lubricants

Article

Improvement of Mechanical Properties and Adhesion of
Ti-Al-Si-N Coatings by Alloying with Ta

Artur R. Shugurov 12, Evgenii D. Kuzminov !, Yuriy A. Garanin 12, Alexey V. Panin 12 and Andrey I. Dmitriev 13*

Citation: Shugurov, A.R,;
Kuzminov, E.D.; Garanin, Y.A.;
Panin, A.V.; Dmitriev, A.L
Improvement of Mechanical
Properties and Adhesion of
Ti-Al-Si-N Coatings by Alloying
with Ta. Lubricants 2022, 10, 178.
https://doi.org/10.3390/
lubricants10080178

Received: 8 July 2022
Accepted: 5 August 2022
Published: 7 August 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0)).

license

1 Institute of Strength Physics and Material Science, Siberian Branch of the Russian Academy of Science,
Akademicheskii pr. 2/4, 634055 Tomsk, Russia
2 School of Nuclear Science & Engineering, National Research Tomsk Polytechnic University,
634050 Tomsk, Russia
3 Department of Metal Physics, National Research Tomsk State University, 634050 Tomsk, Russia
Correspondence: dmitr@ispms.ru

Abstract: The effect of the Ta content on the structure, mechanical properties and adhesion of
magnetron-sputtered Tiixy-2AlTaySizN coatings was studied. According to the energy-dispersive
X-ray spectroscopy analysis, the coatings studied had the following chemical compositions:
Tios1AloasSio10N, TiossAloarTaosSio10N, TiossAloasTao10SiooN and TiossAlosoTao1sSio10N. The X-ray
diffraction experiments revealed the Bl-type fcc crystal structure of the coatings. The increasing Ta
content was found to induce the texture evolution from (200) to (111), which was attributed to a
significant increase in the residual compressive stress in the coatings. The hardness monotonically
increased from 32.7 to 42.2 GPa with increasing the Ta content, while the reduced Young’s modulus
decreased from 369 to 353 GPa. The adhesion of the coatings to the Ti substrate was evaluated by
scratch testing. It was found that the TiossAlo4sTao.10Sio10N coating was characterized by maximum
adhesion strength, while incorporation of a larger amount of Ta resulted in earlier coating spalla-
tion due to the high residual compressive stress.
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1. Introduction

In the past decades TiixAlN coatings was increasingly used in cutting tool applica-
tions, aircraft and marine industries, mechanical engineering, chemical industry, etc. to
improve surface hardness and resistance against oxidation, corrosion, erosion and wear
of different tools and components [1-3]. The extensive use of the TiixAlN coatings stems
from their superior mechanical, tribological and thermal properties compared with bi-
nary nitrides such as TiN [1,4-7]. The enhanced hardness and wear resistance of the
coatings result from non-equilibrium conditions of their deposition, which lead to the
formation of an oversaturated TiixAINN solid solution, where Al substitutes Ti in the TiN
lattice, forming a metastable fcc NaCl structure [8,9]. The latter results in elastic distor-
tions of the crystal lattice and, consequently, in solid solution hardening of the coatings
[4]. At high Al contents (x > 0.33) grain boundary hardening and precipitation hardening
also contribute to the increase in hardness, which can reach ~40 GPa at x = 0.5-0.6 [1,4,10].
Moreover, the hardness can be additionally increased by annealing at temperatures of
800-950 °C due to spinodal decomposition of the metastable TiixAlN solid solution into
domains enriched with TiN and cubic AIN (c-AIN) [7,11]. However, at higher tempera-
tures and/or long thermal exposure the c-AIN domains transform into the stable hexag-
onal wurtzite (w-AIN) phase that induces a sharp decrease in the hardness and wear
resistance of the coatings [1,12]. The TiixAlNN coatings also exhibit excellent oxidation
resistance at temperatures up to 800-850 °C due to the formation of a dense outermost
AlOs layer, which strongly suppresses the inward diffusion of oxygen [10,13,14]. At
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higher temperatures the rapid formation of the bilayer oxide scale, which along with the
dense top Al-rich layer contains the underlying porous Ti-rich layer, significantly dete-
riorates the oxidation resistance of the Ti1xAlN coatings.

Numerous studies have revealed that further improvement of the mechanical and
tribological performance, thermal stability and oxidation resistance of the TiixALN
coatings can be achieved by alloying with Si [15-22]. Due to the limited solubility in
Ti-Al-N, a small amount of Si atoms incorporates into the fcc crystal lattice substituting Ti
and Al, while at the higher Si contents most of Si segregates at the Ti-Al-N grain bound-
aries [15,21,23]. In the latter case, the SiNx tissue phase is formed in the TiixyAlSiyN
coatings, which impedes the growth of the Ti-Al-N grains, resulting in the microstructure
comprised of the Ti-Al-N nanocrystallites embedded in the amorphous SiNx matrix. The
combined effect of the grain refinement and hindered dislocation motion owing to a large
number of grain boundaries with increased cohesive strength due to the presence of the
SiNx tissue phase provides superhardness (>40 GPa) of such nanocomposite coatings
[5,24]. Depending on the Ti/Al ratio and deposition conditions, the optimum Si content of
the TitxyALSiyN coatings, can vary from ~2 to ~9 at.% (z = 0.04-0.18) [22]. At higher Si
contents the hardness drastically drops, since the blocking effect of grain boundaries
becomes insignificant because of too thick intergranular tissue phase. Alloying with Si
decreases the friction coefficient and improves the wear resistance of the coatings due to
the formation of 5iOz and Si(OH): tribolayers [22,25]. Si-alloying is also beneficial under
water lubrication due to the formation of silica gel originating from the hydration of sil-
icon [26]. The amorphous SiNx tissue phase also hinders the spinodal decomposition of
the Ti-Al-N nanocrystallites that improves the thermal stability of the coatings so that
their high hardness can be retained up to 1100 °C [21,23]. The improved oxidation re-
sistance of the TiixyALSiyN coatings is concerned with (i) the protective effect of the SiNx
tissue phase, which acts as a barrier for oxygen diffusion; (ii) the suppression of the ana-
tase-to-rutile phase transformation that reduces crack generation in the oxide scale; (iii)
the promoting effect of Si on the formation of a protective uppermost Al.Os layer [20,27-
29]. However, the TiixyALSiyN coatings are often characterized by low toughness [30-32]
and poor adhesion to a substrate [18,30,33-35], which significantly restrict their potential
application for the protection of different materials against erosion and wear. Therefore,
it is of crucial importance to improve the wear resistance of the coatings, especially for
the applications using soft metal substrates, since insufficient load-bearing capacity of the
coating/substrate system results in large bending deformation of the coating, which can
induce its catastrophic failure [36].

Two main strategies have been proposed to enhance the toughness and adhesion of
the TiixyAlSiyN coatings, which assume the design of their multilayer architecture, con-
sisting of alternating TiixyALSiyN and other ceramic or metal layers [30-32,34], and the
elaboration of coatings with out-of-plane Si gradient distribution, which allows elimi-
nating of the sharp interface between the coating and substrate [35]. One more approach
to improve the performance of the TiixyALSiyN coatings is their alloying with an addi-
tional chemical element [37]. In particular, addition of Ta to the TiixAlN solid solution
has been shown to provide increased toughness with retaining high hardness [38—40].
Recent analysis of the electronic structure of Ti-Al-Ta-N solid solutions by ab-initio cal-
culations have showed that the increase in their toughness is concerned with growing
metallicity of interatomic bonds caused by Ta alloying [41]. In addition, the TiixyAlxTayN
coatings exhibited significantly higher thermal stability (up to 1200 °C) and oxidation
resistance than the TiixAlLN coatings. The enhanced thermal stability has been explained
by changes in the electronic structure caused by incorporation of Ta atoms into the crystal
lattice and by higher diffusion activation energy for Ta compared to Ti and Al [42]. The
improved oxidation resistance has been attributed to a decrease in the amount of oxygen
vacancies in the oxide layer and to suppression of the anatase-rutile phase transformation
in the TiO: layer [43,44]. More recently it has been found that alloying with Ta also sig-
nificantly enhances adhesion of TiixAlN coatings to a titanium substrate [45]. However,
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the effect of Ta alloying on the adhesion of the Tii«yALSiyN coatings has not yet been
investigated. Therefore, this study is focused on the investigation of structure, mechani-
cal properties and adhesion of the Tiixy-2AlxTaySi-N coatings.

2. Materials and Methods

The Tiixy-2AlTaySizN coatings were deposited on stationary titanium substrates (10
mm x 10 mm x 2 mm) by DC magnetron sputtering. The Ti substrates were preliminary
mechanically polished and ultrasonically cleaned in rectified alcohol. In addition, the
same coatings were deposited on Si (100) substrates to perform the examination of frac-
ture cross-sections and the measurement of the residual stress. Prior to the deposition, all
the substrates were sputter-cleaned with Ar* ions for 20 min. Then a 50 nm thick TiAl
layer was deposited to improve coating adhesion. The Ta-free coatings were sputtered
using a compound TiAl (55/45 at.%) target 125 mm in diameter with Si inserts. The dep-
osition of the Ta-alloyed coatings was performed by co-sputtering using the Ti/Al/Si
target and a Ta (99.99%) target 100 mm in diameter. The magnetrons were tilted at an
angle of 100° between the magnetron axes. The distances from the center of the substrate
holder to the centers of the targets were 90 mm. The Ta content in the coatings was
changed by varying the power density at the Ta target from 3.8 to 6.2 W/cm?, while the
power density at the Ti/Al/Si target was kept constant at 11.4 W/cm?. The Si content in the
coatings was maintained at 5 at.% (z = 0.1) by varying the number of the Si inserts. The
sputtering was carried out in an Ar + N2 gas mixture at a constant pressure of 0.3 Pa with
a nitrogen partial pressure of 0.06 Pa. The 3.0 um thick coatings were deposited on
grounded substrates heated to 425 °C.

The determination of the chemical composition of the coatings by energy-dispersive
X-ray spectroscopy (EDS) and the investigation of the microstructure of their fracture
cross-sections were performed using a LEO EVO 50 scanning electron microscope (SEM,
Carl Zeiss, Jena, Germany). The phase composition of the coatings was investigated by
X-ray diffraction (XRD) in the Bragg-Brentano configuration using an XRD-7000 diffrac-
tometer (Shimadzu, Kyoto, Japan, the equipment of the Center for sharing use “Nano-
materials and nanotechnologies” of Tomsk Polytechnic University supported by the RF
Ministry of Education and Science, project No. 075-15-2021-710). CuKa radiation with a
wavelength of A = 1.5406 A was used. The texture coefficients were calculated from XRD
patterns, using following equation [46]:

Ingg
/Iohkl 1)

%Z" (Ihkl/lomcz)

where I is the measured intensity of the XRD peak corresponding to the (hkl) plane for
the phase; o is the intensity of the same XRD peak of a standard reference sample; n is
the number of analyzed XRD peaks. The residual stresses ¢ were extracted from sub-
strate curvature measurements performed with an Alpha-Step IQ surface profiler
(KLA-Tencor, San Jose, CA, USA), using the Stoney equation [47]. Nanoindentation
measurements were carried out with a NanoTest system (Micro Materials Ltd., UK) using
a Berkovich indenter in the load-controlled mode. The loading and unloading times were
set at 20 s with 10 s dwell time at the maximum load and 60 s dwell time at 90% unload-
ing for thermal drift correction. The maximum applied load was set at 20 mN to ensure
penetration depths below 10% of the coating thickness in order to exclude the substrate
effect on the measured mechanical characteristics. 20 indents were made for each coating,
and the results obtained were averaged. The hardness (H) and Young’'s modulus (E) of
the coatings were determined from load vs. displacement curves using the Oliver-Pharr
method [48]. The coating adhesion was evaluated by scratch testing using a Revetest in-
strument (CSM instruments, Peseux, Switzerland) with a conical Rockwell stylus, which
had a tip curvature radius of 200 um. The scratches were made 7 mm long with a sliding
speed of 2 mm/min and an increasing applied load. The maximum applied load was 55
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N. The failure events and the corresponding critical loads were detected from the varia-
tions of the friction coefficient and acoustic emission signals as well as the microscopic
examination of the scratch grooves with an Axiovert 40 Mat optical microscope (Carl
Zeiss, Jena, Germany).

3. Results

An EDS analysis showed that the coatings studied have the following chemical
compositions:  Tio41Alo4sSio1oN,  TiossAloarTao0sSio1oN, — TiossAloasTao10SiooN — and
Tio3sAlo.40Ta0155i0.10N. Since the Si content in the coatings was maintained constant by ad-
dition of the Si inserts to the Ti/Al/Si target, the increase in the Ta content resulted in the
decrease of the Ti and Al contents. It should also be noted the increase in the Ti/Al ratio
with increasing Ta content from 0.05 to 0.15, which can be attributed to scattering of light
Al atoms due to collisions with heavy Ta atoms.

Figure 1 displays the XRD patterns of the coatings, which show their Bl-type fcc
crystal structure. There is no indication of the presence of other crystalline phases, in
particular wurtzite, which significantly deteriorates hardness of Ti-Al-N-based coatings.
The w-AIN phase is often observed in TiixyAlSiyN coatings because of the promoting
effect of Si on its formation [27,30,49,50]. The absence of w-AIN in the Tiixy--AlxTaySi-N
coatings is evidently concerned with the fact that even in the Tio41Alo49Sio.10N coating with
the highest (Al + Si) content the (Al + Si)/(Ti + Al + Si) ratio is equal to 0.59, whereas the
w-AIN phase has been reported to form at (Al + Si)/(Ti + Al + Si) = 0.61 [30,49]. It can be
seen from Figure 1 that the increase in the Ta content results in shifting of the XRD peaks
to lower diffraction angles that is due to the increasing lattice constant. As shown in
Figure 2, the lattice constant deduced from the XRD patterns demonstrates a virtually
linear increase from 0.4234 nm in Tio41Alo49Sio10N to 0.4255 nm in TiossAlo40Ta0.15Si0.10N,
which can be attributed to the incorporation of large Ta atoms in the crystal lattice as well
as an increase in a residual compressive stress in the coatings. The latter is in good
agreement with the results of the substrate curvature measurements, which are presented
in Figure 3. It can be seen that all the coatings are characterized by compressive residual
stresses, which increase with the Ta content, reaching -6.8 GPa in Tio3sAlos0Tao.155i0.10N.
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Figure 1. X-ray diffraction patterns of Tio41AloasSio1oN (1), TiossAloarTaoosSiooN  (2),

Tio36AloasTao10Si0.10N (3) and TiossAlooTao1s5i010N (4) coatings.
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Figure 2. Lattice constant of the Tiixy-2AlxTaySizN coatings as a function of the Ta content.
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Figure 3. Residual stress in the Tiixy--AlxTaySi-N coatings as a function of the Ta content.

The Ti-Al-Ta-Si-N peaks demonstrate significant broadening, which can be ascribed
to high microstrains caused by elastic distortions of the TiN crystal lattice due to the in-
corporation of Al, Ta and Si, as well as, a small grain size in the coatings. Indeed, as
shown in Figure 4, the average grain sizes in the Tiixy-AlTaySizN coatings calculated
using the Debye-Scherrer equation [51] do not exceed 12 nm. A slight increase in the av-
erage grain size is observed at the higher Ta contents. It should also be noted the effect of
the Ta content on the preferred orientation of grains in the Tiixy--AlxTaySi-N coatings. It is
seen from Figure 1 that the Tio41Alo49Sio10N coating has a strong (200) texture, while with
increasing the Ta content the relative intensity of the (200) peak decreases and the inten-
sity of the (111) peak grows. As a result, the TiossAlo.wTa0.155i010N coating is characterized
by the (111) preferred orientation. This texture evolution is clearly observed in Figure 5,
which presents the texture coefficients (TC) of the coatings for the (111) and (200) crystal
planes as a function of the Ta content. It can be seen that TC of the (111) plane increases
with an increase in y, while the texture coefficient of the (200) plane exhibits the opposite
behavior. It is known that high strains (stresses) favor the (111) texture to form in
TiN-based coatings, because this crystallographic orientation is characterized by the
lowest Young’s modulus [52,53]. Therefore, it can be thought that the increasing residual
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compressive stress in the Tiixy-zAlxTaySizN coatings is responsible for their texture evo-
lution.
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Figure 4. Average grain size in the Tiixy-zAlxTaySi-N coatings as a function of the Ta content.

10 (!7 T T v T ¥ T
0.8 |- =
T
2
2
5 06f -
Q
o
o
=]
£ 04r 5
[0}
'_
0.2 |- .
OO 1 " 1 L 1 N 1

0 0.05 0.10 0.15
Ta content (y)

Figure 5. Texture coefficient of the Tiixy--AlTaySi-N coatings as a function of the Ta content.

The fracture cross-section morphology of the coatings is shown in Figure 6. It is
visible that the coatings are characterized by the similar dense non-columnar fi-
ne-grained structure, which is in good agreement with the XRD results. No cracks, im-
perfections and delaminations are observed in the micrographs.
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Figure 6. Cross-sectional SEM micrographs of (a) Tio41Alo4sSio0N, (b) TiossAloa7Tao0sSio10N, (c)
TiossAlo4sTao.10Sio10N and (d) TiossAlosoTao155i0.10N coatings.

Figure 7a exhibits the hardness and reduced Young's modulus of the
Titxy2AlTaySizN coatings as a function of the Ta content. The hardness monotonically
increases from 32.7 to 42.2 GPa with increasing y. Considering the similar microstruc-
tures and grain sizes of the coatings, the hardness increase can be attributed primarily to
the increasing residual compressive stresses. This is clearly evidenced from Figure 7b,
which shows that the hardness linearly increases with the compressive stress. The latter
is in good agreement with the earlier studies, which have reported a linear relationship
between the compressive stress and hardness in transition metal nitride coatings [54,55].
The reduced Young’'s modulus demonstrates the opposite behavior, decreasing from 369
to 353 GPa. The same trend in the dependence of E* on the Ta content has been observed
earlier for TiixyAlxTayN coatings [38,40]. It has been ascribed to significant changes in
chemical bonding caused by Ta incorporation [38,41]. The opposite trends in H and E’
result in a monotonical increase in the (H/E*) and H3/E*2 ratios (see Figure 8), which are
associated with the elastic [56] and plastic strain to failure [57], respectively. Since these
ratios are commonly used to rank ductility and toughness of coatings [58], their observed
behavior indicates the toughness enhancement of the Tiixy-zAlTaySizN coatings with in-
creasing the Ta content.
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Figure 7. (a) The hardness and reduced Young’s modulus of the Tiixy-2AlxTaySi-N coatings as a
function of the Ta content. (b) The hardness vs. residual compressive stress.
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Figure 8. H/E * and H3/E *? ratios of the Tiixy-2AlxTaySizN coatings as a function of the Ta content.

The adhesion strength of the Tii-xy--AlTaySizN coatings was evaluated by the scratch
testing. The results are presented in Figure 9, which illustrates the friction coefficient (L)
and acoustic emission signal (AE) as a function of the scratching distance and applied
normal load. During the scratching, the stylus induced plastic ploughing of the soft Ti
substrate, which resulted in the formation of the residual scratch grooves with pile-ups at
their flanks. Microscopic examination of the grooves showed that the coating failure
primarily occurred by the formation of forward semicircular conformal cracks propa-
gated outwards from the grooves. This failure mode is often observed, when scratching
hard coatings on soft substrates [59,60]. It is concerned with large compressive stresses
ahead of the moving stylus, which cause a pile-up to form due to displacing the substrate
material from the bottom of the groove. Due to the rigid bonding between the coating
and substrate, the strain accommodation results in coating bending. The bending de-
formation generates tensile stresses in the top layer of the coatings at the pile-ups, which
lead to their cracking around the front half of the stylus with a semicircular pattern. The
formation of first conformal cracks caused the first sudden peaks of acoustic emission to
appear, which was used to correctly determine the first critical load Le. This load corre-
sponds to the first crack event during scratching and characterizes coating cohesive
strength. As can be seen from Figure 9, the La load monotonically increases with the Ta
content, so that it is ~1.7 times higher for TiossAlo40Ta0.155i0.10N than for Tio41Alo4sSio.10N.
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Friction coefficient Friction coefficient

Friction coefficient

This behavior of La can be attributed to an increase in the load bearing capacity of the
coatings with higher y due to the enhanced hardness as well as to their improved
toughness. The latter is confirmed by a good agreement between the observed increasing
trend of La and the variations of H/E* and H3/E*? shown in Figure 8.
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Figure 9. Scratch tracks, friction coefficients, acoustic emission signals and critical loads of the (a)
Tio41Alo49Sio10N, (b) TiossAloarTao0sSio.N, () TiossAloasTao.10Sio10N and (d) TiossAlosoTao155i0.10N
coatings.

The following increasing of the applied load eventually results in continuous spall-
ation of the coatings in the scratch grooves. The onset of the continuous spallation, which
is accompanied by increasing friction coefficient from ~0.2 to a value ~0.6 corresponding
to the titanium substrate due to its exposure, defines the second critical load Le, which is
adopted as a measure of interfacial adhesion strength. In contrast to the first critical load,
L initially increases with the Ta content and reaches a maximum value at y = 0.10 but
then drops at y = 0.15. Thus, despite the monotonic toughening of the Tiixy--AlxTaySi-N
coatings with increasing the Ta content, the TiossAlosoTao.155i0.10N coating was character-
ized by weaker adhesion.

Considering the above results, it can be thought that it is the high residual com-
pressive stress, which is responsible for the poor adhesion strength of the
TiossAlos0Ta01sSio10N coating. It is well-known, that the large compressive stresses ahead
of the moving stylus can induce buckling delamination of the coating in local regions,
where bonding between the coating and substrate is weakened by interfacial defects [59].
According to [61], the critical stress ov, which induces coating buckling of a region of size
L is given by:

h)z E )

% =C (Z 1—v?’
where C is the constant, which depends on the buckling shape, h is the coating thickness,
E and v are the Young’s modulus and Poisson’s ratio of the coating, respectively. In the
case of a planar interface, rather large regions of the coating debonding are usually
needed to produce its buckling. However, it has been shown [62,63], that for a curved
interface, which is formed in the pile-up area, the compressive in-plane stress oo gener-
ates a tensile stress component normal to the interface, given by:

h

0 = G0 (©)

where R is the radius of the local interface curvature. This stress component is a driving
force for detachment and buckling of the coating in the pile-up area. After buckling, the
stylus passes over this region and crushes the coating resulting in its spallation. This
mechanism is obviously realized, when scratching the Tiixy-zAlTaySi-N coatings. Since
the in-plane stress oo is the sum of the stress introduced by the stylus and the residual
stress, the higher residual stress provides coating spallation at a lower applied load. As a
result, the Le load in the TiixyzAlTaySi-N coatings is governed by the competition be-
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tween the enhancement of their toughness and the increase of the residual compressive
stress, which results in its peak value in TiossAlossTao.10Sio.10N.

4. Conclusions

The effect of the Ta content on the structure, mechanical properties and scratching
behavior of Tiixy--AlxTaySi-N coatings was studied. The X-ray diffraction investigations
showed that an increase in the Ta content from y = 0 to 0.15 resulted in the increasing
lattice parameter and the change of the preferred orientation of crystallites from (200) to
(111). It was found that the coatings were characterized by compressive residual stresses,
which increased with the Ta content and reached —6.8 GPa in TiossAlo.40Tao155i0.10N. It was
found significant hardening of the coatings with an increase in the Ta content (from 32.7
to 42.2 GPa), while their elastic modulus exhibited a decreasing trend. The scratch testing
revealed a monotonic increase in the crack resistance of the Tiixy-AlTaySizN coatings
with the increasing Ta content. At the same time, the maximum adhesion strength was
found in the TiossAlossTac10Sio10N coating, while the further increasing of y up to 0.15 re-
sulted in earlier coating spallation due to high residual compressive stress. Thus, alloying
with Ta provided superior hardness, toughness and adhesion of the Tiixy--AlxTaySi-N
coatings over the Ta-free coating with the same Si content.
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