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Various (AlCrMoTaTi)-Six-N coatings were prepared on Si substrates through a reactive magnetron
sputtering system to methodically investigate the effects of Si contents and free Si on oxidation behavior.
The as-deposited Si-containing coating presented a relatively dense and compact structure compared
with the Si-free coating. An oxide layer was formed on the coating surface and continued to thicken
when the coatings were exposed to ambient air at elevated temperatures. At 1073 K, a two-layer
structure, which consists of an amorphous Al;03 layer with traces of other target elements followed
by a rutile TiO, + oxide of the target element mixed zone, was developed in the oxide layer. Oxidation
resistance was gradually enhanced with the continued increase in Si concentration in the coatings. At
1173 K, the coatings with Si content of as low as 7.51 at.% exhibited a single order of magnitude lower
oxidation rate than that of the Si-free coating. Nanohardness measurement of the coatings further
confirmed the oxidation behavior. The significantly enhanced oxidation resistance may be attributed to
the presence of Al and Si in the coatings.
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1. Introduction

Since the 1970s, hard coatings have been successfully used to
protect materials, particularly to enhance the life of cutting tools
[1]. The technological process of the production and properties of
these coatings (i.e., hardness, wear, and oxidation resistance) are
continuously being improved. In particular, significant amount of
efforts have been devoted to decreasing the temperature at which
hard coatings are formed and improving the properties of these
coatings to increase their hardness and oxidation resistance.
Ternary Ti—Al-N [2,3] and Ti—Si—N [4,5] systems with higher
hardness values and oxidation resistances than their TiN binary
counterparts have been developed. Consequently, multi-
component incorporation has great potential for developing novel
hard nitride coating.

Since the 1970s, hard coatings have been successfully used to
protect materials, particularly to enhance the life of cutting tools
[1]. The technological process of the production and the properties
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of these coatings (i.e., hardness, wear, and oxidation resistance) are
continuously being improved. In particular, substantial efforts have
been devoted to decrease the temperature at which hard coatings
are formed and improve the properties of these coatings to increase
their hardness and oxidation resistance. Ternary Ti—AIl—N [2,3] and
Ti—Si—N [4,5] systems with higher hardness and oxidation resis-
tance values than those of their TiN binary counterparts have been
developed. Consequently, multi-component incorporation presents
great potential to develop novel hard nitride coatings.
High-entropy alloys (HEAs), comprising at least five principal
metal elements in near-equimolar ratios, have recently received
considerable attention for their potential use in various applica-
tions. HEAs demonstrate good properties (e.g., high hardness, su-
perior wear/oxidation resistance, and good anti-corrosion
attributes) attributed to their high mixing entropies and large lat-
tice distortions caused by incorporated multiple components [6,7].
Accordingly, given the remarkable characteristics of HEAs, novel
multi-element nitride, carbide, and boride coatings with inter-
esting properties can be developed. HEAs and their nitride films can
be deposited through a simple sputtering process; these films have
garnered significant interest as protective coatings for their excel-
lent physical properties. Initial studies on high-entropy nitride
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coatings prepared by reactive magnetron sputtering, namely,
FeCoNiCrCuAIMn, FeCoNiCrCuAly 5, FeCoNiCrCuAl,, and SiNiCrTiAl
nitrides [8,9], have shown that the maximum hardness attained is
only 15 GPa. This low hardness may be attributed to the incorpo-
ration of non-nitride forming elements, such as Cu and Ni. There-
fore, high-entropy nitride coatings with strong nitride-forming
elements, such as AICrTaTiZr [10], AlCrMoTaTi [11], TiVCrZrHf
[12,13], TiHfZrVNb [14], TiZrNbHfTa [15], and AIMoNbSiTaTiVZr
[16], have been developed to increase the hardness. The nitride
coatings have not only shown increased hardness but also pre-
sented a single NaCl-type phase. The TiVCrZrY nitride coating was
reported to exhibit low hardness [17,18]. The softening may be
related to the poor crystallinity caused by the addition of large-
sized Y atoms. The Si effect of equimolar high-entropy alloy target
and Si targets on high-entropy coatings through reactive magne-
tron co-sputtering has been investigated. Silicon incorporation
significantly increases the oxidation resistance of AlICrTaTiZr nitride
coatings at the expense of its hardness [19]. The improvement in
the mechanical properties of AlCrMoTaTi nitride coatings with
increasing Si content has also been substantiated [20].

In the current study, (AICrMoTaTi)-Six-N coatings were depos-
ited via reactive radio-frequency (RF) magnetron co-sputtering by
using AICrMoTaTi and Si targets. Previous research has investigated
the structural evolution and the mechanical and electrical proper-
ties of (AlCrMoTaTi)-Six-N coatings [20]. However, the oxidation
behavior of these coatings remains inadequately explored. The
oxidation behavior of these hard coatings plays an important role in
tool applications because these coatings, which are resistant to
wear and corrosion, are frequently exposed to oxidative atmo-
sphere at high temperatures. Given the promising properties of
high-entropy nitrides, investigating their oxide counterparts is
interesting. To our knowledge, the incorporation of Al atoms with
nitrides can significantly increase the oxidation resistance of nitride
coatings because the dense Al,0O3; surface layer formed at high
temperatures can effectively protect the inner unreacted coating
[21]. Cr induces a similar effect of forming protective Cr,03 surface
layer at high temperatures [22]. The addition of Ta can decrease the
number of oxygen vacancies in the surface oxide layer, thereby
slowing the diffusion of oxygen [23]. Moreover, alloying Si pro-
motes the formation of nanocomposite structure, thus obstructing
oxygen diffusion along the grain boundaries [24]. Accordingly, the
high oxidation resistance of (AICrMoTaTi)-Six-N coatings should be
expected. The present study explored the oxidation behavior and
structural evolution of these coatings. Microstructural observation,
compositional determination, and mechanical measurements were
performed after the (AlCrMoTaTi)-Six-N coatings were annealed in
air at different temperatures.

2. Experimental

Six(AICrMoTaTi); xN coatings were fabricated in a high-vacuum
dual-target sputter deposition system with RF magnetron sputter-
ing onto a p-type Si(100) substrate by using a 75 mm-diameter
equimolar AlCrTaTiMo and Si targets. Prior to deposition, p-Si (100)
wafers were cleansed in an ultrasonic bath, thoroughly rinsed with
ethanol and distilled water, and then placed in a vacuum system.
During the dual-target sputter deposition, the distance of the target
to the substrate was 90 mm, and the deposition angle was 45°
relative to the substrate. The Si substrates were cleansed and rinsed
with ethanol and distilled water in an ultrasonic bath prior to
deposition. The sputtering chamber was pumped to 2.67 x 10~ Pa
with a turbo pump. The flow rates of Ar and N, were maintained at
40 and 10 sccm, respectively. The AlCrMoTaTi target power was
150 W, with the Si target power ranging from 0 W to 180 W to
obtain Six(AlCrMoTaTi);_x nitride coatings under different Si
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Fig. 1. EPMA element contents in nitride coatings deposited at various Si-target power.

( a) —O0—N
—0-0
50 T A T T T T T
o 70
o o
40 N 2

/ I 60
p \ O

0 - 50
30

O 40

20 30

I N

(@) 0

N content (at. %)
O content (at. %)

T T A T T T T T ; T T T T
200 300 700 800 900 1000 1100 1200
Annealing temperature (K)

(b) =

—0—0

T A T T T ] T T

60
504 o o)

=

O,
40+ \
O
40
) @]

30

20 H 20
O /
/ 10

10 A
- b

N content (at. %)
O content (at. %)

O

0

T £ T T T T T T
200 300 700 800 900 1000 1100 1200

Annealing temperature (K)

Fig. 2. FE-EPMA elemental content of the (AICrMoTaTi)N coatings with (a) 0 at.% and
(b) 7.51 at.% of Si after annealing at different temperature in air.
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Table 1
The heat of formation (AH) of the five binary nitrides and oxides based on the target elements [27,28].
AIN Al,03 CrN Cr,03 MoN  MoOs TaN Tay05 TiN TiO, Si3Ng Sio,
AH (kJ/per mole of metal element) ~ —318.1  —837.9 —-1172 -5700 -350 —7452 —251 —1023.0 —3377 —9440 -2478 -910.7
+ FCC (nitride) ’ . . concentrations. The Si concentrations in the coatings increased
.’g * Rutile (oxide) % i from 0 at.% to 7.51 at.% with the increase in Si-target power [20].
o A A % 2 L The as-deposited Six(AlCrMoTaTi);_x nitride coatings were
g . annealed at different temperatures (773 K—1173 K) for 2 h in air by
- using a furnace to determine their oxidation resistance.
é’ Variations in the coating composition, structure, and mechani-
8 . Jat¥%Siardeposited cal properties as a function of annealing temperature were sys-
= T T — T T T T T T T tematically analyzed. The chemical composition of the
20 20 . 2 L i . Six(AlCrMoTaTi); _x nitride coatings was determined using a field
7y P 5 emission electron probe microanalysis system (EPMA, JOEL JXA-
= al 1 8800M). The coatings were measured in combination with the
5 M+ - ? LK ZAF correction method [25,26] by using pure TiN and Cr,03 as the
o L reference standard materials. Given that the L spectra of Ti and Cr
g, i 1073K elements were overlapped with the K spectra of N and O elements,
é‘ i respectively, the spectrum deconvolution [26] approach was
8 L A 751at% Sias-deposited adopted in this study to obtain the exact composition of the coat-
= : : - : : : e T : ings. The crystal structures were examined with an X-ray diffrac-
20 30 40 50 60 70 80 tometer (XRD, BRUKER D8 Discover) via Cu Ko radiation at a
26 (degree) scanning speed of 1°/min. The incidence angle of the X-ray beam

Fig. 3. X-ray diffraction pattern of the (AICrMoTaTi)N coatings with (a) 0 at.% and (b)
7.51 at.% of Si after annealing at different temperature in air.
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was set to 10°. The scanning procedure was at 0.02°, whereas the
scanning range was from 20° to 80°. Morphological studies and
thickness measurements were performed with a field emission
scanning electron microscopy (SEM, JEOL JSM-6700F) system at an
acceleration voltage of 3 kV. Microstructure and local composition
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Fig. 4. Cross-sectional SEM micrographs of the (AICrMoTaTi)N coatings with (a) 0 at.%, (b) 2.77 at.%, and (c) 7.51 at.% of Si coatings after annealing at different temperature in air.
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Fig. 5. Thickness of oxide layer on the top surface as a function of silicon content after
annealing at different temperature in air.

were also investigated using a field emission transmission electron
microscope (TEM, FEI E.O. TecnaiF20) equipped with energy-
dispersive spectroscopy (EDS) at an acceleration voltage of
200 kV. The binding energy was measured by an electron spec-
troscopy for chemical analysis (ESCA, PHI 500 VersaProbe) with
monochromatic Al Ka radiation. Nanohardness and elastic modulus
of the coatings were measured with a TriboLab nanoindenter
(Hysitron). At least five replicate tests were performed for each
sample.

3. Results and discussion

Fig. 1 presents the EPMA-determined composition of the Siy(-
AlCrMoTaTi); _xN coatings prepared at various Si-target powers.
The Si content in the coatings can be controlled by varying the
power on the Si target. The Si content in the coatings increased
linearly to 7.51 at.% with the increase in Si-target power to 180 W.
Fig. 2 shows the variation of nitrogen and oxygen contents, as
determined by EPMA analysis, in the (AICrMoTaTi)N coatings with
0 and 7.51 at.% of Si, respectively, after the samples were annealed
in air at different temperatures. The nitrogen content of the Si-free
(AICrMoTaTi)N coatings (Fig. 2a) evidently decreased, whereas the
oxygen content increased with the increase in annealing

(a)

temperature. Moreover, no nitrogen was detected, and the oxygen
content was 63.2 at.% after the samples were annealed at 1073 K.
These results indicated that oxygen exerts a significantly stronger
tendency to react with individual metal atoms compared with ni-
trogen. This finding is supported by the significantly larger heat of
formation of the metal oxides relative to the corresponding metal
nitrides (Table 1) [27,28]. For Si-containing (AICrMoTaTi)N coatings
(Fig. 2b), the oxygen content notably increased initially with the
increase in annealing temperature to 973 K and then suddenly
decreased to 1073 K. This phenomenon should further be explored
using other analytical instruments. The coating samples were also
annealed at 1173 K, and approximately 4.7 at.% of nitrogen was still
detected. The above observations indicated an evidently better
oxidation resistance in the Si-containing nitride coating than in the
Si-free nitride coating.

Fig. 3 illustrates the XRD patterns of the (AlICrMoTaTi)N coatings
with 0 and 7.51 at.% of Si after annealing in air at different tem-
peratures. The as-deposited nitride coating was well crystallized in
an FCC structure with a strong (111) preferred orientation. How-
ever, the FCC crystal structure of the nitride coating was signifi-
cantly destroyed after annealing at 1073 K. The crystalline oxide
phase emerged and identified as a rutile TiO, structure. With
further increase in annealing temperature to 1173 K, the nitride
phase completely disappeared, and the oxide phase became clearer.
By contrast, the Si-containing nitride coating exhibited an
improved oxidation resistance during its annealing treatment in air.
No other evident oxide peaks were detected, although the
annealing temperature was increased up to 1073 K. The FCC solid
solution nitride remained stable and constant. However, the rutile
TiO, phase transpired after the coating was annealed at 1173 K.
Similar to the EPMA observation, the addition of Si significantly
contributed to the oxidation resistance of the (AlCrMoTaTi)N
coating. However, the primary reason for the preferential formation
of the rutile TiO; crystal phase remains unclear. Therefore, the
current study proposes that several factors may affect the oxidation
behavior of the coatings behind the air annealing of (AlCrMoTaTi)N.
Table 1 demonstrates that the driving forces from nitride to oxide
are different for certain elements. As a result, some elements with
relatively strong oxidized tendency tend to preferentially form
oxide. Moreover, some oxides with high crystallization tempera-
ture, such as Al;03 and SiO,, may be amorphous in the present case
[29]; hence, they cannot be detected by XRD analysis. Ti presents a
strong oxidized tendency, and its oxide exhibits low crystallization
temperature [30]. In this event, the characteristic peaks of the rutile
TiO, phase were observed in the XRD pattern. An apparent
discrepancy exists in the thermal stability between the present case

(b)

Fig. 6. Cross-sectional TEM micrographs of the as-deposited (AlCrMoTaTi)N coatings with (a) 0 at.% and (b) 7.51 at.% of Si.



Fig. 7. Cross-sectional TEM micrographs of the (AlICrMoTaTi)N coatings after 773 K in air. (a) Bright-field image. (b) Dark-field image. (c) Higher magnification Bright-field image. (d)
Higher magnification Dark-field image. (e) SAD patterns of zone A. (f) SAD patterns of zone B. (g) High resolution TEM lattice image of surface part of the cross-section.
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and pure binary amorphous oxides. Such discrepancy is related to
the high mixing entropy and sluggish diffusion effects on the
former. The high mixing entropy effect enhances the mutual solu-
bility among different oxides by decreasing the mixing free energy
of the multi-oxide solution phase, thereby decreasing the driving
force to form crystalline phases. The sluggish diffusion effect,
originating from the difficulty of various atoms or ions to demon-
strate cooperative diffusion, can slow down crystallization kinetics.

Further details regarding the oxides formed during the oxida-
tion treatment can be acquired by SEM and TEM analyses. Fig. 4
reveals the SEM micrographs of the (AICrMoTaTi)N coatings with
0, 2.77, and 7.51 at.% of Si after annealing at different temperatures
in air. For the coatings without Si addition (Fig. 4a), increasing the

temperature to 1073 K induced the formation of an oxide scale with
a thickness of 379 nm. Further increase of the annealing tempera-
ture to 1173 K yielded a completely developed oxide scale with a
thickness of 1590 nm throughout the coating. When the Si element
was incorporated into the (AlCrMoTaTi)N coatings, their oxidation
resistance significantly improved because the thickness of the ox-
ide layer decreased with the increase in Si content. The dense and
columnar structure of the nitride coating containing 2.77 at.% of Si
(Fig. 4b) was still retained even after annealing in air at 1173 K. The
oxidation at the top surface was reduced to about 589 nm. The total
thickness of the oxidation layer of the nitride coating annealed at
1173 K and contains 7.51 at.% of Si (Fig. 4c) was only 202 nm, which
was approximately an order of magnitude smaller than that of the

Fig. 8. Cross-sectional TEM micrographs of the (AICrMoTaTi)N coatings after 1173 K in air. (a) Bright-field image. (b) Dark-field image. (c) SAD patterns of zone A. (d) SAD patterns of

zone B. (e) SAD patterns of zone C. (f) High resolution TEM lattice image of Zone B.
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Si-free nitride coating. The oxidation resistance performances of
the nitride coatings with different Si contents are illustrated by SEM
images in Fig. 5. The superior oxidation resistance of the Si-
containing nitride coating was clearly demonstrated in this sec-
tion, in which two unusual phenomena were also observed. First,
two distinct layers revealed various morphologies in the oxide layer
after the coating was annealed at 1073 K. Second, EPMA observa-
tion indicated that the thickness of the oxide layer was thinner after
the coating was annealed at 1073 K, as opposed to when it was
annealed at 973 K, in which the Si content was >5.48 at.%. Further
microstructural analysis of the coating samples was conducted
with TEM to understand their oxidation behavior (Figs. 6—9).

The TEM image in Fig. 6a reveals that the as-deposited nitride
coating consisted of typical columns. However, significant intra-
and inter-column porosities were observed in Si-free nitride. By
contrast, the (AICrMoTaTi)N coatings with 7.51 at.% of Si presented
more effects and denser structure (Fig. 6b). Such denser structure
eliminates the channels and poles for oxygen transport; thus,
higher antioxidation properties can be expected. Fig. 7 shows the
TEM images of the (AICrMoTaTi)N coatings annealed at 773 K. A
surface oxide layer (~26 nm) with visible pores was formed on the
surface (Fig. 7a—d), and its composition was identified EDS spot
analysis to be composed of oxygen and other target elements. The
visible pores can be attributed to the nitrogen release and large
volume expansion during oxidation. Two selected area diffraction
(SAD) patterns of equal size were labeled as Zones A and B
(Fig. 7e—f). Zone A contained weak arc-like FCC diffraction ring and

500.nm

a broadly diffused amorphous halo. Furthermore, Zone B revealed a
large single-grain SAD pattern with an FCC structure. The combined
high-resolution TEM (HRTEM) lattice image (Fig. 7g) clearly
demonstrated that the oxide layer retained some nitride crystallites
(shown by arrows), indicating that the oxidation process was
controlled by diffusion.

Fig. 8 presents the TEM images of the (AICrMoTaTi)N coatings
annealed at 1173 K. Accordingly, the images reveal a completely
developed oxide scale (~1590 nm). An extremely porous zone was
observed underneath the oxidized coating (Fig. 8a—b). Three
distinct layers were perceived and labeled as Zones A (Fig. 8c), B
(Fig. 8d), and C (Fig. 8e). The SAD patterns of Zones A and B specify
that these zones presented amorphous and rutile TiO, phases,
respectively. The HR-TEM lattice image of Zone B (Fig. 8f) shows
that the rutile TiO, phase exhibited highly crystalline structure
with (101) preferred orientation. By measuring the chemical
composition of Zone A with EDS, mostly aluminum and oxygen
were identified, whereas Zone B comprised target elements and
oxygen. Consequently, significant Al segregation occurred because
of high temperature. The bonding states of the amorphous surface
layer were further investigated by ESCA analysis. Fig. 10a shows the
Al 2p photoelectron spectra, in which a binding energy of 74.7 eV
was determined, corresponding to an Al—O bonding in Al,O3 spe-
cies [31]. Fig. 10b shows the O 1s spectra, wherein the major
binding energy contribution is at 531.2 eV, which are assigned to o
Al—0 bonding in Al;03 species [31]. The above analysis confirmed
that the surface layer was principally amorphous Al,0s. The Al

(b)

Fig. 9. Cross-sectional TEM micrographs of the (AICrMoTaTi)N coatings with 7.51 at.% Si after 1173 K in air. (a) Bright-field image. (b) Higher magnification Bright-field image. (c)

SAD patterns of zone A. (d) SAD patterns of zone B.
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Fig. 10. ESCA spectra of (a) Al 2p and (b) O 1s for the (AlCrMoTaTi)N coatings with
7.51 at.% Si after 1173 K in air.

atoms diffused outward during oxidation and formed a stable
amorphous Al,Os3 layer at the surface region that acted as an oxygen
diffusion barrier [32]. However, the high-temperature oxidation at
1173 K led to the complete failure of the Al,03 barrier. The increase
in oxide layer thickness during the oxidation process was accom-
panied by the development of stress because of the large differ-
ences of the molar volume between oxide and nitride. These
stresses may induce extensive voids and may crack the protective
Al,O3 top layer. These conditions imply that the oxygen was
allowed to be freely diffuse inward through the voids and crack,
intensifying the oxidation and adversely affecting the coating. Zone
C was determined to be an amorphous structure in the SAD pattern
(Fig. 8e). The content of the amorphous layer was determined as Si
and O by EDS. The Si:O ratio was about 1:2, indicating that the
interface amorphous layer was SiO,. Obviously, the (AlICrMoTaTi)N
was fully oxidized; further oxidation reaction with Si substrate
continued after oxidation treatment at 1173 K. In this case, although
the (AICrMoTaTi)N coatings exhibited a better oxidation resistance
than that of TiN (~823 K) [33], more effective protective coatings
with good oxidation resistance should still be developed under the
strict requirements of high performance and functionality.

The dense and columnar structure of nitride for the nitride
coating containing 7.51 at.% of Si (Fig. 9) was retained even after its
oxidation treatment at 1173 K for 2 h with added oxidation at the
top surface (Fig. 9a—b). Considering the SAD observations
(Fig. 9b—c), this research determined that the oxide layer was an
amorphous Al,03/oxide with rutile TiO, phase layer stack structure,
similar to the (AlCrMoTaTi)N coatings annealed at 1173 K. More-
over, the findings of this study revealed that the whole thickness of
the oxidized layer was only 202 nm. Accordingly, this reduced

oxidation rate can be attributed to the addition of Si. The as-
deposited Si containing nitride coating consists of an FCC nitride
and an amorphous SisN4 phase [34]. The amorphous Si3Ny is
formed around the FCC crystallites and consequently provides a
barrier to inhibit the inward diffusion of oxygen atoms through the
grain boundaries. In this research, although the amorphous SizN4
phase was absent, the diffused oxygen atoms may draw out the Si
atoms from the solid-solution nitride and consequently form an
amorphous SiO; phase around the crystallites because SiO; is
immiscible with the present nitride structure. When the oxidation
reaction proceeds, the oxidized SiO, phase exhibits a passive layer,
preventing the mutual diffusion of other metallic atoms and
oxidation reaction. This occurrence is a marked difference to the
oxidation behavior of (AICrMoTaTi)N. Passive layer formation is
associated with a strong aluminum migration to the surface. This
finding confirmed that a coating of the present alloy design effec-
tively decreased the oxidation rate and reduced the thickness of the
oxide layer. Compared with other reported nitride coatings [e.g.,
CrN (390 nm thick oxide layer, annealing temperature of 1073 K,
holding for 4 h) [35], TizSi3oN (300 thick oxide layer, annealing
temperature of 1123 K, holding for 1 h), and TigAlSi12N (250 nm
thick oxide layer, annealing temperature of 1123 K, holding for 1 h)]
[36], the present coating exhibits a comparable or even superior
antioxidation performance.

With the increase in Si content to 5.48 at.% and above, the
nitride coating annealed at 1073 K exhibited thinner oxide layer
than that annealed at 973 K. The underlying mechanism of this
unusual oxidation behavior is yet to be verified. As indicated by
previous analyses and discussions, Fig. 11 presents a schematic
summarizing the growth of (AlCrMoTaTi)N coatings with various Si
contents after annealing in air at different temperatures. The out-
ward diffusion ability of Al increased, and the protective a-Al;03
surface layer was developed at a high temperature of 1073 K.
However, large stresses were produced, and the a-Al,03 surface
layer was cracked because of serious oxidation, thereby decreasing
the protection ability from the oxygen onslaught. The addition of Si
can evidently retard the oxidation rate of nitride, resulting in
relatively smaller stress in coating. Briefly, the protective integrity
of the a-Al,03 surface layer can be maintained after the coating is
annealed at 1073 K when the added Si is 5.48 at.% above. In this
event, the oxidation resistance of the nitride annealed at 1073 K is
better than that annealed at 973 K.

Fig. 12a and b shows the variations in the hardness and elastic
modulus of (AlCrMoTaTi)N coatings with 0 and 7.51 at.% of Si after
annealing in air at different temperatures. The hardness of the as-
deposited (AlCrMoTaTi)N coatings was about 20.69 GPa. The
hardness modulus of the coating slightly decreased with the in-
crease in annealing temperature up to 873 K. The hardness of the
coatings decreased to ~14.6 GPa after annealing at 1173 K. The
coating hardness of the (AlCrMoTaTi)N coatings with 7.51 at.% of Si
decreased from 35.5 GPa to 18.1 GPa but suddenly increased at
1073 K. These findings indicate that the mechanical property of the
coating is associated with surface oxide layer. Oxide is envisioned to
yield smaller hardness values than those of nitride. Thus, the ex-
istence of a surface oxide layer tends to reduce the hardness to
values similar to those of the oxide. Moreover, given that the vol-
ume fraction of the voids in oxide layer increases with the
annealing temperature in air, the mechanical properties are ex-
pected to further deteriorate.

4. Conclusion
(AICrMoTaTi)N coating layers with various Si contents were

deposited on Si substrates via reactive magnetron co-sputtering
method with separate AlCrMoTaTi and Si targets. The oxidation
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Fig. 11. The schematic diagram summarizing the growth of (AlICrMoTaTi)N coatings with different Si content after annealing in air at different temperatures.

P 300 '/ 40
(a) =
] —O—H [36
250 8] -
] e ] \Q\D e 36
- - - 28
s 2004
<} i 24 E
8 &— .—-—# \E S
= 150 \ 20 %
2 ) &
g 1 \O\O H16 5
o S—] 8
'S 100+ =
B 12 =
m
-8
50
-4
0 T /II T T T T T 0
200 300 700 800 900 1000 1100 1200
Annealing temperature (K)
(b) 300 40
—O0—E |
] Oy, —O—H [36
S g S
32
O Ij/ o t
-~ 28
g 200 o L
= 4 24 ©
z e / &
=150 I @ F20
2 o 8
g F16 S
2 i F s
Z 100 .-
m s
8
50+ L
-4
0 — 77— 0
200 300 700 800 900 1000 1100 1200

Annealing temperature (K)

Fig. 12. Hardness and elastic modulus of the (AICrMoTaTi)N coatings with (a) 0 at.%
and (b) 7.51 at.% of Si after annealing at different temperature in air.

behavior of these coating layers at high temperatures was analyzed.
Accordingly, the results indicated that the addition of Si into
(AlCrMoTaTi)N coatings significantly improved the coating oxida-
tion resistance. A silicon concentration of 7.51 at.% of Si was high
enough to decrease the oxide layer thickness from 1590 nm to
approximately 202 nm after oxidation at 1173 K for 2 h. The anti-
oxidation performance of the (AlCrMoTaTi)N coatings was almost
comparable or even superior to those of the T-Si-N and Ti—Al—Si—N
coatings. The formed oxide scales were divided into two oxide
layers. The outermost layer was amorphous Al,03, which contained
an extremely small amount of other target elements mainly formed
by outward diffusion of Al during thermal treatment. Furthermore,
the inner layer was rutile TiO, + oxide of the target element mixed
zone. The good antioxidation performance of the coating layers
may be attributed to the protective a-Al,03 surface layer and a-SiO;
phase that existed in the inner oxide layer. Accordingly, the me-
chanical properties of the coatings deteriorated because of the
formation of an oxide layer with loose structure. The hardness of
the (AICrMoTaTi)N coatings with 7.51 at.% Si was achieved at a high
level of 35.5 GPa and maintained a comparatively high value of
18.1 GPa even after annealing at 1173 K. This finding indicated that
(AlCrMoTaTi)N coatings present a remarkably promising applica-
bility for high-speed dry machining and other applications under
high-temperature environments.
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