing
the annealing temperature to 700 ◦C significantly reduced the hardness to 1.52 GPa.

Figure 8. Hardness and elastic modulus of (CrTaTiVZr)N coatings after annealing at different
temperatures in air.

The electrical resistivity of coatings also presented a similar trend with annealing temperature, as
shown in Figure 9. The electrical resistivity of the as-deposited coatings was 142 µΩ·cm and remained
constant when the annealing temperature was increased to 300 ◦C. Beyond this temperature, the
electrical resistivity of the coatings revealed a very sharp reduction from 155 Ω·cm to 17.5 Ω·cm.
Oxides typically yielded smaller hardness and higher electrical resistivity than nitrides. Therefore,
poor hardness and electrical conductivity were due to the oxidized coating surface. Moreover, the
increased coating porosity at high annealing temperatures considerably decreases hardness and
electrical conductivity [44,45].

Figure 9. Electrical resistivity of (CrTaTiVZr)N coatings after annealing at different temperatures in air.
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4. Conclusions

In this study, (CrTaTiVZr)N coatings were deposited on the Si substrate through the reactive
magnetron sputtering process to evaluate their crystal phases, microstructure, and mechanical and
electrical properties after oxidation at high temperatures in the air environment. The FCC structure
of the as-deposited coating partially changed to amorphous phases on the surface after oxidation at
400 ◦C in air for 2 h. The amorphous oxide layer of the coating thickened rapidly along the thickness
direction and started to transform into the crystal rutile TiO2 phase near the coating surface. A minor
BCT I41/amd solid solution phase appeared at annealing temperatures above 600 ◦C. The as-deposited
coating had a columnar structure, whereas the oxide layer obtained a granular porous structure at
temperatures above 500 ◦C. The average grain size increased with increasing annealing temperature.
The mechanical and electrical performance of the oxide layer with porous structure clearly worsened.
The hardness and the electrical resistivity of (CrTaTiVZr)N coatings decreased to 1.52 GPa and increased
to 17.5 Ω·cm, respectively.
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