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ARTICLE INFO ABSTRACT

Keywords: Tribochemical analysis of monolithic TaN, TiAIN, and TaAIN coatings deposited by reactive magnetron sput-
Chemical bonding tering onto 316LN stainless steel (SS) substrates are described. Tribology experiments were carried out in am-
Microstructure bient atmospheric and high-vacuum sliding conditions to investigate the tribo-atmospheric dependent friction
Friction and wear and wear characteristics of these coatings. The lower friction coefficient and improved wear-resistant properties
Tr%bolayer' were observed for TaN and TiAIN coatings in the humid atmosphere than in high-vacuum testing condition.
Tribochemistry.

Interestingly, lower friction and wear resistance properties of TaAIN coated SS are significantly enhanced in
atmospheric as well as high-vacuum sliding conditions because of their highly dense and fine-grained micro-
structure with stable cubic B1 TaAIN phase. Energy dispersive X-ray spectroscopy elemental mapping and micro-
focused X-ray photoelectron spectroscopy were carried out on the wear tracks to explore the comprehensive
tribo-environment dependent tribochemistry. Formations of alumina (Al,O3) rich tribolayer reduced the friction
and enhanced the wear resistance of TaAIN/SS sample tested in atmospheric condition; whereas this coating is

highly stable in the high-vacuum condition with higher wear resistance.

1. Introduction

Wear-resistant coatings are increasingly important in various in-
dustries including cutting tools, automobile, aircraft, and biomedical
industries to protect the interacting solid surfaces. For this purpose,
numerous combinations of nitride based ceramic coatings and coating
architectures were developed [1-3]. Incorporation of Al in binary
ceramic nitride phases are gaining much interest concerning many in-
dustrial needs because of their improved mechanical, tribological,
oxidation resistance and corrosion resistance properties especially in
high-temperature conditions [4-6]. During high-temperature opera-
tions, formation of aluminum oxide (Al,O3;) layers on the coatings
surface effectively prevents the further diffusion of oxygen towards the
coating interior [6,7]. Therefore, coatings of such materials like TiAIN
and CrAlN are commercially used as protective tribological coatings on
several sliding mechanical systems in harsh environments [6,8]. Still,
there is an on-going demand for developing advanced materials with

enhanced protection efficiency for better longevity and high load
bearing capability [9]. Tantalum-based hard coatings are also widely
studied in recent years for the wear resistant applications due to their
advanced properties [10,11]. Recent reports imply that the addition of
a small fraction of Ta within the TiAIN ternary coatings is significantly
improved the hardness and phase stability under extreme temperature
[12,13]. In these structures, the substitution of Ti** by Ta®>" in rutile
TiO, phase formed at elevated temperature (> 800 °C) in TiAIN coating
which reduces the number of oxygen vacancies and promotes the Al,O5
formation [14]. Similar enhancement of oxidation resistance is recently
achieved by Chen et al. [15] for the TaN coatings by forming the solid
solutions of Al in TaN at high-temperature. However, the recent studies
have been majorly focused on the high-temperature oxidation tests of
TaAlN coatings deposited using various PVD techniques [15-17]. Till
now, limited studies have been carried out to understand the friction
and wear characteristics of TaAIN coatings for tribological applications.
Schalk et al. [18] studied high-temperature tribological properties of
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Ta; xAlxN coating with varying the Al concentration. Similarly, Hao
et al. [19] reported that the incorporation of Mo into the TaAIN coating
would enhance the tribological properties. On the other hand, tri-
bochemistry plays a key role in determining the friction and wear
characteristics of coatings, since it leads to change in chemical and
physicochemical properties of the coatings [20-22]. Bobzin et al. [23]
observed that the oxidized tribochemical particles of Cr;_,AlLN are
responsible for microcutting of coating which leads to the higher wear.
Dante and Kajdas [24] reported that the tribochemical products of
Si3N, were formed tribofilms at the sliding interface which leads to
decreasing contact stress and protects the SizN4 surface from further
wear. Moreover, lower friction was achieved by Du et al. [25] for the
TaC,Ny films owing to the tribochemical induced formation of graphitic
clusters. Similarly, several tribochemistry studies have been conducted
for different hard coatings under dry as well as boundary lubricated
conditions [26-28]. Therefore, comprehensive tribochemical analysis
on the tribolayer of sliding interfaces is important for understanding the
tribological properties of the coatings. Moreover, the evaluation of
tribo-atmosphere dependent tribological properties is also required to
understand the friction and wear characteristics of ternary nitride
coatings for the purpose of solid lubricants.

In this work, we have carried out detailed comparative studies on
the tribological properties of TaN, TiAIN, and TaAlN coatings in at-
mospheric and high-vacuum tribo-conditions to understand the friction
and wear behaviour with respect to changes in sliding conditions. For
this purpose, the TaN, TiAIN, and TaAIN coatings have been deposited
on 316LN SS substrates using reactive DC magnetron sputtering tech-
nique under optimized process conditions. The detailed microstructure,
chemical bonding and tribological properties of these coatings were
studied using various characterization techniques. The energy dis-
persive X-ray spectroscopy (EDAX) and X-ray photoelectron spectro-
scopy (XPS) have been used for the analysis of tribo-chemical changes
and understanding the governing factors of friction and wear behavior
under selected tribological conditions.

2. Experimental details
2.1. Coatings deposition

The coatings were deposited on the surface polished 316LN SS
substrates with the dimensions of 20 X 20 X 1.5 mm using reactive DC
magnetron sputtering (Plassys, MP300, France) technique. High-purity
materials (99.995%) of Ta, TiAl (50:50) and TaAl (50:50) have been
used as target materials. The target-substrate distance was maintained
at 75mm. Prior to deposition, the chamber was evacuated up to the
base pressure of 2 x 10~ ®mbar using rotary and turbomolecular
pumps. During the deposition, the chamber was partially filled by the
nitrogen gas with the pre-optimized flow rates of 5 and 7 sccm for TaN,
and TiAIN, TaAlN coatings, respectively along with the Ar gas flow rate
of 15 sccm. The total working pressure and the substrate temperature
were maintained about 2 x 10~ ®mbar and 300 °C, respectively. To
remove the surface contaminations, all the target surfaces were sputter
cleaned for 5 min with the sputter power of 100 W. All the depositions
were carried out for 1 h with the target power of 150 W. Metallic Ta and
Ti interlayers of ~ 150 nm have been deposited prior to the respective
coatings to improve the adhesion between the substrates and coatings.

2.2. Coatings characterization

Chemical bonding of coatings was analyzed by XPS technique
(Sigma probe-Thermo VG scientific, USA) using Al Ka radiation
(E = 1486.6 eV) with the energy resolution of 0.47 eV in ultra-high
vacuum (UHV) of 1.3 x 10 ' mbar. The structural properties of the
coatings were analyzed using X-ray diffraction (XRD) technique,
Miniflex II, Rigaku, Japan with the step size of 0.02" using Cu Ka ra-
diation (wavelength, A = 1.5406A). Surface morphologies and
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topographies of the coatings were observed using field emission scan-
ning electron microscopy (FE-SEM, Carl Zeiss Supra 55, Germany) and
atomic force microscopy (AFM, NT-MDT, Ireland) techniques, respec-
tively. The tribological properties of all the coatings were analyzed
using Anton Paar tribometer (Switzerland) under atmospheric and
high-vacuum sliding conditions. The 100Cr6 SS balls with 6 mm dia-
meter were used as sliding contact bodies with the sliding speed of
100 rpm (linear speed:1.04 cm/s). The high-vacuum test was conducted
at the chamber pressure of 3 X 10~ ® mbar. The wear track width and
depth was estimated using Dektak stylus profilometer (Bruker, USA).
The wear track morphology of all the coatings after tribology mea-
surements was analyzed using FE-SEM technique. The tribochemistry of
the wear surface of all the tested coatings was investigated using EDAX
elemental mapping and micro-focused XPS with the spatial resolution
of 100 um.

3. Results and discussion
3.1. Chemical bonding analysis

Chemical bonding nature of as-deposited coatings was analyzed
using XPS technique. The survey spectrum of these samples indicated
that all the primary elements are presented in their respective coatings
which are shown in Fig. S1 (see supplementary data). The core level
high-resolution XPS analyses of every element were carried out to
analyze the chemical bonding nature (Figs. 1-3). Table 1 shows the
quantitative chemical compositions of as-deposited TaN, TiAIN and
TaAIN coatings. The resultant spectra of TaN coating (Fig. la-c) in-
dicate Ta and N as major elements along with the O. The deconvoluted
Ta 4f spectrum (Fig. 1(a)) indicates two major doublet peaks at
~22.8 eV (4f;,5) and ~24.6 eV (4fs,,) corresponding to the formation
of covalent bonding between Ta and N due to the spin-orbit coupling
energy 1.9eV [29]. It is confirmed that these peaks shifted to higher
binding energies as compared to the reported binding energy of me-
tallic Ta (~21.7 eV) [22]. Moreover, Ta—O—N and Ta—O boding were
noticed from their respective peak positions at ~25.8 eV and ~27.4 eV,
as shown in Fig. 1(a) [29]. Similarly, N 1s spectra (Fig. 1b) can be
deconvoluted into two peaks which include high-intensity peak posi-
tioned at ~397.1 eV and a shake-up-peak at ~396.1 eV corresponding
to the covalent bonding of Ta—O—N and Ta—N, respectively [22,29]. In
addition, a broad Ta 4ps,, component peak is overlapped with N 1s
peak at the binding energy of 400-405eV (Fig. 1b). The Ta 4p; 5 is
difficult to obtain in N 1s spectra because of its asymmetric nature.
Moreover, the signature of Ta—O—N and Ta—O bonding were observed
in the O 1s spectra (Fig. 1c) with their respective binding energies of
530.1eV and 531.5eV, respectively [30]. These oxides are merely
surface oxides (Ta,Os) which could be due to the large difference in
electronegativity of Ta with oxygen from the atmosphere and reactive
nitrogen gas used for the TaN deposition [31].

Fig. 2a-d shows the high-resolution XPS spectra of Ti 2p, Al 2p, N 1s
and O 1s core levels of TiAIN coating. The Ti 2p spectra can be de-
convoluted into several peaks as illustrated in Fig. 2a. Amongst them,
spin-orbit doublets of Ti 2ps,, consists of three major peaks at
~455.2eV, ~456.5eV and ~458.2eV are attributed to the binding
energies of Ti—Al—N, Ti—O—N, and Ti—O bonding, respectively reveals
the strong affinity of Ti with N. The spin doublet Ti 2p; > and the shake-
up peaks in the binding energies between 460 and 465 eV representing
the bonding of oxide phases (i.e. TiO,) [32,33]. The oxygen reactivity
in TiO, arises due to the higher affinity of O atoms located in the Ti
interstitial sites [34]. The Al 2p spectra in Fig. 2b included two major
deconvoluted peaks which are associated to the Ti—Al—N (73.2 eV) and
Al—N (74.4 eV) corresponding to the Al 2p3,, and Al 2p; » spin doub-
lets [32]. Similarly, the N 1 s spectra can be fitted with several Gaussian
peaks as illustrated in Fig. 1c. These peaks might be due to the well-
resolved phases of Ti—Al-N (395.6eV), Ti—N (396eV), Ti—O—N
(396.8eV) and Al-N (397.9 V). A broad shake-up satellite peak has
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Fig. 1. High-resolution XPS spectra of TaN coating: (a) Ta 4f, (b) N 1s and (c) O 1s deconvoluted spectra.

also been observed at 399.4 €V is due to the N adsorption over the
surface subsequently during the deposition process [32]. Moreover, the
metal-oxides and oxynitride bonding are formed on the sample as de-
monstrated from the O 1s spectrum (Fig. 2d), associated to the TiO,
(530.6eV) and Al,O3 (532eV) phases. Such surface oxides and
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oxynitride layers formed upon exposure of the sample to the atmo-
sphere after deposition.

Fig. 3a-c illustrated the high-resolution XPS spectra of TaAIN
coating components such as Ta 4f, Al 2p, N 1s, and O 1s. Two major
spin doublets Ta 4f;,, and Ta 4f;,», and four minor deconvoluted
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Fig. 2. High-resolution XPS spectra of TiAIN coating: (a) Ti 2p, (b) Al 2p, (c) N 1s and (d) O 1s deconvoluted spectra.
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Fig. 3. High-resolution XPS spectra of TaAIN coating: (a) Ta 4f, (b) Al 2p, (c) N 1s and (d) O 1s deconvoluted spectra.

regions are ascribed to the several nitride phases of Ta—N (23.4 eV),
Ta—Al-N (25.3eV), and Ta—Al-O—N (26.5eV). These binding en-
ergies are shifted to the higher side than that of TaN coating (Fig. 1a),
which clearly depicts the co-sputtered Al is interstitially located into the
TaN phase to form Ta—Al—N bonding [29,34]. The additional shake-up
peak at 27.6 eV is owing to the Ta—O bonding (Ta,Os phase). The Al 2p
spectra show two spin states (i.e. 2p3,» and 2p;,,) with the binding
energies of 73.7eV and 74.4eV which could be attributed to the
Ta—Al-N and Ta—Al-O—N phases, respectively as illustrated in
Fig. 3b. Moreover, the formation of Ta—Al—O—N (396.4 eV) and Ta—N
(397.3 eV) bonding along with Ta 4p;,, (402.4 eV) were observed in
the N 1s spectra (Fig. 3c) [35,36]. The signature of oxide phases are
clearly revealed from the O 1s spectra (Fig. 3d) at the peak positions
~530.4eV, 531.3eV, and 532.6 eV which agree to the formation of
Ta—Al—O—N, Ta—O—N, and Ta—O bonding, respectively.

3.2. Structural and surface analysis

Fig. 4 shows the XRD patterns of TaN, TiAIN, and TaAlN coatings
deposited on 316LN SS substrates. The peaks of TaN coating (Fig. 4a)
are well-matched with the face-centered cubic (fcc) TaN phase
(JCPDS#49-1283) with the corresponding planes of (111), (200),
(220), (311) and (222). The TaN phase formation results are in ac-
cordance with the XPS spectra (Fig. 1). The preferred orientation of

(200) plane in TaN coating depends on the lowest energy which derived
from the critical competition between surface and strain energies of
(200) plane during the coating deposition at lower substrate tempera-
ture [37]. The lattice parameter of TaN phase was calculated using the
‘Unit Cell Program’ software [38] and found to be 4.315 A. The ob-
tained lattice parameter is lesser than the reported value (4.339 A) in-
dicating the presence of tensile stress in the coating. A peak positioned
at 38.4° representing the formation of Ta,N phase (JCPDS#26-0985) is
due to the stress accumulation in the coating which can be controlled
by increasing the substrate temperature or by annealing [39]. For TiAIN
coating (Fig. 4b), the peak positioned at 37.7° corresponds to the (111)
plane of cubic phase of TiAIN which is matched well with the pre-
viously reported data. The lattice parameter of the TiAIN coating is
found to be 4.143 A which is slightly lower than the reported value
[40]. Owing to the lower substrate temperature and lattice distortions
of Al substituted Ti atoms, less crystalline TiAIN is forming. In TiAIN
lattice, larger sized Ti atoms in the TiN structure are substituted by
smaller Al atoms [32]. That is the reason why the peaks of TiAIN
coating slightly shifted from standard 26 values. TiAIN coating showed
tensile stress (lattice parameter is lesser than the bulk reported value)
which is not common in nitride-based coatings. This is due to lower
deposition temperature and lesser atomic peening effect during de-
position [41]. In TaAIN coating, the formation of a highly intense sharp
peak at 42.14° identified as solid solution of B1 TaAIN (200) phase with

Table 1

XPS and EDAX elemental composition of as-deposited TaN, TiAIN and TaAIN coatings.
TaN TiAIN TaAIN
Elements XPS EDAX Elements XPS EDAX Elements XPS EDAX

(at.%) (at.%) (at.%) (at.%) (at.%) (at.%)

Ta 43.45 51.7 Ti 26.31 32.54 Ta 27.97 30.09
N 42.8 48.3 Al 19.92 21.39 Al 18.46 21.58
o 13.75 - N 38.41 46.07 N 39.49 47.33
- - o 15.36 - (0] 14.08 -
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Fig. 4. XRD pattern of (a) TaN, (b) TiAIN, and (c) TaAIN coatings.

minimal lattice distortions (Fig. 4c). When sufficient thermal energy is
available during coating formation, the texture changes from (111)
orientation which is observed in the case of B1 TaAIN coatings. Elan-
govan et al. [42] observed a similar texture change in TaN coatings
deposited through pulsed DC magnetron sputtering technique. The
observed peaks at 36.3°, 60.7° and 72.6° could be attributed to (111),
(220) and (311) planes of cubic B1 TaAlN structure. The XRD pattern of
B1 TaAlN is well-matched with the previously reported results of TaAIN
coating by Mikula et al. [17]. The calculated lattice parameter of the
cubic TaAlN is found to be 4.308 A. Also, a small volume fraction of
Ta,N phase was observed at 37.9° due to thermal stress associated with
the coating after deposition [43]. The estimated average crystallite size
of TaN, TiAIN and TaAIN coatings using Scherrer equation is found to
be 17 nm, 16 nm and 21 nm, respectively.
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The surface morphologies as well as cross-sectional view of all the
coatings were observed using FE-SEM and the resulting images are il-
lustrated in Fig. 5a-c. The grains are agglomerated and forming the
particles with the size between 50 and 200 nm for TaN coating (Fig. 5a).
These particles are originated from the Ta seeding layer and forming
the columnar growth with spherical topped particles. Such columnar
structure is well-established in the cross-sectional FE-SEM image
(Fig. 5a). The similar morphology and growth pattern is obtained for
the TaAIN coating. However, the columnar growth is discontinuous due
to the incorporation of Al into the TaN phase (Fig. 5c). Therefore, the
size of the particles also decreased to 20-150 nm for TaAIN coating
(Fig. 5c¢). In comparison, highly-dense packed cross-sectional mor-
phology is obtained for the TaAIN coatings. In the case of TiAIN
coating, the typical triangular shaped particles with the size of ~40 nm
(Fig. 5b) and the columnar growth pattern is formed across the coating
thickness. All the deposited films are in the thickness ranges of
1.4-1.7 uym (Fig. 5a—c). In comparison, AFM topography also indicated
the uniform distribution of particle size (Fig. 5d—f). The surfaces are
relatively smooth for all the samples with the average root mean square
(RMS) roughness values of 15nm, 3 nm and 8 nm corresponding to the
TaN, TiAIN and TaAIN samples, respectively. This smoother surface
might be due to the lower surface energy and higher kinetic energy of
adsorbed adatoms and leads to lower nucleation barrier during the
sputter depositions [44]. Quantitative chemical composition analysis of
all the coatings is carried out on the cross-section using EDAX and the
results are provided in Table 1 and Fig. S2. It is clear that the primary
elements are present in all the respective samples. Unlike XPS spectra
(Figs. 1-3), O atoms have not been observed from the EDAX results as
these analyses were carried across the coatings. This result revealed
that the oxygen impurities were predominantly adsorbed from the at-
mosphere during the post-deposition exposure of samples resulting in
surface oxides formation.

3.3. Tribological properties

The tribological properties of all the three samples are tested in
humid-atmospheric and high-vacuum conditions to evaluate the com-
prehensive analysis of oxidative wear behavior using ball-on-disc trib-
ometer.

3.3.1. Frictional and wear characteristics of coatings under humid-
atmospheric and high-vacuum conditions

Tribological tests were conducted under humid-atmospheric and
high-vacuum conditions to analyze the tribochemistry of the as-de-
posited coatings. The resulting friction curves are illustrated in Fig. S3
and the average friction coefficient values with error deviation are
shown in Fig. 6. The FE-SEM wear micrographs of each sample tested in
both conditions are illustrated in Fig. S4. The friction value is relatively
lower for TaN in humid-atmospheric condition (~0.15), whereas it is
higher (~0.38) in high-vacuum condition (Fig. 6a). The oxidized wear
particles of both sliding bodies forms the lubricious layer (Figure S4a;)
followed by less friction in the ambient atmosphere (Fig. 6a). It is a
well-known fact that the abrasive wear dominates in the metal-oxides,
and hence, severe wear took place resulting higher wear rate of
1.7 x 10~ *mm>/Nm (Fig. 6b) [45]. In contrast, severely deformed
wear morphology is obtained in high-vacuum condition (Figure S4a,)
and there is no trace of wear particles attachment on the sample. It is
anticipated that the wear particles could be continuously removed due
to high-vacuum pumping and new surfaces simultaneously interact
with each other and causing higher wear. Therefore, the calculated
wear rate was comparably higher (3.1 x 10”*mm®/Nm) for TaN
sample tested in high-vacuum condition (Fig. 6b). The higher wear rate
is obtained because of its larger columnar grain structure of TaN
coating (Fig. 5a) would limit the resistance to plastic deformation. The
wear profile in Fig. S5a clearly evidenced that the wear depth reached
the total coating thickness of ~1.5um in both the sliding tests.
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Fig. 5. Surface morphologies and topographies of (a & d) TaN, (b & e) TiAIN and (c & f) TaAIN coatings. [Inset image: Cross-sectional FE-SEM images of (a) TaN, (b)

TiAIN, and (c) TaAIN coatings].

The friction value of TiAIN coating is found to be lower (~0.15) in
the ambient condition and increased (~0.38) in the vacuum condition.
The higher value of friction observed in the vacuum condition could be
due to the severe abrasive wear behavior and poor crystalline nature of
this coating. Highly deformed wear and large contact area (Figure S4b,
and S4b,) are clearly evidenced from the formation of the transfer layer
from ball to the coating followed by the steel-steel sliding interfaces
which result in higher friction [46]. For TaAlIN coating, the addition of
Al in TaN phase (TaAIN coating) produces lower average friction of
0.25 in ambient condition (Fig. 6a). Herein, Al substitutes Ta atoms in
the cubic TaN lattice which would enhance the strength against de-
formations and oxidation resulting in superior wear resistance in at-
mospheric tribology test (4.7 x 10"®mm®/Nm). The XRD result
(Fig. 4c) indicated well-defined B1 cubic structure of TaAIN phase
majorly attained in the coating with highly dense microstructure lead to
the higher resistance to the plastic deformation. Moreover, the im-
proved properties also anticipated due to the formation of preferential
growth of crystals along (200) plane which is in good agreement with
the recent report on TaN coatings by Tan et al. [47]. Interestingly, the
lowest friction coefficient (0.27) is obtained for TaAIN coating as
compared to the TaN and TiAIN coatings tested in high-vacuum

condition (Fig. 6b). There are several micro scratches obtained in the
wear morphology (Fig. S4c;) in the atmospheric test. However, this
coating shows high wear resistance with the wear rate of
1.9 x 10~ mm®/Nm (Fig. 6b).

3.3.2. Tribochemical analysis of wear tracks

3.3.2.1. XPS and EDAX analysis. To further investigate the chemical
bonding and to understand the friction and wear behavior with respect
to the change in tribology conditions, sliding surfaces of all the samples
were analyzed using XPS and EDAX techniques. The EDAX spectra and
quantitative chemical composition results of all the tested samples are
shown in Figs. S6-S9 and Table S1, respectively. The XPS survey
spectrum of all the tests is shown in Fig. S10 and the quantitative
composition results are given in Table S1. Fig. 7a-d illustrates
deconvoluted high-resolution Ta 4f, N 1s, Fe 2p and O 1s spectra of
TaN coating tested in atmospheric and vacuum conditions. Under the
atmospheric sliding condition, the chemical compositions of Ta
(20.33 at.%), N (18.79 at.%), Fe (12.67 at.%) and O (35.85 at.%) were
observed by using XPS for the TaN coating (Table S1). The tribolayer
consists of similar chemical compositions due to the excessive wear
behavior of TaN coating in both sliding conditions. The slight shift in

Fig. 6. (a) Average friction coefficient with error
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higher binding energies (~0.2 eV) of doublets 4f;,, and 4fs,» (Ta—N
(23.5eV), Ta—O—N (25.6eV) and Ta—O (27.2eV)) compared to the
surface (Fig. 1) signifies the influence of oxygen with Ta during the
tribology test and post-exposure of atmosphere [29,43]. Two peaks of
Ta—N (396.4eV) and Ta—O—N (399.8eV) are obtained with lower
intensity as seen in N 1s spectra (Fig. 7b) due to the higher wear loss in
the sample in both conditions. Moreover, the obtained strong peaks in
Fig. 7c implies the formations of FeO (710eV) and Fe,O3 (724.1eV)
phases on both the wear track [48,49]. Herein, the additional shakeup
peaks in Fe 2p spectra attributed to the satellite peaks of their
respective primary peaks. According to the EDAX elemental mapping
results, the oxidation is predominant on the ambient test sample as
revealed from the binding energies of 530.2eV and 531.9eV
corresponding to the FeO and Ta;Os phases (Fig. 7d). The EDAX
analysis (Fig. S6a) of atmospheric condition depicts the chemical
composition of Ta (28.35at.%) and N (24.65at.%) elements which
dominated inside the wear track with the other major elements Fe
(4.2 at.%) and O (38.87 at.%) (Table S1). Wear particles were removed
by the vacuum and exposure of substrate certainly took place in the
high-vacuum sliding condition which representing the higher
concentration of Fe (53.66 at.%) and Cr (17.2 at.%) than the coating
elements Ta (11.05 at.%) and N (7.36 at.%). Similarly, the elements of
Ta, N and Fe were observed with their respective concentrations of
21.91 at.%, 19.52 at.% and 47.94 at.% from the XPS results (Table S1)
for TaN coating tested in vacuum condition.

The core level XPS spectra of TiAIN worn surface divulge the si-
multaneous formation of Ti and Al oxides (Fig. 8a and b). The Ti 2p
doublets (2ps,» and 2p3,») are shifted to the higher binding energies as
compared to the TiAIN surface and the fitted peaks are resembling the
Ti—O—N (456.7 eV) and Ti—O (458.1 eV) [30,33]. The EDAX results
(Fig. S7a) also indicates the Fe predominant (22.73 at.%) than the
coating elements (Ti-2.19 at.%, Al-5.33 at.% and N-7.53 at.%) along
with the predominant O concentration about 40.16 at.%. Therefore, the
oxidation of Al components is predominant on the wear surface with
the obtained binding energies of 73.1 eV and 75 eV which is attributed

to the AI—-O—N and Al—O bonding, respectively. This is due to the re-
moval of titanium oxides from the worn surface with excessive abrasive
wear behavior [50]. N1s spectra (Fig. 8c) revealed the Al-O—N
(398.2eV) bonding formation in ambient condition, whereas, the
Ti—Al—N (396.5 eV) and AI-O—N (398.1 eV) phases are co-existing in
vacuum test. The absence of passivating media, less crystallinity, and
high contact stress lead to high friction as well as severe wear behavior
of TiAIN coating tested in vacuum conditions [51]. Moreover, it is re-
vealed from the Fig. 8d (Fe 2p spectra), frequent transfer layers from
ball to the coating surface resulting steel-steel sliding interactions
leading to the higher wear and friction in both tribological conditions.
The resultant higher oxidation of Fe and Al in the ambient condition is
further confirmed from the deconvoluted O 1s spectra (Fig. 8e). In this
condition, the composition results in Table S1 designate the presence of
predominant O (37.92at.%) along with the Fe (29.83 at.%) and Al
(6.81 at.%) on the wear track. The EDAX mapping result (Fig. S7b)
divulge the predominant existence of Fe (40.88 at.%) in vacuum test,
however, the profilometer result (Fig. S5b) discloses the lower wear
depth as compared to the coating thickness. This might be due to the
higher wear particles from sliding counter body (i.e. SS ball) were in-
termixed and forming a solid solution passivation layer during the
sliding test [52]. The existing surface metal atoms on the wear tracks
are highly active to the oxidation immediately exposed to the atmo-
sphere and thus the resulting spectra of vacuum tested samples ex-
hibited with the fingerprints Ti—O, Al-O and Fe—O bonding corre-
sponding to the TiO,, Al;O3 and FeO/Fe,O3 phases, respectively. The
corresponding EDAX and XPS chemical compositions results of TiAIN
coating tested in high-vacuum condition are furnished in Table S1. The
deconvoluted XPS core-level spectrum in Fig. 9 depicts the chemical
products and their bonding nature of TaAIN coating worn surface in
both sliding conditions. The doublets of 4f; » and 4fs5 5 in Ta 4f (Fig. 9a)
spectra of the sample tested in humid-atmospheric condition can be
fitted into several binding energies corresponding to the covalent
bonding of Ta—N (23.7 eV), Ta—Al—N (25.4 eV) and Ta—O—N (27.2 eV)
formation. The chemical compositions of Ta (14.21 at.%), Al (8.91 at.
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Fig. 8. High-resolution XPS spectra of TiAIN coating wear track after the tribological tests under (a) humid-atmospheric and (b) high-vacuum conditions. The figure
comprises of Ti 2p, Al 2p, N 1s, Fe 2p, and O 1s spectra of TiAIN coating tested in both the conditions. Tribology parameters: load: 1 N, sliding speed: 100 rpm (linear

speed: 1.04 cm/s), sliding distance: 100 m, ball: 100Cr6 steel (dia. 6 mm).

%), N (5.77 at.%), Fe (20.4 at.%) and O (40.44 at.%) were obtained
from the XPS results (Table S1). In addition, obtained strong peak at
21.7 eV attributed to the metallic Ta, and it is due to the Ta ions for-
mation during the tribo-oxidation mechanism [22]. Less oxidation of Ta
in the worn surface is due to the enrichment of aluminum oxide (Al,03)
and iron oxide (FeO/Fe,03) phases in the tribolayer as ascribed from
the Al 2p and Fe 2p spectra (Fig. 9b and d). In these spectra, Al,03 and
Fe,O3; phases were identified from the resultant binding energies of
76.9eV, 710eV and 724.1eV [47]. Such extreme surface oxidation
could be further confirmed from predominant peaks of 529.2 eV (Fe—0)
and 531.7 eV (Al-0) in the O 1s spectra (Fig. 9e). Because of the ex-
cessive surface oxidation, the N 1s spectrum illustrates the bonding
formation of Ta—O—N at 398.2 eV (Fig. 9¢). The wear track comprises
of predominant oxygen concentration (50.64 at.%) along with the Fe
(8.6 at.%), Al (10.45 at.%) and Ta (10.29 at.%) as provided in Table S1.
It can be seen that the Fe, Al, and O are coexisting across the wear track

which might be formed a strong passivation metal oxide (Fe—O and
Al,05) layers resulting lower friction coefficient of TaAIN coating [52].
Interestingly, the phase stability of TaAlN is significant for the tribo-test
carried out in vacuum conditions. The observed results from Ta 4f, N 1s
and Al 2p in Fig. 9 clearly indicated the similar chemical bonding
formation compared to the surface (Fig. 3). The chemical states of Fe
based components are significantly lower (Fig. 9d) and this result is in
agreement with the EDAX elemental mapping (Fig. S8b). Composition
results (Table S1) for the TaAIN coating tested in high-vacuum condi-
tion also revealed that the lower concentration of Fe (7.25 at.%) and O
(4.08 at.%) along with the major compositions of Ta (34.21 at.%), Al
(20.77 at.%) and N (33.04 at.%). It is suggested that the oscillated
friction curve under vacuum conditions could be the possible frequent
strain hardening of tribolayer under highly stressed sliding conditions.
The above results concluding that the TaAIN coating possesses yield an
extremely stable phase with improved friction and wear resistance
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Fig. 9. High-resolution XPS spectra of TaAIN coating wear track after the tribological tests under (a) humid-atmospheric and (b) high-vacuum conditions. The figure
comprises of Ta 4f, Al 2p, N 1s, Fe 2p, and O 1s spectra of TaAIN coating tested in both the conditions. Tribology parameters: load: 1 N, sliding speed: 100 rpm (linear

speed: 1.04 cm/s), sliding distance: 100 m, ball: 100Cr6 steel (dia. 6 mm).

behavior at the selected tribological conditions.

4. Conclusions

The TaN, TiAIN and TaAIN coatings were deposited on 316LN SS
substrates by reactive DC magnetron sputtering technique under opti-
mized process conditions. Chemical bonding and crystallography re-
sults revealed the covalent bonding and formation of the well-defined
cubic crystal structure for TaN, TiAIN and TaAIN coatings. The ex-
cessive tribochemical oxidative products such as Ta;Os, TiO3, Al;O3,
and FeO/Fe,05 were formed in tribo-interfaces between TaN and TiAIN
coatings and steel balls led to less friction (0.15-0.3) in ambient at-
mospheric tribo-condition, however, higher abrasive wear loss oc-
curred. The larger columnar microstructure of TaN, lower crystalline
nature of TiAIN and absence of passivating oxide tribolayer would de-
crease the resistance to plastic deformation and result in the higher
wear loss of TaN and TiAIN coatings in high-vacuum sliding conditions.
Large coverage of Al,O; rich passivating tribolayer across the sliding

interfaces between TaAIN coating and steel ball resulted in low friction
(0.25) and high wear resistance behavior in ambient atmospheric tribo-
condition. Even in the absence of passivating media, the TaAIN coating
was quite stable and exhibited with low friction (0.27) and superior
wear resistance in high-vacuum condition. The strong solid solution
formation of Al into the TaN lattice and (200) preferred crystal or-
ientation with higher crystallinity enhanced the tribological properties
of TaAIN coating. Therefore, it is suggested that the TaAlIN coating can
be an ideal candidate for improved tribological performance irrespec-
tive of the tribological conditions.
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