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ABSTRACT 

Ta1-xZrxN thin films were deposited by reactive magnetron sputtering aiming to investigate the influence of 

zirconium addition on the microstructure, hardness and high temperature oxidation resistance of the coatings. 

GAXRD showed that all Ta1-xZrxN thin films maintained ZrN crystalline structure, forming a TaZrN solid 

solution. Zr incorporation did not alter hardness values of Ta1-xZrxN coatings, however, promoted significant 

improvements in the oxidation resistance when compared to pure TaN thin films. 

Keywords: Thin films; Magnetron sputtering; Tantalum nitride; Nanohardness; High temperature oxidation. 

1. INTRODUCTION 

Use of thin films as an approach to modify superficial properties of materials has been attracting increasing 

attention from metal mechanic industry, given their utilization provides substantial improvements on tools 

properties such as hardness, abrasion and corrosion resistance [1, 2]. 

Transition metal nitride thin films (MeN), in special those composed by titanium, chromium, zirconium 

and tantalum, represent a class of materials capable of generating several types of protective coatings, which 

present valuable properties for numerous scientific and industrial applications [3-8].  

In this context, tantalum nitride thin films (TaN) have been attracting attention in the last decade, due to 

promising properties such as good wear and corrosion resistance, high hardness, resistance to high 

temperatures, good chemical stability and thermal conductivity [9-11]. 

Despite such good properties, TaN thin films possess inferior hardness and oxidation resistance values 

when compared to other commonly used refractory nitrides [11-13]. 

In this sense, a well-studied approach to enhance MeN properties is the production of ternary systems 

by the incorporation of a third chemical element to the binary nitride [14, 15]. For instance, TiZrN, TiNbN 

and TiTaN are a few examples of ternary nitrides with superior hardness, wear rates and corrosion resistance 

when compared to their correspondent binary nitrides [16]. Analogously, the addition of a third element to 

TaN (Ta1-xMexN) is a potential measure to achieve improvements in these coatings [17, 18]. CHEN et al. 

[19] observed an enhancement on oxidation resistance and a slight increase in hardness of TaSiN thin film 

when compared to pure TaN. 

Among the existing options for a third chemical element, zirconium addition shows great promise, 

seeing that this element has been used in other systems. KHAMSEH e ARAGHI [20] reported the increase of 
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oxidation temperature from 873 K to 1073 K for CrZrN (0.4 at.%) thin films while maintaining an elevated 

hardness. 

CUI et al. [21] showed that Zr addition promoted an improvement in chemical and mechanical 

properties of TiN coatings. TiZrN ternary system presented higher hardness, corrosion resistance and lower 

friction coefficient when compared to the binary nitride. Other reports also demonstrate that Zr addition 

resulted in increments to mechanical properties when compared to pure binary nitrides de TiN e CrN [22-24]. 

In particular, tantalum nitride thin films with zirconium addition (TaZrN) showed considerable 

improvements in hardness, oxidation and wear resistance, allowing its application on biomedical implants 

and diffusion barrier layer to copper [25, 26]. However, it is not entirely clear in the literature the influence of 

zirconium content on microstructure and consequent hardness repercussions of TaZrN thin films.  

This work aims to evaluate the influence of Zr content on the microstructure, oxidation resistance and 

hardness of Ta1-xZrxN thin films. To that end, TaN, ZrN e Ta1-xZrxN with three different content of Zr were 

deposited by reactive magnetron sputtering (RMS) and characterized by energy dispersive spectroscopy 

(EDS), glancing angle x-ray diffraction (GAXRD), nanohardness and high temperature oxidation tests.  

 

2. MATERIALS AND METHODS 

TaN, ZrN e Ta1-xZrxN thin films were deposited by reactive magnetron sputtering using an AJA Orion 5-HV 

Sputtering Systems equipment, with direct current (DC) and radiofrequency (RF) power sources, where Zr 

(99.9%) and Ta (99.7%) targets were placed, respectively. The samples were positioned in a rotating 

substrate holder, 120 mm distant from the targets. Figure 1 shows a representation of the deposition system 

used in the present work. 

 

Figure 1: Deposition system scheme. 

 

Monocrystalline silicon wafers were used as substrate for depositions. They were subjected to cleaning 

procedure with acetone in ultrasound equipment for 30 minutes, followed by a bath in distilled and deionized 

water in order to achieve good adhesion of coatings on the substrates.  

Aiming to verify the influence of zirconium content in TaN thin films, all main deposition parameters 

were kept constant, such as: 1×10
-5

 Pa base pressure, 4×10
-1

 Pa work pressure, 19 and 2 sccm argon and 

nitrogen fluxes respectively, 200 W power applied to Ta target and deposition time of 60 minutes for all 

films. The only varying parameter was the power applied to zirconium target, which was set in 20, 50 and 

100 W.  

Pure TaN and ZrN were deposited with comparative purposes, using the same aforementioned 

parameters. 

After depositions, quantification of tantalum and zirconium were carried out by EDS in JEOL JCM 

5700 equipment. Crystalline structure was evaluated by GAXRD in a Shimadzu XRD-6000 with Cu-Kα 

radiation (λ = 1.54 Å), incidence angle of 1º, from 20 to 80º. 

Nanohardness tests were carried out in a Fisherscope HV 100 nanodurometer, with a Berkovich 

indenter, applying 10 mN load with indentation depth varying along 20% of films thickness in order to avoid 

the substrates influence on results. 
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To verify coatings oxidation resistance, samples were heated from ambient temperature until 773, 873 

and 973 K. A heat rate of 0.17 K/s was used, and test temperature was maintained for 1800 s using a JUNG-

7013 furnace, in accordance with ASTM G 54-84 106 norm. After oxidation tests, samples were analyzed 

one more time by GAXRD. 

 

3. RESULTS AND DISCUSSION 

3.1 Elemental and Structural Analyses 

Ta1-xZrxN thin films were analyzed by EDS in order to verify zirconium concentration in TaN matrix. Figure 

2 shows the results obtained for samples deposited with 20, 50 and 100 W of power applied to Zr target. 

 

 

Figure 2: EDS analysis of Ta1-xZrxN thin films deposited with the following power applied to Zr target: a) 20 W; b) 50 

W and c) 100 W. 

 

Upon comparison of Figures 2a, 2b and 2c it is possible to note that, given the difference in Zr peak size, 

the higher the applied power on zirconium target, the greater the quantity of this chemical element in the 

coating. Light elements such as nitrogen and oxygen were not quantitatively analyzed by EDS 

In this sense, quantitative results in at.% determined by EDS in the present work refer only to Ta and Zr 

chemical elements. Samples nomenclature are composed by numbers related to relative atomic concentration 

of Zr/Ta, as seen in Table 1. 

 

Table 1: Relative contents in at.% of Ta/Zr obtained by EDS for Ta1-xZrxN coatings. 

SAMPLE POWER APPLIED IN ZR 
TARGET (W) 

ZR CONTENT (AT.%) TA CONTENT (AT.%) 

TaZrN_26 20 26 ± 3 74 ± 7 

TaZrN_52 50 52 ± 5 48 ± 5 

TaZrN_77 100 77 ± 8 23 ± 3 

 

ZrN, TaN and Ta1-xZrxN coatings were subjected to GAXRD analyses in order to verify the present 

crystalline phases. Results are shown in Figure 3. 
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Figure 3: GAXRD patterns obtained for as deposited ZrN, TaN and Ta1-xZrxN thin films. 

According to GAXRD results, the presence of a single diffraction peak in approximately 35º for 

tantalum nitride sample suggests a tendency for this material to crystallize in TaN face centered cubic phase 

(FCC), following (PDF 49-1283) pattern, however, the coating notably manifested an overall amorphous 

behavior. Similar results were previously reported in the literature [12,  27, 28]. 

Pure ZrN sample presented x-ray diffraction peaks related to its FCC crystalline structure, typical for 

this material when deposited under the adopted parameters [29]. These peaks are identified in 2θ values of 

33.8º, 39.3º, 56.8º and 67.9º, corresponding to crystalline planes (111), (200), (220) and (311) of 

stoichiometric zirconium nitride (PDF 35-753). 

As reported by MATENOGLOU et al. [30], transition metal ternary nitrides as Ta1-xMe xN (Me = Ti, Zr, 

Hf, Nb, Mo, W) form stable solid solutions with rock-salt crystalline structure, regardless the valence 

electronic configuration from the component metals. Thus, concerning Ta1-xZrxN samples, zirconium has 

possibly been dissolved into TaN matrix, resulting in the formation of TaZrN structure (PDF 89-5204); this 

hypothesis is corroborated by thoroughly observing a few aspects in Figure 3: 

(a) Tantalum and zirconium nitrides both possess a FCC crystalline structure, thus being mutually 

miscible, which favors the formation of a solid solution where Ta atoms partially replaced by Zr; 

(b) The relative crystallite size for TaN, ZrN and Ta1-xZrxN thin films was determined by Scherer's 

equation using the FWHM value of (111) peaks, resulting in values ranging from 7.2 nm to 10.8 nm for all 

samples. It is well described in literature that grain growth is limited when the simultaneous nucleation of 

different grains occurs in a substrate, culminating in a decrease in crystallite size [31, 32]. In the case of ZrN, 

TaN and Ta1-xZrxN deposited in this work, there was no significant modification in the crystallite size value, 

suggesting that no ZrN and TaN grain growth competition was developed, but a TaZrN structure was formed. 

(c) GAXRD results obtained for Ta1-xZrxN reveal the presence of ZrN typical diffraction peaks, 

nevertheless, when compared to pure ZrN patterns, peak shifts can be observed. Probably such phenomenon 

occurs due to the existing difference in atomic radius between tantalum (0.15 nm) and zirconium (0.16 nm). 

Given that fact, the replacement of Ta by Zr atoms in the crystalline structure is closely followed by a 

reduction in interplanar distances, consequently causing the peaks to shift to higher angles regions. Such 

behavior becomes more evident with the gradual shift of peaks as a function of Zr content for ZrN, 

TaZrN_77, TaZrN_52 and TaZrN_26 samples, as shown in Table 2; 

(d) When compared to pure ZrN, broadening of diffraction peaks for Ta1-xZrxN samples occurs, possibly 

due to the presence of two differently sized chemical elements in the same structure, causing a distortion in 

the lattice with a subsequent loss of crystallinity. 

 

Table 2: Ta1-xZrxN diffraction peaks shift, in comparison with pure ZrN. 

SAMPLE  POSITION OF DIFFRACTION PEAKS IN 2Θ (°) 

(111) (200) (220) (311) 

ZrN 33.8 39.3 56.8 67.9 

TaZrN_77 34.4 39.9 57.9 69.1 

TaZrN_52 34.6 40.0 58.3 69.8 
TaZrN_26 34.9 40.1 58.9 70.4 

 



 SANTOS, J.Y.E., TERTO, A.R.,  RAMIREZ, D.A. et al.,  revista Matéria, v.26, n.4, 2021 

 

3.2 Nanohardness Tests 

Following microstructural analyses, samples were subjected to nanohardness tests in order to evaluate this 

property for ZrN, TaN and Ta1-xZrxN thin films with different Zr content. Figure 4 shows hardness resulting 

values for all samples, obtained in accordance to ISO 14577 regulation.  

 

Figure 3:.Hardness values of all samples obtained through nanohardness tests. 

The registered hardness value acquired for ZrN sample was 15.6 GPa, similar result to that reported by 

MUSIL et al. [33], in which FCC stoichiometric ZrN thin film was deposited. For TaN sample the obtained 

value was 22.0 GPa, close to that found by BERNOULLI et al. [34], who registered a 21 GPa hardness 

values for FCC TaN thin films.  

Samples TaZrN_26, TaZrN_52 e TaZrN_77 presented hardness values similar to those of pure TaN, 

with all the values inside the experimental error range. 

As shown in the GAXRD results presented in Figure 2, all Ta1-xZrxN samples manifested the formation 

of a TaZrN solid solution. Even with the mutual replacement of Ta by Zr in the microstructure, the resulting 

distortion was not sufficient to generate a hardness increment, comparing to pure TaN sample. This fact can 

be explained by the similarity in the atomic radii of Ta and Zr, which was enough to dislocate x-ray 

diffraction peaks, nonetheless not capable of effectively distorting the crystalline lattice as to generate an 

increase of residual tensions and a consequent raise in the coatings hardness values.  

3.3 High Temperature Oxidation Tests 

Samples ZrN, TaN e Ta1-xZrxN were subjected to oxidation tests at 773 K, 873 K e 973 K. After the 

tests, all samples were analyzed by GAXRD in order to verify the formed crystalline phases originating from 

the coatings oxidation processes. 

Figure 5 shows the diffraction patterns of ZrN sample after oxidation tests. The pattern obtained for as 

deposited sample is also explicit in the figure, with comparative purposes. 

 

Figure 4: X-ray diffraction patterns obtained for as deposited ZrN thin films and oxidized at 773 K, 873 K and 973 K. 
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Results presented in Figure 5 show that ZrN thin film did not resist even the lowest temperature applied 

of 773 K, given that peaks related to as deposited FCC ZrN sample cannot be identified and the only existing 

peaks refer to tetragonal zirconium oxide (t-ZrO2), according to PDF 50-1089 pattern. Same behavior is 

registered for oxidation tests at 873 and 973 K. 

Figure 6 shows GAXRD results after oxidation tests obtained for TaN sample. 

 

Figure 5: Diffraction patterns obtained for as deposited TaN samples and oxidized at 773 K, 873 K and 973 K. 

As previously discussed, as deposited TaN sample manifested an amorphous behavior while 

simultaneously indicating a tendency for possible crystallization of FCC TaN structure. Such tendency 

becomes evident after this sample was exposed to 773 K, where the increased available energy in the system 

promoted a higher crystallization degree for TaN coating, favoring the formation of FCC TaN with its typical 

peaks in planes (111), (200), (220) and (311), in accordance to PDF 49-1283 pattern. For this temperature it 

is not possible to observe peaks derived from tantalum oxide, only the increase of crystallinity degree for this 

material. 

GAXRD results after oxidation tests at 873 K show a single TaN diffraction peak present, at 35°, 

revealing a considerable loss of crystallinity when compared to the previous temperature. Such fact suggests 

that a significant change is starting to occur inside the coatings crystalline structure, possibly due to the 

formation of oxides, which nonetheless coexist with the nitride. 

TaN oxidation process is completed when tantalum oxide was formed after oxidation tests at 973 K. At 

such temperature results show intense and defined diffraction peaks related to Ta2O5, according to PDF 25-

922 pattern. No peak referring to TaN can be identified, thus, it is possible to conclude that tantalum nitride is 

fully oxidized in the form of Ta2O5 at 973 K. 

GAXRD results obtained for Tax-1ZrxN samples after oxidation tests presented a similar behavior in all 

oxidation temperatures applied, hence, aiming to avoid identical and repetitive discussions, only TaZrN_52 

results will be shown, though the considerations made for this thin film will be extrapolated for TaZrN_26 

and TaZrN_77 samples. Figure 7 shows diffraction patterns obtained for sample TaZrN_52 after oxidation 

tests. 

 

Figure 7: Diffraction patterns obtained for TaZrN thin films containing 52 at.% of Zr, as deposited and oxidized at 773 

K, 873 K and 973 K. 
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The addition of 26 at.%, 52 at.% or 77 at.% Zr into TaN matrix promoted a significant improvement in 

the coatings oxidation resistance when compared to ZrN sample, seeing that TaZrN structure remains 

unaltered up to 873 K. Nevertheless, at 973 K, Tax-1ZrxN thin films presented an amorphous character, 

suggesting that the nitride structure has started to partially oxidize. Analogously to pure TaN sample, at this 

temperature the film structure is probably composed by a mix of oxides and nitrides and, provided the 

temperature is further raised, the samples shall eventually come to a complete oxidation. 

Following the previous discussion, the relative crystallite size for all samples was virtually identical, 

suggesting the increase in oxidation resistance by Ta1-xZrxN samples cannot be explained by the decrease of 

grains boundaries. However, one possible interpretation to understanding the improvement in oxidation 

resistance of Ta1-xZrxN samples is also observed in GAXRD analysis showed in Fig. 2, once the tantalum and 

zirconium atoms presence in Ta1-xZrxN samples promoted a distortion in the crystal lattice and caused an 

interplanar distance reduction when compared to ZrN. This shrinkage of the lattice parameters could be 

responsible to hinder oxygen diffusion derived from external environment to the inside of thin films, 

increasing oxidation resistance of Ta1-xZrxN samples in comparison to pure ZrN and TaN coatings. 

 

4. CONCLUSIONS 

TaN, ZrN e Ta1-xZrxN thin films were successfully deposited by reactive magnetron sputtering. GAXRD 

analyses of as deposited samples revealed that TaN possess an amorphous character, while pure ZrN 

presented a FCC crystalline structure. Ta1-xZrxN coatings consisted of a TaZrN solid solution maintaining 

FCC ZrN peaks, which were gradually shifted due to the substitution of Zr and Ta in the structure. 

Hardness values obtained for pure ZrN and TaN were similar to those found in the literature, while Ta1-xZrxN 

samples maintained values close to those of TaN. Zirconium addition was not effective for a hardness 

improvement. 

High temperature oxidation tests showed that pure ZrN was fully oxidized at 773 K. Pure TaN samples 

presented an increment in crystallinity at 773 K, and the formation of Ta2O5 only occurred at 973 K. 

Zr incorporation promoted a significant improvement in the oxidation resistance of Ta1-xZrxN when 

compared to pure ZrN and TaN results. GAXRD analyses showed an unaltered TaZrN structure up to 873 K. 

At 973 K all Ta1-xZrxN samples presented an amorphous behavior, however, no oxides could be identified in 

that temperature. Thus, the addition of 26, 52 or 77 at.% Zr in TaN thin films did not alter hardness values in 

any relevant manner, nevertheless, it was effective in improving the oxidation resistance of this binary nitride. 
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