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ABSTRACT
A layer of AlTiN coating was deposited on YT14 cutting tool by cathodic arc ion plating (CAIP) and the
coefficients of friction (COFs) of the AlTiN coating under different loads at a temperature of 800�C were
investigated with a high-temperature wear tester. The wear morphologies, chemical elements, and phases
of the coating after wear were analyzed with scanning electron microscopy (SEM), energy-dispersive
spectrometry (EDS), and X-ray diffraction (XRD), respectively, and the contours of wear tracks were
investigated with a comprehensive measurement tester for material surface performance. The effects of
loads on COFs and wear resistance of the AlTiN coating were analyzed, and the wear mechanism of the
AlTiN coating at high temperature is discussed. The results show that the mixed oxides of Al2O3 and TiO2

are produced under high temperature to improve the lubrication performance and wear resistance of the
AlTiN coating. The average COFs of the coating under loads of 5, 7, and 9 N are 0.6495, 0.5897, and 0.3898,
respectively. The COFs of the coating decrease with increasing load; as a result, the AlTiN coating is
suitable for heavy loads at high temperature. The friction and wear mechanisms of the AlTiN coating are
primarily composed of oxidation wear and abrasive wear, accompanied by fatigue wear and adhesive
wear.
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Introduction

With the development of coating technologies and higher require-
ments for mechanical properties, the coating ability of cutting tools
with wear resistance and oxidation resistance at high temperatures
have been investigated (Zhang, et al. (1)). Due to brittleness, low
hardness and oxidation at high temperature, the traditional TiN
coating cannot satisfy the above requirements (Kong and Fu (2);
Tian, et al. (3); Chang andWang (4)). Al atoms are introduced into
TiN to form an AlTiN coating, which changes the coating micro-
structures and crystallographic orientation. The hardness, wear
resistance, and oxidation resistance of the AlTiN coating at high
temperatures are higher than those of the TiN coating, and the oxi-
dation temperature can reach 800�C (J�ılek, et al. (5); Halil, et al. (6);
Kong and Guo (7); Wang, et al. (8)). The dense mixed oxides of
Al2O3 and TiO2 are produced on the AlTiN surface at high temper-
atures, in which the TiO2 plays the role of lubrication and the Al2O3

plays the role of wear resistance and oxidation resistance (Kong
and Guo (9); Xie, et al. (10); Radhika, et al. (11)); therefore, the
AlTiN coating is suitable for surface modification of cutting tools
at high speed. Many researchers have investigated the AlTiN coat-
ing applications in China and abroad, but few have reported on the
friction and wear mechanisms of AlTiN coating at high tempera-
tures, especially the wear characteristics under different loads
(Kong and Fu (2); Radhika, et al. (11)). A layer of AlTiN coating
was deposited on a YT14 cutting tool with cathodic arc ion plating

(CAIP) in this study, and the coefficients of friction (COFs) and
wear morphologies of AlTiN coatings under loads of 5, 7, and 9 N
were investigated at 800�C, which was the highest working temper-
ature of the coating. The surface morphologies, phases, and plane
scans of the AlTiN coating after high-temperature wear were ana-
lyzed with scanning electron microscopy (SEM), X-ray diffraction
(XRD), and energy-dispersive spectrometry (EDS), respectively,
which provided an experimental basis for investigating the friction
and wear behaviors and wear mechanisms of the AlTiN coating at
high temperatures.

Experimental

The YT14 cutting tool was adopted as the substrate material
with the chemical compositions as follows (mass, %): WC 78,
TiC 14, Co 8. Before deposition, the samples were ground using
80-, 120-, 200-, 600-, 800-, 1,200-mesh sandpapers and metal-
lographic sandpaper and polished on a polishing machine.
Then the samples were cleaned in pure acetone using ultrasonic
oscillation and rinsed in pure ethanol and dried before being
deposited on a CAIP coating system. During deposition of the
AlTiN coatings, industrial Ar and N2 gases with purity of
99.99% were adopted as the working gases. The targets were
composed of Al and Ti with purity of 99.9999%; see Fig. 1. The
technological parameters of CAIP were as follows: bias power
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of ¡100 V, target current of 70 A, duty cycle (i.e., ratio of
power time and power cycle of pulse signal) of 30%, gas pres-
sure of 1.2 Pa, working temperature of 500�C, and deposition
time of 120 min. After pretreatment, the surface–interface mor-
phologies of the coating were analyzed with a field-mission
SEM, and the surface roughness of the AlTiN coating was mea-
sured with an atomic force microscope, with a sampling range
of 90,000 nm £ 90,000 nm. High-temperature friction and
wear tests of the AlTiN coatings were conducted on a high-
temperature wear tester as follows: friction mode, sliding; fric-
tion pair, ceramic (Si3N4) ball with a diameter of 6 mm; load, 5,
7, and 9 N; rotation speed, 500 rpm; gyration radius, 5 mm;
working temperature, 800�C. The worn contours of the AlTiN
coating were investigated on a comprehensive measurement
tester for material surface performance. The wear morpholo-
gies, plane scans, and phases of the AlTiN coatings after high-
temperature wear were observed with a configured SEM, con-
figured EDS, and XRD, respectively.

Analysis of results

Surface morphologies and EDS analysis

The surface morphology of the AlTiN coating showed a
unique blue–gray color with roughness and a few different
sized white bright droplets and black holes, as shown in

Fig. 2a. There were three chemical elements, Al, Ti, and N,
in the AlTiN coating, with mass fractions (mass, %) as fol-
lows: Al 46.12 Ti 30.34, N 23.54. The content of Al was
higher than that of Ti, which was two times greater than
the N content. This indicates that the high Al content of
the AlTiN coating had been deposited successfully, as
shown in Fig. 2b. Figure 2c shows the interfacial morphol-
ogy of the AlTiN coating with a thickness of about
1.75 mm. The coating had a uniform structure, and the
interface of the coating and substrate was evident.

XRD analysis

The XRD analysis results of the AlTiN coating at normal tem-
perature are shown in Fig. 3a, in which the diffraction peaks of
AlTiN, TiN, and the substrate were detected. This was because
the thickness of AlTiN coating was only 1.75 mm, so X-rays
can penetrate the coating and therefore the strong diffraction
peak of the substrate was detected. The TiN coating was a B1-
NaCl type face-centered cubic structure. Al atoms were intro-
duced into the TiN coating to provide the high Al content of
the AlTiN coating. Thus, the lattice coefficient changed and the
gap between the atoms was reduced, and the oxidation resis-
tance of the AlTiN coating increased. At 800�C, the strong dif-
fraction peaks of Al2O3 and TiO2 were detected on the coating
surface, which showed that the oxidation reaction occurred at
that temperature. In addition, mixed oxide films were formed;
the surface element contents were enriched by Al and deficient
in Ti, whereas the inner layer were enriched in Ti and deficient
in Al, which played a role in lubrication and antifriction.

At 800�C, the reactions of the AlTiN coating were produced
as follows:

4AlTiN C 5O2 D 2Al2O3 C 4TiO2 C 2N2 [1]

TiN C O2 D TiO2 C N2: [2]

According to the thermodynamic handbook, the Gibbs free
energy of Ti and 1 mol O2 reacted to produce TiO2 as follows:

DGu
TiO2

D ¡ 749:4 kJ: [3]

Figure 1. Sketch of cathodic arc ion–plated AlTiN coating.

Figure 2. Surface–interface morphologies and EDS analysis of the AlTiN coating: (a) surface, (b) EDS analysis, and (c) interface.
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The Gibbs free energy of Al2O3 by the reaction of Al and
1.5 mol O2 is as follows:

DGu
Al2O3

D ¡ 903:5 kJ: [4]

Thus,

jDGu
Al2O3 j > jDGu

TiO2
j : [5]

According to Eq. [5], the absolute value of the Al2O3 Gibbs
free energy was higher than that of the TiO2, which indicated
that the high-temperature thermodynamic driving force gener-
ating Al2O3 was greater than that generating TiO2. The Al
atoms had quite strong affinity with the O atoms and took pri-
ority over the generation of TiO2 (Yucel (13)). The Al2O3 film
was a continuous, dense, and stable structure, which hindered
the O atoms from further diffusing into the internal coating
and the Ti atoms from diffusing to the coating surface. At
800�C, the diffraction peaks of the substrate oxides were also
detected, showing that the O atoms reacted with the substrate
directly to generate oxides. Moreover, a part of the coating sur-
face had been severely damaged and the channel between the

oxygen in the air, and the substrate was punctured. Finally, the
isolation role of the oxide films between the O elements and
substrate became weak. At the same time, the diffraction peak
of the AlTiN phase was still obvious, showing that the coatings
were not completely oxidized and exfoliated, which still played
a protective role and prevented the coating from being further
oxidized, as shown in Fig. 3b.

Surface roughness

Figure 4a shows the atomic force microscope image of the
YT14 cutting tool after polishing. The surface roughness values
were calculated as follows: Sa (average roughness) D 0.108 nm,
Sq (mean square root) D 0.006 nm, Ssk (surface skewness) D
¡11.1, Sku (surface kurtosis) D 392, Sy (peak–peak height) D
1 nm, and Sz (10-point height) D 0.935 nm. Some rough pits
existed on the AlTiN coating surface, as shown in Fig. 4b. The
roughness of the surface was lower and there were only a few
topographies with similar macroparticles, which increased the
surface roughness. The surface roughness values were calcu-
lated as follows: Sa D 0.108 nm, Sq D 0.142 mm, Ssk D 0.216,
Sku D 3.4, Sy D 0.992 nm, and Sz D 0.992 nm, as shown in

Figure 3. XRD analysis of AlTiN coatings at: (a) normal temperature and (b) 800�C.

Figure 4. Surface roughness of the (a) substrate and (b) AlTiN coating.
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Figure 5. (a) COFs vs. wear time and (b) contours of the wear track.

Figure 6. Plane scans of AlTiN coating surface under a load of 5 N (a) scanned position; (b) result of plane scan; (c) Al content; (d) Ti content; (e) O content; (f) Si content;
(g) W content; and (h) Co content.
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Fig. 4b. From the above analyses, it can be seen that the surface
roughness of the coating increased after CAIP, which had a cer-
tain influence on friction and wear.

COFs and wear track contour

The relationship between the COFs of the AlTiN coating
and wear time under loads of 5, 7, and 9 N at 800�C is
shown in Fig. 5a. The average COF of the AlTiN coating
was 0.6495 under a load of 5 N for 30 min, and that under
a load of 7 N was 0.5897, which was reduced by 9.21%
compared to that under a load of 5 N. The average COF of
the AlTiN coating under a load of 9 N was 0.3898, reduced
by 39.98 and 33.90% compared with to under loads of 5
and 7 N, respectively. Therefore, the COFs of the AlTiN
coating reduced with increasing load at 800�C. Under a
load of 5 N, the average COF of the stable stage was
0.6301, compared to 0.5399 under a load of 7 N and 0.3874
under a load of 9 N. The running-in stage increased and
the stable stage began later. Moreover, the COF of the

stable stage fluctuated gently. This was because the normal
stress and the contact stress of the friction pair surface
increased with increasing load. The surface roughness of
the coating was rubbed out and the pits were filled quickly,
which made the coating enter the stable stage faster under
heavy loads. In addition, the shear stress of the friction
pairs increased under heavy loads, and the temperature of
the friction interface rose faster. The mixed oxide films of
Al2O3 and TiO2 were produced, of which the TiO2 played a
role in lubrication, changing the interfacial contact area and
bearing behavior, which made the COFs of the stable stage
smoother. The contour curves of wear tracks at different
loads are shown in Fig. 5b. The maximum wear track
depths under loads of 5, 7, and 9 N were 1.28, 1.42, and
1.59 mm, respectively, and the corresponding maximum
wear track widths were 111, 164, and 209 mm, respectively.
It can be seen that the depth and width of the wear track
decreased with increasing load, showing that the wear track
depth of the coating deepened and the wear track widened
at high temperature, but the coating did not wear out.

Figure 7. Plane scans of AlTiN coating surface under a load of 7 N: (a) scanned position; (b) result of plane scan; (c) Al content; (d) Ti content; (e) O content; (f) Si content;
(g) W content; and (h) Co content.
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Because the dense and stable Al2O3 phase was produced,
the excellent oxidation resistance ability of AlTiN coating at
high temperature was improved to a certain extent.
Although the Al2O3 played a role in wear resistance and
oxidation resistance, the cyclic shear stress increased, accel-
erating initiation and propagation of cracks and the normal
load increased. In addition, the high strength of Al2O3 and
the hard particles cut the coating under high stress, which
accelerated wear of the coating. According to the above
analyses, the AlTiN coating was suitable for dry wear under
heavy loads and provided a protective effect on the sub-
strate. Therefore, the AlTiN coating showed good perfor-
mance for oxidation wear resistance at high temperature.

Plane scans of the wear track

Plane scans of the wear track at 5 N
Figure 6a shows the plane scanned position of the wear track
under a load of 5 N. The plane scan results of the wear track
are shown in Fig. 6b. The mass fractions (mass, %) of the wear
track were as follows: Al 28.36, Ti 41.42, O 12.33, Si 0.82, W

16.41, Co 0.65; the atomic fractions (at, %) were as follows: Al
37.33, Ti 30.67, O 27.39, Si 1.05, W 3.17, Co 0.39. Many Al and
Ti atoms still existed on the wear track and were distributed
uniformly, and there was no stacked enrichment phenomenon,
as shown in Figs. 6c and 6d. The N element was not detected,
which was because the N atoms of the coating were fully
released at high temperature. The content of O element was
higher on the wear track, and there were a small number of Si
atoms, which showed that friction oxidation of the AlTiN coat-
ing occurred during wear, and the AlTiN coating particles with
high hardness and the Si3N4 ball produced a certain amount of
wear. Moreover, exfoliations with the chips were oxidized on
the wear track, as shown in Figs. 6e and 6f. A small number of
W and C atoms were detected on the wear track, which came
from the substrate and were distributed uniformly on the wear
track, as shown in Figs. 6g and 6h.

Plane scans of the wear track at 7 N
The plane scanned position of the wear track under a load of
7 N is shown in Fig. 7a. The result of the plane scan is shown in
Fig. 7b. The mass fractions (mass, %) of the wear track were

Figure 8. Plane scans of AlTiN coating surface under a load of 9 N: (a) scanned position; (b) result of plane scan; (c) Al content; (d) Ti content; (e) O content; (f) Si content;
(g) W content; and (h) Co content.

TRIBOLOGY TRANSACTIONS 609

www.sp
m.co

m.cn



shown as follows: Al 28.16, Ti 42.08, O 12.42, Si 0.90, W 15.85,
Co 0.6; the atomic fractions (at, %) were as follows: O 36.93, Al
31.04, Si 27.48, Ti 1.14, Co 3.05, W 0.36. Compared to that
under a load of 5 N, the wear particles increased and aggravated
wear of the coating. There were clear shedded tracks in the wear
direction, and the edge of the wear track was heavily worn with
evident black zones, which were the dim parts of Al and Ti ele-
ments. This was because the peeled hard coating particles
ploughed the wear track surface, as shown in Figs. 7c and 7d.
The plane scan of O element was brighter than that under a
load of 5 N, showing that the AlTiN coating was further oxi-
dized with increasing load, as shown in Fig. 7e. In addition,
mixed oxide films of Al2O3 and TiO2 were produced, which
improved the wear properties of the coating. The plane scan of
Si element was also brighter than that under a load of 5 N,
which indicated that the lower hardness of the ceramic ball
resulted in more severe wear with increasing load and transfer
to the coating surface, as shown in Fig. 7f. The W and C con-
tents of the wear track also increased correspondingly, because
the substrate atoms were diffused under high temperature, as
shown in Figs. 7g and 7h.

Plane scans of the wear track at 9 N
The plane scanned position of the wear track under a load of
9 N is shown in Fig. 8a. As can be seen, there were evident wear
tracks and the coating was severely worn, with grinding cracks
in the wear direction. The mass fractions (mass, %) of the wear
track were as follows: Al 28.42, Ti 41.19, O 12.22, Si 1.04, W

2.53, Co 0.51; the atomic fractions (at, %) were as follows: O
37.45, Al 30.53, Ti 27.18, Co 3.21, W 0.31, as shown in Fig. 8b.
A large part of the AlTiN coating wore out, and the Al atoms
were reduced on the wear track, as shown in Fig. 8c. The plane
scan of Ti element was not the same as that of the Al element
on the wear track, appearing as a large area of bright black
bands, because part of the Ti atoms came from the YT14 cut-
ting tool, as shown in Fig. 8d. Moreover, a large number of O
atoms were detected on the wear track with a uniform distribu-
tion, as shown in Fig. 8e. The O atoms came from the following
sources:

1. Mixed oxide films of Al2O3 and TiO2 were produced
during wear, and the oxidation mechanism of the AlTiN
coating was as follows: the Al atoms were diffused
toward the coating surface faster than that of Ti atoms at
high temperature, so they were enriched in Al and defi-
cient in Ti, and oxide films were formed on the coating
surface. On the contrary, the inside of the coating was
enriched in Ti and deficient in Al. The Al atoms on the
coating surface were combined with O atoms to form
dense Al2O3, and a small number of O atoms reacted
with Ti atoms through the Al2O3 layer to form TiO2.
Ultimately, the Al2O3 and TiO2 oxidation structure was
produced (Chen, et al. (14)).

2. The Si atoms of the ball were transferred to the coating
surface and gathered in the form of wear particles on the
wear track. The Si content increased and was brightly
colored, as shown in Fig. 8f. The W and C elements were

Figure 9. Wear morphologies of AlTiN coating under a load of 5 N and EDS analysis (a) high magnification; (b) low magnification; and (c) EDS analysis.

Figure 10. Wear morphologies of AlTiN coating under a load of 7 N and EDS analysis: (a) high magnification; (b) low magnification; and (c) EDS analysis.
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distributed uniformly on the wear track, as shown in
Figs. 8g and 8h.

Wear mechanism

Wear morphologies and EDS analysis under a load of 5 N
The worn surface of the AlTiN coating was rough under a load
of 5 N, with a lot of debris and pits. The shedded insets are
shown in Fig. 9a. It can be seen that a lot of wear particles
existed on the pits, which was because the debris was not dis-
charged quickly, there was no accumulation, and brittle rupture
of the coating occurred, as shown in Fig. 9b. This was because
the oxide films had a certain brittleness and were easily crushed
under a large circulating pressure. Thereby, the oxide films
were flaked, appearing as a stripped layer. The EDS analysis
result of the wear track in Fig. 9b is shown Fig. 9c. The mass
fractions (mass, %) were as follows: Al 28.61, Ti 40.63, Si 0.93,
O 12.52, W 16.09, C 0.70, Co 0.53; the atomic fractions (at, %)
were as follows: Al 36.84, Ti 29.43, Si 1.15, O 27.21, W 3.04, C
2.02, Co 0.31. The Al, Ti, and O elements were the primary ele-
ments on the wear track. The N element was not detected, indi-
cating that it was fully released after high-temperature
oxidation. Mixed oxide films of Al2O3 and TiO2 were gener-
ated, among which the shear strength of TiO2 was very low,
playing a role in lubrication, and the dense stability of Al2O3

played a role in oxidation resistance. Therefore, the wear mech-
anism of the AlTiN coating was primarily composed of oxida-
tion at high temperature, and the W, C, and Co elements came
from the chemical elements of the substrate.

Wear morphologies and EDS Analysis under a Load of 7 N
There were a large number of debris layers accumulated on the
worn surface of the AlTiN coating under a load of 7 N. The
debris was adhered to the coating surface with a tongue shape,
as shown in Fig. 10a. This was because a compacted oxide layer
was formed on the worn surface under the alternating pressure.
In addition, the hard particles cut the coating, forming a fur-
rowed topography, which presented an obvious abrasive wear
mechanism (Soner and Şeng€ul (15); Biksa, et al. (16)), as shown
in Fig. 10b. Figure 10c shows the EDS analysis result for
Fig. 10b; the mass fractions (mass, %) were as follows: Al 27.28,
Ti 37.92, Si 1.10, O 14.98, W 17.39, C 0.75, Co 0.57; the atomic
fractions (at, %) were as follows: Al 36.84, Ti 29.43, Si 1.15, O
27.21, W 3.04, C 2.02, Co 0.31. The fractions of Al and Ti atoms

were reduced, but the O atom fraction increased compared to
that under a load of 5 N, showing that with increasing load, the
wear mechanism was primarily oxidation wear. The emergence
and rupture of oxidation film led to changes in the contents of
Al, Ti, and O elements. The Si content increased because the
hardness of Si3N4 was lower than that of the AlTiN coating
which was the covalent bond as the same as the coating. As the
load increased, the grinding ball was adhered to the coating
surface and oxidized, and the W, C, and Co elements came
from the substrate.

Wear morphologies and EDS analysis under a load of 9 N
The wear track of the AlTiN coating was divided into a debris
compaction zone and debris peeling zone under a load of 9 N.
The coating was severely bruised and appeared plastic plow
and furrowed in the wear direction, as shown in Figs. 11a and
11b, showing an abrasive wear mechanism. Figure 11c shows
the EDS analysis result of the wear track in Fig. 11b. The mass
fractions (mass, %) were as follows: Al 25.69, Ti 35.51, Si 1.29,
O 17.41, W 18.68, C 0.80, Co 0.62; the atomic fractions (at, %)
were as follows: Al 36.84, Ti 29.43, Si 1.15, O 27.21, W 3.04, C
2.02, Co 0.31. Compared to loads of 5 and 7 N, the contents of
Al and Ti were decreased under a load of 9 N. However, the Ti
elements did not decrease as significantly as the Al element,
because the coating wore continuously with flaking and some
elements of the substrate were detected under heavy load,
which was proved by increasing of W and Co elements. The
increasing O and Si elements showed that the oxidation wear
was more violent and the grinding ball was adhered to the
coating.

Conclusions

1. The N element of the AlTiN coating is fully released at
800�C, and the mixed films of Al2O3 and TiO2 are pro-
duced. The Al2O3 plays a role in wear resistance and oxi-
dation resistance, which improves the wear property of
the coating, and the TiO2 plays a role in lubrication,
which decreases the COF of the coating. As a result, the
AlTiN coating prepared by CAIP has excellent antifric-
tion and wear resistance properties.

2. The average COFs of the AlTiN coating under loads of 5,
7, and 9 N are 0.6495, 0.5897, and 0.3898, respectively,
which decreases with increasing loads, showing that the

Figure 11. Wear morphologies of AlTiN coating under a load of 9 N and EDS analysis: (a) high magnification; (b) low magnification; and (c) EDS analysis.
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AlTiN coating can be applied for surface modification of
cutting tools under heavy loads at high temperature.

3. The contents of Al, Ti, and N elements on the wear track
were decreased after wear at 800�C and the N element
was fully released, whereas the content of O element on
the wear track increased greatly, showing that the wear
mechanism of AlTiN coating was primarily oxidation
wear and abrasive wear, accompanied by fatigue wear
and adhesive wear.
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