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Abstract: Coatings in the Ta-Zr-5i-B-C-N system were produced by magnetron sputtering of a
TaSiy-TasBs-(Ta,Zr)B, ceramic target in the Ar medium and Ar-N; and Ar-C;H,; gas mixtures.
The structure and composition of coatings were studied using scanning electron microscopy, glow
discharge optical emission spectroscopy, energy-dispersion spectroscopy, and X-ray diffraction.
Mechanical and tribological properties of coatings were determined using nanoindentation and
pin-on-disk tests using 100Cr6 and Al,O; balls. The oxidation resistance of coatings was
evaluated by microscopy and X-ray diffraction after annealing in air at temperatures up to 1200 °C.
The reactively-deposited coatings containing from 30% to 40% nitrogen or carbon have the highest
hardness up to 29 GPa and elastic recovery up to 78%. Additionally, coatings with a high carbon
content demonstrated a low coefficient of friction of 0.2 and no visible signs of wear when tested against
100Cr6 ball. All coatings except for the non-reactive ones can resist oxidation up to a temperature of
1200 °C thanks to the formation of a protective film based on Ta;Os and SiO; on their surface. Coatings
deposited in Ar-N; and Ar-C,H, demonstrated superior resistance to thermal cycling in conditions
20-T-20 °C (where T = 200-1000 °C). The present article compares the structure and properties
of reactive and “standard-inert atmosphere” deposited coatings to develop recommendations for
optimizing the composition.

Keywords: reactive magnetron sputtering; argon; nitrogen and ethylene; TaSiy; Ta3B4 and ZrB,; SHS
and hot pressing; composition and structure; hardness and elastic modulus; friction coefficient and
wear resistance; oxidation resistance

1. Introduction

One of the prospective avenues of surface engineering is the deposition of hard, wear-,
and oxidation-resistant transitional-metal based coatings for high-performance metal machining
instruments by arc-evaporation and magnetron sputtering of composite targets [1-5]. Additionally;,
such coatings can be employed for heavy-duty friction pairs, high-temperature sensors, and resistive
elements, critical parts for the aerospace industry. Tantalum disilicide (TaSiy) is often the material
of choice for the engineering of coatings thanks to its high hardness (10-13 GPa) and refractoriness
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(2200 °C), low thermal expansion coefficient (8.8 X 106 °C1, high strength at temperatures above
1000 °C, and oxidation resistance (up to 1700 °C) [6-8].

TaSiy-based coatings can be produced by chemical vapor deposition and subsequent diffusion
saturation [9,10], plasma spraying [11], sintering [12], slurry impregnation [13], electron beam
evaporation [14], low-pressure chemical vapor deposition [15], diode or high-frequency sputtering [16],
magnetron sputtering [17,18], and double-cathode sputtering [19]. In the case of surface engineering of
metal-machining tools, chemical (CVD) and physical vapor deposition (PVD) techniques outperform
other methods owing to the unrivaled capability to retain blade geometry, high quality, and homogeneity
of the coating, as well as the general flexibility and possibility to fine-tune the properties of coatings.

The functional properties of TaSiy-based coatings can be enhanced by alloying. The addition of Al
increases the adhesion strength of TaSi, coatings by ~28%, despite an 8% decrease in hardness and a
~12% decrease in elastic modulus in [19,20]. Additionally, Al decreases the corrosion current density in
Ta(Si.xAly); coatings from 7.08 X 1070 t0 3.05 x 107 A-em™2 [20]. Alloying of Ta-Si coatings by Zr and
Ti improved the coatings” hardness (12-16 GPa) and corrosion resistance [21], whereas alloying by
Ni produced amorphous coatings stable up to 900 °C for microelectronic applications [22]. Alloying
by nitrogen and carbon is another promising avenue for enhancing the properties of TaSip-based
coatings. Such coatings were deposited by magnetron sputtering of composite TaSi,-SiC targets in the
atmosphere with varied nitrogen content, resulting in hardness up to 26 GPa, friction coefficient below
0.3 at temperatures above 600 °C, and heat resistance up to 800 °C [23]. The introduction of SizNy into
the TaSi; coatings allows for a substantial increase in oxidation resistance [24]. The Ta-Si-N coatings
have high thermal stability up to 900 °C [25]. Moreover, Ta-Si-N coatings possess good diffusion
barrier properties [26] and are used to prolongate the lifespan of high-speed steel cutting tools [27] and
glass forms [28]. Increased Si content endows the Ta-Si-N coatings with oxidation resistance up to
1300 °C [29]. A similar effect is produced by boron alloying, as it promotes the formation of borosilicate
glass in the oxide layer, thereby reducing the viscosity and increasing the protective properties of the
oxide [30].

The aim of this work is the comparative study of the structures and properties of Ta-Zr-Si-B-(C,N)
coatings deposited by magnetron sputtering of composite target TaSiy-TazB4-(Ta,Zr)B, in inert (Ar)
and reactive atmospheres (Ar-N; and Ar-C,Hy).

2. Materials and Methods

The coatings were deposited by magnetron sputtering in the direct current mode. The sputtered
composite target TaZrSiB—with element composition of 70.8 wt.% Ta, 18.6 wt.% Si, 7.4 wt.% Zr,
and 2.9 wt.% B, and phase composition of TaSi,-TazB4-(Ta,Zr)B;, 120 mm diameter, and 6 mm
thickness—was produced by hot pressing on DSP-515 SA installation (“Dr. Fritsch”, Germany).
The feedstock powders for hot pressing were fabricated by the ball-milling of the combustion products
of a reactive mixture of Ta, Zr, Si, and B. The details of the combustion synthesis protocol can be found
elsewhere [31].

VK-100-1 grade alumina plates (99.7% Al,Os, JSC Policor, Kineshma, Ivanovo region, Russia),
and alumina discs VOK (VNIITS, Russia) and VT-1-0-grade (OAO Conmet, Moscow, Russia) were
used as the substrates. Before deposition, the substrates were ultrasonically cleaned in isopropanol at a
frequency of 22 kHz for 5 min using the UZDN-2T installation (JSC «UKRROSPRIBOR», Ukraine).
Additional cleaning via ion etching was performed right before the coating deposition using the
slit-type ion source (Ar+ ions, 2 keV) for 20 min. The coatings were deposited under the following
conditions: 80 mm distance between the substrate and the target, 107> Pa residual pressure, and
0.1-0.2 Pa working pressure in the vacuum chamber. Ar (99.9995%) was used as the working gas, as
well as its mixtures with Ny (99,999%) and CoHy (99.95%). The gas flow rate (Table 1) was controlled
by the gas supply system ELTOCHPRIBOR, LTD (Moscow, Russia). The constant current (1 kW power)
was supplied to the magnetron using Pinnacle+ source (Advanced Energy, Fort Collins, CO, USA)
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during the whole deposition duration (40 min). Experiments were conducted without applying a bias
voltage to the substrate. The schematics of the installation are given in the work [32].

Table 1. Composition, thickness, and deposition rate of coatings.

Sample Gas Flow Rate, sccm Chemical Composition, at.% Thickness,  Deposition Rate,
Ar N, CoyHy Ta Zr Si B N C um nm/min
1 25 0 0 40.0 7.6 28.0 24.6 0 0 7.3 182
2 20 5 0 27.2 7.7 22.3 22.2 20.4 0 7.2 180
3 15 10 0 19.3 5.4 17.1 15.6 424 0 8.0 200
4 20 0 5 28.1 10.1 25.6 23.5 0 124 6.3 157
5 15 0 10 22.1 8.0 21.1 18.3 0 30.3 7.0 175

The elemental composition and structure of coatings were studied using scanning electron
microscopy (SEM) using the 5-3400 microscope (Hitachi, Tokyo, Japan) equipped with the energy
dispersive spectroscopy add-on (EDS) Noran-7 Thermo. X-ray diffraction analysis (XRD) was performed
on a D2 Phaser Bruker diffractometer using CuKa radiation. Elemental distribution profiles across
the thickness of the coating were studied by glow discharge optical emission spectroscopy (GDOES)
using Profiler 2 installation (“Horiba Jobin Yvon”, Longjumeau, France). Studies of the fine structure
were performed using a high-resolution transmission electron microscope (HR TEM) JEM-2100 Jeol.
The foils for HR TEM were prepared using the ion-beam etching unit PIPS II System (Gatan, Pleasanton,
CA, USA) and FIB (FEI Quanta 200 3D FIB instrument, Hillsboro, OR, USA). The coatings’ mechanical
properties were tested at a load of 2 mN on a nano-hardness tester (CSM Instruments, Peuseux,
Switzerland) equipped with a Berkovich indenter. The tribological performance of the coatings was
tested on an automated friction machine Tribometer (CSM Instruments) using a «pin-on-disc» scheme
and a normal load of 1 N. Balls (d = 6 mm) made of alumina (hardness 19 GPa) and 100Cr6 grade
steel (hardness of 8 GPa) were used as the counterparts for tribological experiments. Wear tracks were
studied using an optical profiler Wyko-1100NT (Veeco, Plainview, NY, USA). To assess the coatings
oxidation resistance, step-by-step annealing was performed in the air in a muffle furnace SNOL 7.2/1200
(Umega, Ukmerge, Lithuania) with a step of 200 °C, a maximum temperature of 1200 °C, and 1 h
exposure. The specimens were inserted into a furnace heated to a given temperature T, dwelled
during 1 h in the air, and afterward ejected from the furnace and cooled to 20 °C. The temperature
was increased using 200 °C steps, and 1000 °C was the highest temperature the coatings could endure
for 1 h without complete oxidation. At 1200 °C, all coatings were completely oxidized after 1 h long
experiment; therefore, the oxidation duration for the test at this temperature was decreased to 10 min.
Annealed coatings were studied by SEM and EDS. A more detailed description of the employed
methods and equipment can be found elsewhere [33].

3. Results

The GDOES data (Table 1) were used to quantify the thickness of the coatings and assess the
homogeneity of the elemental distribution within the coatings. The elemental profiles show all the
main elements that make up the target, such as tantalum, zirconium, silicon, and boron. In coatings
applied in environments containing nitrogen and ethylene, there is also a signal from nitrogen and
carbon, respectively (Figure 1). The emergence of Ti lines signifies the boundaries between the coatings
and Ti-alloys substrate and allows for an assessment of the coatings’ thickness (6.6 pm in the case of
coating 3 and 5.8 um in the case of coating 5).
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Figure 1. Typical glow discharge optical emission spectroscopy (GDOES) profiles of coatings 3 (10 sccm
Nj) (a) and 5 (10 sccm CyHy) (b).

According to the GDOES data, all elements were evenly distributed across the thickness of
coatings. The concentration of oxygen impurities was below 1 at.%. The minor oxygen contamination
resulted from the presence of corresponding impurities both in the ceramic target and in the working
gas. The depth-averaged coating composition is shown in Table 1.

The coatings deposited in argon contained 47.6 at.% of metals and 52.4 at.% of non-metals, so the
metal-to-nonmetal species ratio was close to 1. The increased flow of reactive gases resulted in higher
nitrogen or carbon content in coatings and a decreased concentration of elements inherited from the
target (except for Zr). The maximum N and C concentrations (42.4 and 30.3 at.%, respectively) were
achieved at 10 sccm of N and CyHy, correspondingly.

Non-reactive deposited coating 1 had a dense structure with pronounced columnar grains, which
is typical for ion-plasma deposited coatings [34,35] (Figure 2a).

10 pm

s | S | TS |
| 10 pm i 10 pm ! ‘ 10 pm | 10 pm
(@) (b) (c) (d) (e)

Figure 2. Cross-section scanning electron microscopy (SEM) images of as-deposited coatings 1 (Ar) (a),
2 (5 sccm N») (b), 3 (10 scem N»y) (), 4 (5 scem CoHy) (d), and 5 (10 scem CoHy) (e).

A similar columnar structure was reported for TaSip-based coatings in [18,28]. When N (coatings
2 and 3) or C,Hy (coatings 4 and 5) were added to the working gas, the columnar structure became
less pronounced or completely disappeared. The coatings produced by reactive sputtering featured a
nearly perfect, defect-free structure.

The coatings’ thickness, depending on the deposition modes, ranged from 6.3 to 8.0 microns
(Table 1). The introduction of a minor amount of nitrogen (coating 2) had no significant effects on the
growth rate (180 nm/min). With an increase in nitrogen concentration (coating 3), a boost in the growth
rate of up to 200 nm/min was observed. When carbon-containing gas was added to the sputtering
atmosphere, the growth rate decreased to 157 nm/min (coating 4) or 175 nm/min (coating 5).
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The XRD patterns and HRTEM-imaged structure of the coatings 1-5 are shown in Figure 3.
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Figure 3. X-ray diffraction analysis (XRD) patterns of coatings 1(Ar), 2 (5 sccm Ny), 3 (10 sccm Np),
4 (5 scem CyHy), and 5 (10 sccm CyHy) deposited onto alumina substrate (a); selected area electron
diffraction (SAED) and high-resolution transmission electron microscope (HR TEM) image of coatings
3 (10 sccm Nj) (b) and 5 (10 sccm C,Hy) ().

A signal from the substrate of Al,O3 (JCPDS 88-0107 card) was detected for all samples. The XRD
pattern for coating 1 contained peaks associated with reflections from planes (100), (102), (111), (210),
(203), (220), and (115) of the h-TaSi, hexagonal phase (JCPDS 89-2941), similar to [36]. The size
of the h-TaSi, crystallites determined by the Scherrer formula for the coating obtained in Ar was
approximately 11 nm. The transition to reactive sputtering (in Ar-Np and Ar-CyHy) resulted in a
considerable structural refinement of the coatings. The most intense peak in the 2@ = 25-45° range
for coatings obtained in Ar-N; can be attributed to the Ta-N bonds in the coating (FCC-TaN, JCPDS
89-5198), which agrees with the previously obtained XRD results for Ta-Si-N coatings deposited at a
different Np/(N, + Ar) ratio [37]. The crystallite size of the phase h-TaSi; for coatings 2 and 3 produced
by reactive sputtering was evaluated according to the most distinct lines. Coating 2, deposited at a flow
rate of 5 sccm Ny, had a grain size of the h-TaSi, phase equal to ~6 nm. As the N; flow rate increased,
the crystallite size decreased to 4.5 nm. Coatings 4 and 5 deposited in the Ar + C;Hy atmosphere show
broad peaks on XRD patterns at 20 from 30° to 45°. Their position can be explained by the presence of
Ta-Si and Ta-C bonds (TaC, JCPDS 89-3831). The introduction of nitrogen and carbon into the coatings
resulted in grain refinement of h-TaSi, phase to 3-6 nm according to HR TEM uselected area electron
diffraction (SAED) data (Figure 3b,c) The sizes of the h-TaSi, phase crystallites for coatings deposited
at 5 and 10 sccm C,Hy flow rates were equal to 3.5 and 3.0 nm, respectively. The TEM data correlated
well with the results of XRD.

The mechanical properties of coatings, such as hardness (H), elastic modulus (E), elastic recovery
(W), plasticity index (H/E), and the resistance to plastic deformation (H3/E?) and compressive stress
(0), are shown in Table 2.

Table 2. Mechanical and chemical properties of coatings.

Oxide Layer Thickness, pm

Sample H, GPa E, GPa H/E H3/E2, GPa W, % o, GPa
T =1000 °C T =1200 °C
1 12.5 208 0.060 0.045 434 N/A 35 12.2 (complete oxidation)
2 18.2 233 0.078 0.111 57.3 N/A 44 8.2
3 29.2 279 0.105 0.320 779 -0.53 34 8.0
4 21.3 267 0.080 0.136 62.4 -0.77 3.6 3.6
5 28.3 288 0.098 0.273 76.4 -0.72 3.8 6.9
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Coating 1 deposited in Ar demonstrated H = 12.5 GPa, E = 208 GPa, and W = 43.4%. The transition
to reactive deposition at a flow rate of 5 sccm N resulted in an increase in H by 46% as well as
an increase in E and W by 12% and 32%, respectively. When the N, flow rate was increased to
10 sccm, H rose further to 29.2 GPa, while E and W increased to 279 GPa and 77.9%, respectively. This
effect might be related to the formation of tantalum nitride phase [38,39] or structure refinement [40].
The introduction of carbon atoms into the coatings also resulted in an increase of mechanical properties.
Coating 4 deposited at a flow rate of 5 sccm C,Hy had H = 21.3 GPa, E = 267 GPa, and W = 62.4%,
which is 70%, 28%, and 44% higher, respectively, than the values obtained for the non-reactive sample.
Coating 5 demonstrated hardness H = 28.3 GPa, Young’s modulus E = 288 GPa, and elastic recovery
W = 76.4%. The mechanical properties of coatings increased at higher carbon concentrations, similar to
the results obtained in [41,42]. The increase in mechanical properties can be partially attributed to the
increase of compressive stresses in the carbon-rich coatings (Table 2). Table 1 shows the values of the
parameters H/E and H3/E?, which are important in terms of assessing the level of wear resistance and
determining the mechanism of localized deformation [43,44]. In indentation experiments, the coatings
with H3/E? below 0.5 GPa are deformed in a heterogeneous fashion with the associated formation of
shear bands, whereas the coatings with H3/E2 above 0.6 GPa the deformation are homogeneous, with
no structural transformations of the surface [44].

The tribological testing of the coatings was carried using counterparts made of 100Cr6 and
AlyO3, which differ significantly from each other in terms of physical and mechanical characteristics.
The results of tests determining the coatings’ friction coefficient are shown in Figure 4.
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Figure 4. Friction coefficient vs. distance dependence during testing of coatings against 100Cr6 (a) and
AlyO3 (b) counterparts. Inserts show the values of wear rate for coatings and counter-bodies.

When the 100Cr6 ball was used as a counterpart, the behavior of coatings 1-3 was similar.
The friction coefficient increased from the initial values of 0.2-0.3 to 0.9-1.1 at a distance of 10-20 m and
then stabilized at 1.04 (coating 1), 0.98 (coating 2), and 0.92 (coating 3) and remained relatively constant
until the end of the measurements at a distance of 50 m. The behavior of coating 4 obtained at 5 sccm
C,H, at the initial moment of the test was similar to that of coatings 1-3. However, when reaching a
distance of 17.5 m, the friction machine automatically stopped the measurement as a result of exceeding
the permissible friction coefficient (>1.1). Coating 5 with the highest carbon content showed the lowest
and the most stable f ~0.3 at a distance up to 25.7 m, followed by a jump to 0.65 (25.8-32.4 m), and
further monotonous increase from 0.39 up to 0.76 at the distance from 32 to 50 m. This behavior can be
explained by the positive role of carbon [45,46], as well as by specific tribochemical reactions [47].

In the tests where Al,O3 ball was used as a counterpart, for coatings 1-3, the friction coefficient f
increased sharply to values of 0.95-1.05 at a 0-2 m distance. This resulted in the premature termination
of tests for samples 1 and 3 at a distance below 10 m as a result of exceeding the permissible values of f.
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The friction coefficient of sample 2 obtained at 5 sccm N, was stable after a short run-in period and
remained within a 0.95-1 range until the end of the test at 50 m. Coating 4 deposited in a mixture of Ar
and C,H, showed a rapid rise of the f value to 0.8 and then remained stable until the end of the test.
Coating 5 with a high carbon content had similar behavior with slightly lower values at distances up
to 20 m.

Figure 5 provides three-dimensional profiles of wear tracks after testing with 100Cr6 and Al,Os
balls for coatings 1, 2, and 4.
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Figure 5. 3D images of wear tracks on the surface of coatings 1(Ar), 2 (5 sccm Nj), and 5 (10 sccm
C,Hy) after testing against 100Cr6 (a—c) and Al,O5 (d—f).

When tested against the steel ball counterpart, none of the coatings 1-5 showed any signs of
surface wear; however, noticeable pile-ups of wear debris were present, suggesting that wear of steel
ball and adhesion of steel debris to the coatings were the main wear mechanisms. Coatings 1, 2, and 4
had pronounced areas of wear debris accumulation, concentrated in local zones and having a height of
3-5 microns. In the case of coatings 3 and 5 with the maximum nitrogen and carbon concentration, the
wear debris was distributed more evenly in the tribocontact zone and had a height of 2-3 microns.
The wear rate (Vw) of the steel ball used to test coating 1 was 7.9 x 10™> mm*N~!-m~! (Figure 4a,
insert). The highest (2.0 X 107 mm3N~!-m~!) and lowest (8.4 x 107 mm?®N~!-m~!) ball wear rates
were achieved for nitrogen-rich coatings 2 and 3. The increase of carbon content was associated with
the decrease of Vw from 5.9 x 107> (coating 4) to 2.5 X 107> mm3N-1m™! (coating 5).

During the testing with alumina ball counterpart, coating 1 deposited in Ar experienced uneven
wear; that is, both segments with no visible wear and areas of complete wear with a depth of ~8 microns
were present (Figure 5d). The low wear resistance of coating 1 can be associated with its pronounced
columnar structure, characterized by low fracture toughness [35]. The wear rate of the coating was 5.4
x 1073 mm3N~!-m~! (Figure 4b, insert). In coatings 2-5, deposited by reactive sputtering, the wear
depth did not exceed the coating thickness. In the case of nitrogen-containing coating 2, wear track
with a width of 450 microns and depth below 2 microns was observed. The wear rate of the coating
was 0.3 X 1073 mm3N"1-m™1, which is ~20 times lower than the values obtained for the coating 1
deposited in Ar. Coating 3 with the maximum nitrogen content showed no signs of wear (test run
~2 m). Sample 4 obtained at 5 sccm C,H4 demonstrated a wear rate of 0.4 X 1073 mm?® N1 m™!, which
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is equivalent to the value for a coating deposited in nitrogen at the same gas flow rate. When the CoHy
flow rate increased to 10 sccm, an increase in the wear rate was observed (1.3 x 1073 mm3-N~1.m™1).
Our previous work [23] addressed the case of Ta-5i-C and Ta-Si-C-N coatings produced by sputtering
of composite SHS-cathodes TaSiC. The nitrogen-rich coatings (Ta-Si-C-N) showed a low wear rate
against A)Oj3 ball (1.7-2.8 X 107 mm?®N~!m™!, whereas their nitrogen-free counterparts suffered
complete wear.

The wear areas on alumina balls show that the lowest achieved wear rate was 1.6 x 107
mm3N~!m™ and was achieved for coating 1 (Figure 4b, insert). Nitrogen-rich coatings 2 and 3 were
worn at rates 3.3 x 107 and 4.8 x 10> mm3-N~!-m~!, respectively. The wear of counter-bodies for
coatings 4 and 5 was 2.2 X 107 and 5.9 x 10~ mm3-N~1-m™, respectively. Therefore, the increase in
both carbon and nitrogen content in reactively-deposited coatings is beneficial for the decreased wear
of alumina counter-bodies.

The SEM images of the surface of coatings 1-5 annealed at the maximal temperature of 1000 °C
are shown in Figure 6.

Delamina |

20 pm
(d) (e) ®)

Figure 6. Top-view SEM images of coatings 1(Ar) (a,b), 2 (5 sccm Ny) (c), 3 (10 sccm Ny) (d), 4 (5 sccm
CyHy) (e), and 5 (10 sccm CpHy) (f) after air annealing with maximal temperature of 1000 °C. Insert on
1a shows the energy dispersive spectroscopy (EDS) map for Ta signal.

The surface of coating 1 deposited in Ar contained visible cracks and delaminations. However,
a local uniform microstructure with no visible defects can be seen at X2000 magnification. The cracks
formation likely resulted from the difference in thermal expansion coefficients between the coating
and the substrate. As a result, tensile stresses develop along the perimeter of the defect, which leads
to the coating’s destruction [48]. For coating 2 obtained at 5 sccm Ny, a specific structure (Figure 6b),
resembling blisters or bubbles was observed after the annealing. The formation of cavities or pores can
be associated with the oxidation of nitrogen-containing phases in the coating and subsequent release
of gaseous nitrogen oxides through the oxide film at high temperatures [37]. The bubbles occupied
about 85% of the surface area of coating 2. When the N, flow rate increased to 10 sccm (coating 3),
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a reduction in the number of bubbles was observed and the total area of defects was ~10% of the
surface area. Samples 4 and 5 showed the same defective structure, with open pores (~0.1-2 microns)
occupying up to ~75% of the surface. The formation of pores is caused by the accumulation of COy in
the upper layer of the coating and the formation of blisters, which, under a certain gas pressure, burst
and form pores on the surface [49].

SEM cross-section images of annealed coatings 1-5 are shown in Figure 7.

I Oxide layer Oxide layer

(d) (e) ()

Figure 7. Cross-section SEM images of coatings 1 (Ar) (a,b), 2 (5 sccm N3) (c), 3 (10 sccm N) (d),
4 (5 scem CyHy) (e), and 5 (10 sccm CpHy) (f) after air annealing with maximal temperature of 1000 °C.

Coating 1 has experienced delamination from the substrate during the annealing (Figure 7a) and
the formation of oxide layers on both sides of the coating. The oxide layer was pore-free, with a
maximum thickness of 3.5 microns, and was comprised mainly of SiOyx and TaOy. Cross-section SEM
images of sample 2 show a porous oxide layer with a thickness of 4.4 microns. Pores (d = 0.2-2.0
microns) were concentrated in the upper part of the oxide layer. With an increase in the nitrogen
content, the thickness of the oxide layer decreased by 23% and amounted to 3.4 microns. Coating
4 obtained at 5 scem Cy;Hy4 showed an oxide layer thickness of 3.6 microns. The formed SiOx-TaOx
oxide film had a loose structure with a pore size up to ~2.6 microns. The oxide layer of sample 5 with
a thickness of 3.8 microns also had a porous structure. Pores with 0.2-1.5 microns diameter were
randomly distributed over the thickness of the oxide layer. Coating 2 obtained at 5 sccm N; had the
maximum thickness of the oxide layer (Table 2), and the minimum thickness of the oxide layer was
characteristic of sample 3, deposited at a flow rate of N, 10 sccm.
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4. Discussion

4.1. Dependence of Growth Kinetics and Microstructure on the Gas Environment

The coating deposition kinetics was dependent on the composition of the sputtering atmosphere.
The introduction of N; (10 sccm) into Ar flow resulted in an 11% increase in growth rate (coating 3,
Table 2), whereas the introduction of a similar amount of C,Hy slightly decreased the growth rate.
Both nitrogen and carbon formed related phases in the coatings, suggesting that the difference in
growth rates arises from different ionization behavior of N, and C;H, and higher scattering of atoms
of sputtered material by C;H,; molecules (Table 1). The decrease in the size of h-TaSi; crystallites and
the amorphization of coatings deposited in a reactive atmosphere is associated with the formation
of new TaN and TaC phases, which apparently interrupt the growth of h-TaSi, crystallites. Reactive
sputtering was instrumental in eliminating the unwanted columnar structures in the coatings (Figure 2).
Columnar structures are known to adversely affect the mechanical and tribological properties of
coatings, as well as their oxidation resistance [34,35].

4.2. Mechanical and Tribological Properties

Reactive deposition in both Ar-N, and Ar-C,Hy resulted in the enhancement of mechanical
properties and tribological performance of the coatings. The increase of mechanical properties can be
partially attributed to the growth of internal stresses (Table 2). In the case of N-containing coatings, this
effect might be associated with the formation of a crystalline/amorphous phase based on TaN [38,39],
as well as a decrease in the size of crystallites [40]. In C-doped coatings, the rise in hardness is due
to the formation of a hard DLC-phase, as well as the positive effect of microstructural modification
via the introduction of carbon into the composition of the coating. The complete understanding of
structural features and phase composition of reactive coatings requires additional studies, which we
plan to do next.

All the coatings investigated in this work were characterized by a high friction coefficient when
relatively soft material (steel 100Cr6, H = 8 GPa) was used as a counterpart. The surface of the coating
is much harder (H = 12-30 GPa), and has high adhesion to steel, similar to [5]. The distinct behavior of
coating 5 at the initial part of testing distance can be associated with the positive role of free carbon,
which could be released owing to the oversaturation of the crystalline carbide phase and plays the
role of a solid lubricant during friction [45,46]. Thus, coating 5 obtained at a flow rate of 10 sccm
CyH, had the lowest friction coefficient f in contact with the 100Cr6 steel ball. Under more stringent
conditions (Al,O3 counterpart), the lowest f was demonstrated by sample 4 deposited at 5 sccm CpHy.
The coating obtained at 5 sccm Nj had a stable friction coefficient against both counterparts (100Cr6
steel and Al,O3). The transition to reactive sputtering leads to a decrease in the coatings’” wear rate,
which coincides with the results of other works [41,47]. The best wear resistance was recorded for
coatings 2 and 4, obtained at 5 sccm in N, and C,Hj. This effect can be attributed to the presence of
amorphous solid lubricant phases.

4.3. Oxidation Resistance

The oxidation testing confirmed that the non-reactive coating was characterized by the lowest
adhesion to the substrates, as this was the only coating that experienced complete delamination
(Figure 7). However, its oxidation behavior was superior to other coatings, because the as-formed
oxide layer was dense and contained neither pores nor blisters. The sublimation of boron oxide is a
known problem for refractory borides [50-52], so the lack of gas porosity in the Zr-Ta-Si-B coatings
is remarkable. Despite increasing the adhesion, preventing the delamination, and enhancing the
mechanical and tribological performance, the reactive sputtering clearly resulted in pronounced pore
formation in the as-formed oxide layer upon annealing. The pores were formed by the oxidation of
nitrogen- and carbon-containing phases to gaseous oxides. The blistering of the oxide layer is to be
avoided if one strives to produce coatings with the highest possible oxidation resistance. The best
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trade-off between tribological performance and oxide layer porosity was achieved for coating 4. This
coating was characterized by the lowest wear rate and propinquity to pore-formation upon oxidation
among the investigated reactively deposited coatings. A further improvement might be achieved by
the deposition of functionally graded coatings with the lower layer produced by reactive sputtering
and upper layer deposited in Ar.

In addition, short-term annealing in air at 1200 °C for 10 min was also performed to assess the
maximum operating temperature. It was found that the non-reactive coating completely oxidizes
under these conditions. The thickness of the oxide layer for nitrogen-containing coatings 2 and 3 was
about 8 microns (Table 2). Coating 5 with the maximum carbon content formed a 6.9 micron thick
oxide layer. The lowest oxide thickness of 3.6 microns and the highest non-oxidized layer thickness of
6.2 microns were observed for coating 4 (Figure 8), in line with the results at 1000 °C.

[raL] E’

[faLl [Sik] zd

Figure 8. Cont.
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Figure 8. Cross-section SEM images and EDS maps of coatings 1 (Ar) (a), 2 (5 sccm Nj) (b), 3 (10 sccm
N>) (c), 4 (5 sccm CoHy) (d), and 5 (10 sccm C,Hy) (e) annealed at 1200 °C for 10 min.

From the SEM-EDS data, it can be seen that a top-layer is formed on the surface of the coating,
consisting mainly of silicon and tantalum oxides. Under the oxide film is an oxygen-free layer
containing all the main elements of the coating, which has not undergone noticeable recrystallization.

Further analysis of oxidation mechanisms was based on XRD screening of coatings 2-5 annealed
at 1200 °C for 10 min (Figure 9).
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Figure 9. XRD patterns of coatings 2 (5 sccm Ny), 3 (10 scem Ny), 4 (5 scem CpHy), and 5 (10 scem
C,H,) after annealing at 1200 °C for 10 min: overview diffractograms (a) and enlarged areas (b).
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A signal from alumina substrate can be recognized in all tested specimens after exposure to
1200 °C. A set of peaks that correlate well with (100), (101), (102), (110), (111), (200), (201), and (103)
planes of the hexagonal h-TaSi;. The highest characteristic peaks h-TaSi, (111) and (200) are located
at 20 = 40.1° and 43.7°, respectively. Intense peaks at 20 = 23.0, 28.3, 36.7, and 47.0 are related
to oxidation product TayOs. In the case of nitrogen-rich coatings 2 and 3, the peaks for cubic TaN
were found, with the highest peak at 20= 41.7° (Figure 9b). The coatings deposited in C;H4 show
the presence of (111) and (200) planes of FCC-TaC, with a corresponding highest peak at 20 = 34.8°
(Figure 9b). The crystallite structure of h-TaSi, calculated based on the broadening of (111) peak was
6-10 nm for all coatings. XRD patters corroborate that the reactive-sputtered coatings 2-5 are relatively
stable and resistant to corrosion at temperatures up to 1200 °C.

5. Conclusions

Coatings with a thickness of 6-8 microns were obtained by magnetron sputtering of the
TaSip-TazBs-(Ta,Zr)B, target in the Ar environment and gas mixtures Ar-N; and Ar-CyHy. The coating
deposited in argon had a pronounced columnar structure, while the transition to reactive sputtering
suppressed the column growth. The main constituent of Ar-sputtered coatings was the h-TaSi, phase
with a crystallite size of ~10 nm. During the deposition in Ar-N; and Ar-C,Hy, a decrease in grain
size, partial amorphization, and the formation of new phases based on TaN and TaC were observed.
The coatings obtained at the maximum flow rate of N, and Cp,H4 had high hardness at the level of
28-29 GPa and elastic recovery of 76%-78%. The transition to reactive deposition reduced the friction
coefficient and the coatings’ wear rate. All studied coatings resisted oxidation in the air up to 1000 °C
owing to the formation of protective Ta-5i-O oxide films. Sputtering at optimal nitrogen and carbon
concentrations modified the structure and increased the heat resistance and thermal cycling resistance
of the coatings. The reactively-deposited coatings can briefly resist oxidation at 1200 °C.

The combination of high mechanical and tribological characteristics with high oxidation resistance
makes the coatings in the Ta-Zr-Si-B-C-N system promising as protective coatings for various
high-temperature applications, including high-performance dry machining tools and parts of heavily
loaded friction units operating in aggressive environments, among others.
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