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ABSTRACT Due to their high hardness and superior wear resistance, AITIN coatings have been extensively
investigated and used in the field of cutting tools. In this work, the effects of V and Cu codoping on the
tribological properties and oxidation behavior of AITIN coatings were studied. When the Cu content was
increased (from 2.6 to 22.6 at.%) and V content decreased (from 16.7 to 2.7 at.%), the wear rates of
Al-Ti-V-Cu-N coatings at RT and 300 °C both sharply increased from 10-1° to 10 m3/N-m due to reduced
hardness and limited oxidation. At 600 °C, due to outward diffusion and oxidation of Cu, the Al2sTi14V3Cu22Nss
coating exhibited the lowest friction coefficient of 0.5 and wear rate of 3.2 x 101> m3/N-m. The increase of V
content reduced the oxidation resistance of the Al-Ti-V-Cu-N coatings, and the oxidation mechanism of the
V-rich Al21Ti12V17CusN47 coating involved mainly the outward diffusion of elements Al, V, and Cu and the
formation of mixed oxides AIVO4, V20s, and CuO on the top layer. Increasing the Cu content promoted the
outward diffusion and oxidation of Cu and the formation of a smooth top layer of CuO, contributing to excellent
wear performance.

Keywords: AITiN; V-Cu; Tribological properties; Oxidation behavior.

1. Introduction

In recent years, Ti-Al-V-N coatings have been widely investigated and applied as
low-friction and anti-wear coatings [1-5]. Due to the formation of lubricious oxides (e.g.,
V20s) at high temperatures, TIAIN coatings that are alloyed with V are potential candidates
for the self-lubricating coatings [6, 7]. The microstructural evolution and mechanical and
tribological properties of Ti-Al-V-N coatings have been thoroughly investigated in other
papers [8-10]. At room temperature (RT), due to the decrease of tribo-chemical reactions
of Ti and the solid solution hardening effect, the addition of V into TiAIN coatings was
observed to not only reduce the friction coefficient but also enhance the wear resistance. At
500 °C, due to reduced oxidation resistance, the wear resistance decreased with increasing
V content. At 700 °C, despite a pronounced reduction in friction coefficient, the wear
resistance sharply decreased due to severe oxidation. The high-temperature oxidation
behavior of TIAIVN coatings was studied by Xu et al. [11], and found that the addition of V
into TIAIN coatings resulted in an earlier formation of TiO2 oxide and reduced the oxidation
resistance. Thus, the rapid oxidation of Ti-Al-V-N coatings at elevated temperatures
promoted the formation of V-O lubricious oxides, which led to a decrease in the friction
coefficient but also caused a loss of mechanical stability and a decrease in wear resistance.

Recently, various soft metals (e.g., Au, Ag and Cu) have been incorporated into hard
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coatings to form nanocomposite or multilayer structures (e.g., CrN-Ag [12, 13], Mo-Cu-N
[14], and AITiIN/Cu [15]) to provide lubrication properties by the outward diffusion of soft
metals. For instance, the addition of Cu into CrN coatings promoted the formation of
complex oxides at 150 °C, which enhanced tribological performance [16]. In addition, the
outward diffusion of Cu at 400 °C contributed to a decrease in the friction coefficient, and
lower friction coefficient values were obtained for higher Cu contents [17]. At low-moderate
temperatures, the tribological properties of hard coatings were further improved by the
outward diffusion of soft metals [18].

However, few studies have focused on the outward diffusion and oxidation of Cu metal
at moderate temperatures, and its relation to the tribological behavior of hard coatings. In
previous work [19], it was shown that the addition of Cu significantly affected the micro-
structure and mechanical properties of Al-Ti-V-N coatings, but the high-temperature
oxidation behavior and tribological properties should be further investigated. Thus, the aim
of this study was to investigate the influence of V and Cu codoping on the tribological
properties and oxidation behavior of AITiN coatings.

2. Experimental

Al-Ti-V-Cu-N coatings were prepared on polished substrates of YT14 cemented
carbide by high-power impulse magnetron sputtering (HIPIMS) with a Ale7Tis3-V-Cu target
(99.9% purity), which consisted of a Ale7Tiss alloy target and V-Cu metal target. Before
deposition, all the samples were ultrasonically cleaned in pure acetone and alcohol. To
enhance the adhesion strength, a thin CrN layer (~ 100 nm) was deposited by arc ion
plating for 5 min in a pure nitrogen atmosphere. Then, the AI-Ti-V-Cu-N coatings were
prepared by HIPIMS in a mixed atmosphere of Ar and N2 at a total gas pressure of 0.6 Pa.
The target power was set at 1.5 kW with a duty cycle of 2%, additional details regarding the
deposition parameter were reported in a previous study [19]. Three vertical substrate
distances (D = 4, 10, and 16 cm) were used to prepare the coatings with various chemical
compositions, which corresponded to the Al21Tii2Vi7CusNa7, Al2Ti1aVoCusN43, and
Al26Ti14V3Cu22N3s coatings, as listed in Table 1. The coating thickness reached 0.8 ~ 1.6 um
after deposition for 180 min.

Table 1 Chemical compositions and mechanical properties of the Al-Ti-V-Cu-N coatings [19].

Chemical composition (at.%) Thickness  Hardness
Coating
Al Ti Y Cu N (um) (GPa)
Al21Tiz2V17CusN47 21.0 12.6 16.7 2.6 47.1 0.8 41.1+1.0
Al26Ti1aVoCusgNa3 26.3 13.8 8.6 8.3 43.0 1.1 345+0.9
Al26Ti1aV3Cu22Nss 26.2 13.7 2.7 22.6 34.8 1.6 149+0.6

The tribological properties were tested by using a ball-on-disc tribometer (THT, CSM,
Switzerland) at room temperature (RT), 300 °C, 600 °C in ambient atmosphere. All wear
tests were carried out for 5000 cycles at a normal load of 2 N. After the wear tests, a
confocal laser scanning microscope (OLS4100, Olympus, Japan) was used to characterize
wear scar profiles. The oxidized and worn surfaces were characterized by scanning
electron microscopy (SEM, Quanta 650, Czech Republic) that was equipped with a
spectrometer for energy-dispersive X-ray spectrometry (EDS). The oxidized phases were
characterized by X-ray diffraction (XRD, D8 Advance, Germany) with Cu Ka radiation. The
tribo-oxides formed on worn surfaces were analyzed by X-ray photoelectron spectroscopy
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(XPS, Escalab 250Xi, USA) with Al Kq irradiation.

3. Results and discussion
3.1. Tribological properties

In Table 1, based on stoichiometric ratios, the AITIN-V(16.7 at.%)-Cu(2.6 at.%),
AITIN-V(8.6 at.%)-Cu(8.3 at.%), and AITIN-V(2.7 at.%)-Cu(22.6 at.%) contents
corresponded to Al21Ti12V17CusNa7, Al2sTi1aVeCusNa3, and Al2eTiiaV3Cuz22Nss coatings,
respectively. Fig. 1 displays the friction coefficients of Al-Ti-V-Cu-N coatings at RT, 300 °C,
and 600 °C. The Al21Ti12V17CusN4a7 and Al2sTi1aVoCusNaz coatings exhibited similar
tendencies over all temperature ranges from RT to 600 °C. At RT, a slight increase from
0.66 to 0.88 was observed in the average friction coefficient when the Cu content increased.
At 300 °C, the water vapor vanished from the test environment, and the hydrated tribofilm
that formed at RT disappeared [20], thereby leading to sharp increases in the friction
coefficient to 0.99 and 1.04 for the Al21Tii2V17CusN47 and Al2sTiiaVeCusNaz coatings,
respectively. Similar phenomenon was also observed for the Mo-V-Cu-N coatings, namely,
the friction coefficient sharply increased at 300 °C [17]. However, the average friction
coefficient of the Al26Ti14aV3Cu22N3s coating sharply decreased to 0.49 at 300 °C, which
could be due to the outward diffusion of Cu and will be discussed later. At 600 °C, the
friction coefficient decreased slightly to 0.66 and 0.90 for the Al21Tii2V17CusN47 and
Al26Ti14VoCusNa43 coatings, respectively. The lowest friction coefficient of 0.50 was achieved
for the Al2sTi14V3Cu22Nss coating, which was related to the outward diffusion and oxidation
of Cu.
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Fig. 1. Friction coefficients of Al-Ti-V-Cu-N coatings at various temperatures: (a) RT, (b) 300 °C, (c) 600 °C,
and (d) average friction coefficient.



Page 4 of 15

a b . .
( )1_8 - RT R\ 300°C E 600°C 7- 418 ( ) /] Allelizan“sN-ﬂ A\ AluT'uvvcuxNu
= 30F EAlznTiuvacuz:Nss
g 8 =
T / gz - =
= @ e —
= 12} { 412 & -gE —— ——
s = E o 2f = —
= Y= a = = —
] — & X — —]
2 e M— 2 3 = =
— et — —
; E 3 =T - — —
o = = = — —]
= 06 —— 40.6 g o 10F — —
= 3 s = —
= ] © = ? —] —]
0.0 NE= R g 0.0 0 NE= W7, N=
s s § . L 0 300 600
ALTi V. CuN_, ALTi VCuN,  — ALTiVCuN, Temperatue (°C)

Fig. 2. Wear depths and coating thicknesses (a) and wear rates (b) of the coatings at various temperatures.

Fig. 2(a) displays the wear depths and coating thicknesses at various temperatures. For the
Al21Ti12V17CusN47 coating, all the wear depths were lower than the coating thicknesses,
indicating that the coating exhibited excellent wear resistance over a wide temperature
range. However, for the Al2sTi14VoCusNa3 coating, at RT and 600 °C, the wear depths were
higher than the coating thicknesses, indicating that the coating had been completely worn
out. Similar results were also found for the Al2sTi1aV3Cu22Nss coating at RT and 300 °C,
which indicated the coating had been completely worn out. However, the wear depth
sharply decreased to 0.27 ym at 600 °C, thereby implying an increase in wear resistance.
Fig. 2(b) presents the wear rates of AI-Ti-V-Cu-N coatings, which exhibited a similar
tendency to the wear depth. With increasing Cu content, the wear rate sharply increased
from 7.0 x 1015 to 2.5 x 10" m3/N-m at RT and from 1.0 x 10%°to0 2.9 x 104 m3/N-m at
300 °C. The decrease in wear resistance could have been due to the limited oxidation of
the coatings and reduced hardness at higher Cu contents (in Table 1). However, at 600 °C,
with increasing Cu content, the wear rate initially increased from 4.5 x 10%°to 1.6 x 1014
m3/N-m and subsequently decreased to 3.2 x 10 mS3N-m, indicating that the
Al26Ti14V3Cu22Ns3s coating exhibited the best wear resistance, which can be related to the
following tribo-oxidation behavior.

3.2. Oxidation behavior

Fig. 3 shows the XRD patterns of the Al-Ti-V-Cu-N coatings after the wear tests. All the
coatings showed a Ti-Al-V-N solid-solution phase, and no obvious changes in the phase
structure were observed at 300 °C. In Fig. 3(a), for the Al21Tii2V17CusN47 coating, the
diffraction intensity of nitride was significantly reduced at 600 °C. In addition, many oxide
peaks, including those of V205, AIVO4, and minor oxides such as CuO, were detected in the
XRD pattern, implying that severe oxidation occurred at 600 °C. Among these oxides,
AIVO4 was mainly formed by the solid-state reaction between V20s and Al203 [21]. As
shown in Fig. 3(b), for the Al2sTi14V9CusNa3z coating, no oxide phases were detected by XRD,
indicating that the decrease in V content contributed to an improvement in the oxidation
resistance. When the temperature was increased, the diffraction peaks of nitride shifted
toward higher diffraction angles, implying the relaxation of residual stress, which could be
caused by the annihilation and/or arrangement of microstructure defects in the coatings [11].
In Fig. 3(c), for the Al2sTi1aV3Cu22Nss coating, it was found that CuO appeared at 600 °C,
implying that higher Cu content promoted the outward diffusion and oxidation of Cu.

The surface micrographs of the Al-Ti-V-Cu-N coatings after wear at RT and 300 °C are
compared in Fig. 4. At RT, all the coating surfaces were uniformly covered with
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Fig. 3. XRD patterns of Al-Ti-V-Cu-N coatings after wear at various temperatures: (a) Al21Ti12V17CusNaz, (b)
Al26TizaVoCusNaz, and (c) Al2sTizaV3Cu22Nas.
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Fig. 4. Surface SEM images of Al-Ti-V-Cu-N coatings after wear at RT and 300 °C: (a, b) Al21Ti12V17CusNaz, (c,
d) Al26Ti14VoCusNa3, and (e, f) Al2eTizaV3Cu22Nss.
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Fig. 5. Oxidized surfaces and EDS line scans of Al-Ti-V-Cu-N coatings after wear at 300 °C: (a, b)
Al21Ti12V17CusNaz, (¢, d) Al2eTizaVoCusNaz, (e, f) Al2sTi1aV3Cuz22Nass.

Table 2 Chemical compositions of the oxidized surfaces at various temperatures according to EDS analysis,
error + 0.5 at.%.

Chemical composition (at.%)

Temperature Coating

Al Ti vV Cu N (0]
Al1Ti12V17CusNaz 20.2 12.3 16.2 2.4 42.5 6.4
RT Al Ti1aVoCugNas 26.7 13.8 8.3 7.7 38.4 5.1
Al26Ti14V3Cu22N3s 26.4 13.4 2.8 22.0 31.7 3.7
Al21Ti12V17CusNa7 195 11.2 15.0 2.6 451 6.6
300 °C Al26Ti14VoCusNaz 25.2 13.0 8.2 7.3 38.7 7.6
Al26Ti1aV3Cu22N3ss 26.1 135 2.7 22.0 26.8 8.9
Al21Ti12V17CusN4z 18.0 10.6 154 25 - 53.5
600 °C Al Ti1aVoCugNas 23.4 12.4 7.7 6.8 33.2 16.5
Al26Ti14V3Cu22N3s 15.8 10.2 2.1 17.6 - 54.3

microparticles and holes, which was caused by high ion bombardment and arcing events
during coating deposition [22]. At 300 °C, no obvious changes were observed in the
coatings in Fig. 4(b, d). However, the coating surface became much smoother in Fig. 4(f),
and the O content of the coating surface increased to 8.9 at.% (in Table 2). This implied that
the Al26Ti14V3Cu22N3s coating had been slightly oxidized, and the formed smooth surface
contributed to a decrease in the friction coefficient. To further analyze the slight oxidation at
300 °C, magnified images of the oxidized surfaces are compared in Fig. 5. In Fig. 5(e),
many small oxide particles were distributed around the edge of the microparticle, which
corresponded to the Cu-O based on the EDS line scan in Fig. 5(f). It can be inferred that at
a high Cu content of 22.6 at.%, outward diffusion of Cu occurred at 300 °C, which
preferentially diffused through the voids around growth defects and led to a decrease in the
friction coefficient [17].
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Fig. 6. Oxidized surfaces, cross-sections and EDS line scans of the coatings after wear at 600 °C: (a—c)
Al21Ti12V17CusN47, (d—f) Al2s TinaVeCusNas, (g—i) Al2sTi1aV3Cu22Nss. The white dots refer to the selected areas
that were analyzed by EDS in Table 3.

The oxidized surfaces and cross-sections of the Al-Ti-V-Cu-N coatings at 600 °C are
shown in Fig. 6. For the Al21Ti12V17CusN47 coating in Fig. 6(a—c), numerous rod-shaped
oxides appeared on the coating surface, indicating that the coating surface was completely
oxidized. Based on the EDS line scan, the cross-section coating was divided into three
layers, namely, a nitride coating layer, nitride/oxide coating layer, and oxide layer. The top
layer, which had a thickness of ~ 1.0 ym, corresponded to the rod-shaped oxides that were
observed on the coating surface. The EDS results of area 2 (in Table 3) revealed that these
oxides were rich in elements Al, V, and Cu, which was consistent with the EDS line scan.
Based on the XRD results in Fig. 6(a), these oxides were identified as AIVOa, V20s, and
CuO. Thus, it can be inferred that the oxidation mechanism of the V-rich Al21Ti12V17CusNaz
coating involved mainly the outward diffusion of elements Al, V, and Cu to the oxide/vapor
interface and the simultaneous inward diffusion of O to the oxide/nitride interface.

As presented in Fig. 6(b) and Table 3, along the direction of outward diffusion, the V/Al
ratio sharply increased from 0.65 (in area 1) to 1.39 (in area 2), thereby suggesting that the
outward diffusion of V was faster than that of Al, which was consistent with above XRD
result that the oxides were dominated by V20s. Similar oxidation behavior was also
observed in the TIAIN/VN coatings, and V exhibited the fastest diffusion rate due to the
formation of V-O outer oxides [23]. However, no Al203 oxide phase was identified in above
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XRD results. This was due to the formed AIVOa4 disrupting the formation of an Al203
protective layer on the coating surfaces [21], which led to the rapid oxidation of the
Al21Ti12V17CusN47 coating at 600 °C. In addition, the formation of AIVOs was also
responsible for an increase in the friction coefficient [10] to a high value of 0.66 despite the
formation of V20s lubricious oxide.

Table 3 Chemical compositions of the cross-sections at 600 °C according to EDS analysis, error £ 0.5 at.%.

Chemical composition (at.%)

Coating Area

Al Ti \% Cu N (@]
] 1 15.9 6.9 10.3 2.1 36.2 28.6
Al21Ti12V17CusN47
2 12.2 3.6 17.0 5.2 - 62.0
Al Ti1aVoCugNa3z 3 27.0 141 8.7 6.9 38.2 5.1
4 24.6 10.8 1.9 19.9 42.8 -
i 5 29.9 14.2 2.6 20.8 20.5 12.0
Al26Ti1aV3Cu22N3s
6 22.8 12.9 2.3 7.6 - 54.4
7 4.2 1.5 - 395 - 54.8

For the Al2sTi1aVoCusNa43 coating in Fig. 6(d—f), small particles appeared on the coating
surface, and the EDS results showed a low O content of 16.5 at.%, which implied that the
coating surface was slightly oxidized. Based on an analysis of the cross-section and EDS
line scan results, these small particles on the coating surface corresponded to Cu-O,
thereby indicating that outward diffusion of Cu also occurred for the Al2sTi14VoCusNa3
coating at 600 °C, which led to a decrease in the friction coefficient, as shown in Fig. 1(d).
However, outward diffusion of V was not observed in the cross-section of the coating, and
no V-O oxides were identified in the above XRD results. Thus, the outward diffusion of Cu
preferentially occurred over that of V even at almost equal contents. In addition, the
cross-section coating retained a dense microstructure, and the EDS analysis of area 3 (in
Table 3) revealed a relatively low O content of 5.1 at.%, thereby indicating that the
Al26Ti14aVoCusNa3 coating exhibited excellent oxidation resistance at 600 °C.

For the Al2sTi1aV3Cu22N3s coating in Fig. 6(g—i), the coating surface became much
smoother, and the particles on coating surface were almost completely oxidized. Based on
an analysis of the EDS line scan, the cross-section coating was divided into four layers: a
nitride coating layer (~ 1.2 ym), nitride/oxide coating layer (~ 0.3 um), Cu-depleted layer (~
0.3 um), and Cu-O layer (~ 0.2 um). Based on the EDS results of area 6 and area 7 (in
Table 3), the Cu-depleted layer was completely oxidized, and the top layer was rich in
elements Cu and O, which corresponded to CuO based on the above XRD results. This
indicated that the Al2sTi14V3Cu22N3s coatings with high Cu contents provided a sufficient
amount of Cu to diffuse outward at 600 °C and formed a thin and smooth layer of CuO on
the coating surface, which exhibited an excellent lubrication effect, thereby contributing to a
low friction coefficient and excellent wear resistance. Thus, the oxidation mechanism of the
Cu-rich Al26Ti14V3Cu22N3s coating involved mainly the outward diffusion of Cu and
simultaneous inward diffusion of O. A schematic diagram of the diffusion and oxidation
mechanisms of V-rich and Cu-rich Al-Ti-V-Cu-N coatings is shown in Fig. 7.

3.3. Wear mechanism

Fig. 8 presents the worn surfaces and EDS results of the Al-Ti-V-Cu-N coatings at
room temperature (RT). In Fig. 8(a, d, g), the wear tracks became much wider and deeper
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Fig. 8. Worn surfaces, high-magnification images and EDS results of the wear tracks at RT: (a—c)
Al21Ti12V17CusNaz, (d—f) Al26Ti1aVeCusNas, (g—i) Al2sTi1aV3Cuz2Nss.

with increasing the Cu content, which increased the friction contact area and adhesive
attraction during the sliding process and led to an increase in the friction coefficient.
Magnified images of the selected worn surfaces are compared in Fig. 8(b, e, h). As shown
in Fig. 8(b), grooves and adhesion debris on the worn surface were observed for the
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Fig. 9. Worn surfaces, high-magnification images and EDS results of the wear tracks at 300 °C: (a—c)
Al21Ti12V17CusNaz, (d—f) Alz6Ti1aVeCusNas, (g—i) Al2sTi1aV3Cuz2Nss.

Al21Ti12V17CusN47 coating, implying that the wear mechanism was dominated by abrasive
and adhesion wear at RT. In Fig. 8(e), the Al26Ti14VoCusNa43z coating exhibited a flat worn
surface for which the wear was similar to polishing wear. For the Al26Ti14V3Cu22N3s coating
in Fig. 8(h), a wave-like tribofilm formed along the sliding direction on the edge of worn
surface, and the center area of the worn surface presented a polished surface that was
similar to that of the cemented carbide substrate. Based on the EDS results in Fig. 8(f, i), it
was found that the worn surfaces were rich in elements W, C, and Co, indicating that the
Al26Ti1aVoCusNaz and AlzsTi1aV3Cu22N3s coatings were completely worn out and that the
WC-Co substrate was exposed, which was consistent with the results of the wear depth
analysis in Fig. 2(a). Thus, the wear mechanism transformed into mechanical and polishing
wear.

The worn surfaces of the AI-Ti-V-Cu-N coatings after the wear tests at 300 °C are
presented in Fig. 9. As shown in Fig. 9(a), for the Al21Ti12V17CusN47 coating, the wear track
was much shallower and narrower than that at RT, indicating an excellent wear resistance
at 300 °C. This improvement in wear resistance would be attributed to the absence of
humidity [24], the formation of an Al2Os protective layer [25], and the decrease in fracture
probability at elevated temperatures [26]. As shown in Fig. 9(b), many adhesion debris can
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be clearly observed in the magnified image of worn surface, and the EDS analysis of the
worn surface revealed that the O content increased up to 24.1 at.%, indicating that the wear
mechanism was dominated by adhesion wear and mild oxidation wear at 300 °C. For the
Al26Ti14aVoCusNa3 coating in Fig. 9(d—f), some microparticles on worn surface were
compacted and/or peeled off during the sliding process, which resulted in adhesion and
peeling wear. The EDS analysis of the worn surface showed a low O content of 11.8 at.%,
which implied that the oxidation wear was limited. Thus, the relatively high friction
coefficient at 300 °C in Fig. 1 would be caused by cracking and spalling wear [27]. For the
Al26Ti14V3Cu22N3s coating in Fig. 9(g—i), some adhesion debris accumulated on the worn
surface, and the polished worn surface was rich in elements W, C, and Co, indicating that
the coating was completely worn out and the WC-Co substrate was exposed. Despite the
formation of a smooth surface by the outward diffusion of Cu at 300 °C, but the oxidation
was limited, and the smooth outer layer was too thin to act as a protective layer, thereby
leading to a decrease in wear resistance.

The worn surfaces of the Al-Ti-V-Cu-N coatings after the wear tests at 600 °C are
compared in Fig. 10. For the Al21Ti12V17CusN47 coating in Fig. 10(a—c), the worn surface
was severely oxidized and covered with many leaf-shaped oxides. The EDS analysis of
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Fig. 10. Worn surfaces, high-magnification images and EDS results of the wear tracks at 600 °C: (a—c)
Al21Ti12V17CusNaz, (d—f) Al26Ti1aVeCusNas, (g—i) Al2sTi1aV3Cuz2Nass.
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area 1 revealed that these oxides were rich in elements Al, V and O, which corresponded to
the AIVO4 and V20s oxides based on above XRD results. Thus, it can be inferred that
during the sliding process, the rod-shaped oxides on coating surface (in Fig. 6(a)) were
compacted and sheared and formed leaf-shaped oxides on the worn surface in Fig. 10(b).
Thus, the wear mechanism at 600 °C was dominated by severe oxidation wear, which led
to a decrease in wear resistance. In Fig. 10(d—f), for the Al2sTi14V9CusNa43 coating, the wear
track became increasingly wide, indicating that a decrease in wear resistance. The
magnified image in Fig. 10(e) shows a polished worn surface, and the center area of the
worn surface was rich in W, C, and Co, thereby implying that the coating was completely
worn out and that the wear mechanism was dominated by polishing wear that was similar to
that at RT. For the Al26Ti14aV3Cu22N3s coating in Fig. 10(g—i), the worn surface was relatively
smooth and shallow, which indicated excellent wear resistance. In Fig. 10(h), the worn
surface exhibited a smooth fish-scale-like tribofilm, and the EDS results revealed that the
tribofilm was rich in elements Cu and O, which corresponded to the CuO based on the
above XRD results, leading to a low friction coefficient (in Fig. 1(c)). The peeling off of
oxidized particles (in Fig. 6(g)) also caused peeling wear during the sliding process, which
implied that oxidation and peeling wear occurred in the coating.

To investigate the high-temperature tribo-oxidation behavior of Al-Ti-V-Cu-N coatings,
XPS analysis was performed to identify the tribo-oxides on worn surfaces at 600 °C. Fig. 11
presents the fitted Al 2p, Ti 2p, V 2ps2, and Cu 2p3z2 XPS spectra of the worn surfaces. As
shown in Fig. 11(a), for the Al21Ti12V17CusN47 coating, two peaks at 75.0 and 69.6 eV in the

(2) (®) [
Al2p_ ALO :
AlZp Psn 07 AIVO, T2p TiO, Lt
ALO 0 ' : : .
AL Ti V_CuN A : ALTi V CuN_ !
~ : - E - '
=: AL Ti V. CuN E =:
< : «
- o &l '
- H > : ~ H
B~ Al Ti VCu \ H ] Al:oT'uvv(’uxNu '
7] 260 14 3 172} '
= =
D D
R —
= =
— —
AL Ti V.Cu N . E =
1 . i a i . 1 Fali . . 1 i . 1 2 1 N 1
81 78 75 72 69 468 465 462 459 456
Binding energy (eV) Binding energy (eV)
(©) , (d)
AlV (
b 2ps/z Al ) 0, cu 2p3/2 CuO Cu
" ALTi V CuN_ i :
: AL Ti V,C
AL Ti V CuN_ : bV N, :
— 210 1217 —
: s =
g : &
> : >
= : ' =
@ S ——— ' 7]
g 4 5 AL Ti V Cu N
<~ ' ~— 26 14 3 22 35
k= AL Ti V CuN ki =
[— /:/f H
AL Ti V Cu N E
1 N 1 : " 1 . 1 " A ——
520 518 516 514 936 933 930
Binding energy (eV) Binding energy (eV)

Fig. 11. Fitted XPS spectra of the worn surfaces after wear at 600 °C: (a) Al 2p, (b) Ti 2p, (c) V 2psr2, and (d)
Cu 2pas2.
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fitted Al 2p spectra were attributed to the Al2O3 and AIVOa4 oxides, respectively [28, 29].
However, when the V content decreased, for the AlzsTi1aVoCusNaz and Al2eTi14V3Cu22Nss
coatings, the AlVO4 peak disappeared and was replaced by an Al2O3 peak at 77.3 eV in the
Al 2ps2 spectra. In Fig. 11(b), the asymmetric Ti 2p spectra consisted of two peaks at 458.6
and 464.2 eV, which corresponded to the TiO2 species [30]. It has been found that the TiO2
oxide with porous structure deteriorated the Al2Os protective layer, thereby leading to a
decrease in wear resistance [31]. However, for the Al2sTi14V3Cu22N3s coating, the TiO2 peak
disappeared completely. In Fig. 11(c), for the Al21Ti12V17CusN47 coating, two peaks at 516.6
and 517.6 eV in the V 2pas;2 spectrum were assigned to the V205 and AlVOa4, respectively
[32, 33]. However, when the V content decreased, only the V20s peak was observed for the
Al26Ti14V9oCusNa43 coating, and the V20s peak also disappeared for the Al2sTiiaV3Cu22N3s
coating. In Fig. 11(d), one peak centered at 932.6 eV in the Cu 2ps32 spectra was assigned
to metallic copper Cu [14], and the fraction of the Cu peak increased as the Cu content
increased. For the Al26Ti14V3Cu22N3s coating, a peak with a high binding energy of 934.0 eV
corresponded to CuO, which was consistent with the above oxidation behavior at 600 °C.
Thus, for the Al21Ti12V17CusN47 coating, the worn surface was completely oxidized, and the
oxides that formed on the worn surface were dominated by AIVOa, V20s, Al203, and TiOz,
which was related to the rapid oxidation and diffusion of Al-Ti-V-Cu-N coating at high
temperatures. For the Al2sTi1aVoCusNa3 coating, AIVO4 oxide disappeared and formed the
major oxide TiO2. However, for the Al26Ti14V3Cu22Nss coating, both V20s and TiO2
disappeared and formed the major oxides CuO and Al203, which led to excellent wear
resistance at 600 °C. This demonstrated that the major oxides that formed on the worn
surface could directly affect the tribological behavior at elevated temperatures.

4. Conclusions

In this work, the co-doping of V and Cu exhibited a significant influence on the
tribological properties and oxidation behavior of AITiN coatings, and the diffusion- oxidation
mechanisms of the coatings at elevated temperatures were explored in detail. As the Cu
content increased and V content decreased, the wear rates of Al-Ti-V-Cu-N coatings at RT
and 300 °C both increased from 101 to 10 m3/N-m. At 300 °C, as the Cu content
increased to 22.6 at.%, Cu preferentially diffused outward through the voids around growth
defects and formed a smooth surface, thereby resulting in a low friction coefficient value of
0.49. At 600 °C, the Al26Ti14V3Cu22Ns3s coating provided a sufficient amount of Cu to diffuse
outward and form a smooth top layer of CuO oxide, which exhibited an excellent lubrication
effect and wear resistance, with a low friction coefficient of 0.5 and wear rate of 3.2 x 10°%°
mS3/N-m.
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