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Abstract: TiAIN multilayer coatings composed of TiAl and TiAIN layers were deposited on ZL109 alloys using filtered
cathodic vacuum arc (FCVA) technology. The effect of bias voltage on the microstructure and properties of the coating
was systematically studied. The results show that the coating exhibits a multi-phase structure dominated by TiAIN
phase. As the bias voltage increases, the orientation of TiAIN changes from (200) plane to (111) plane due to the
increase of atomic mobility and lattice distortion. The hardness, elastic modulus and adhesion of the coating show the
same trend of change, that is, first increase and then decrease. When the bias voltage is 75 V, the coating exhibits the
highest hardness (~30.3 GPa), elastic modulus (~229.1 GPa), adhesion (HF 2) and the lowest wear rate
(~4.44x1075 mm?/(N-m)). Compared with bare ZL109 alloy, the mechanical and tribological properties of TiAIN coated
alloy surface can effectively be improved.
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1 Introduction

Aluminum (Al) alloys have the advantages of
low density and high specific strength, and are
widely applied in automotive, aerospace and
aviation industries [1,2]. Especially, in the
automotive industry, Al alloy pistons have attracted
more and more attention to achieve lightweight
engines that meet stricter fuel economy and
emission standards. However, the poor mechanical
performance and tribological behaviors of
Al alloys (i.e., low hardness and load-bearing
capacity, high friction coefficient and wear rate)
may lead to friction loss, ablation, cracking and
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jamming damage, which limits the development of
pistons [3,4]. Therefore, it has become the focus of
research on Al alloy pistons to effectively improve
the surface hardness and wear resistance without
changing its own performance.

TiAIN ceramic coating may become one of the
most promising surface protection materials for Al
alloys due to its unique properties [5,6]. WU et al [7]
reported that the TiAIN coating exhibited low
coefficient of friction and high hardness. Moreover,
the TiAIN coating showed higher hardness (about
34 GPa) due to solid solution strengthening
compared to binary TiN and ZrN (approximately 27
and 21 GPa) [8,9]. In addition, BADINI et al [10]
found that TiAIN coatings can also significantly
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improve oxidation resistance by affecting the
diffusion phenomenon in cyclic oxidation tests,
thereby providing oxidation protection for
intermetallic alloys. However, in these studies, most
of the TiAIN coatings were deposited on the surface
of hard substrates, while there were few reports on
TiAIN coatings on soft substrates. In general, the
mismatch of the thermal expansion coefficients
between the Al alloy substrate and the hard TiAIN
coating will generate high thermal stress at the
interface, resulting in adhesion failure. In addition,
the increase in defects also leads to an increase in
internal stress during the coating growth process.
Therefore, the poor adhesion strength caused by
high residual stress is the main challenge for the
application of TiAIN coatings on Al alloy surfaces.

Multilayer structure design is an effective way
to release residual stress during coating deposition.
At present, the intermediate layers studied mainly
include Ti [11], TiAl [12], TiN [13], AIN [14] and
ZrN [15], etc. As a transition zone, the intermediate
layer can cause a continuous compositional change
that effectively matches the compatibility of the
physical and chemical properties between the
coating and the substrate. In addition, the ductile
metal as an intermediate layer can not only reduce
the residual stress, but also reduce the porosity and
increase the toughness of the coating. Furthermore,
interfacial and grain boundary effects can also
improve the performance of the coating.

In recent years, the addition of ductile Ti and
TiAl metal layers in TiAIN coatings has attracted
increasing attention due to the high affinity of Ti for
TiAIN and the excellent oxidation resistance of Al.
ZHAO et al [16] prepared Ti/TiAIN gradient
coatings on 2024 AlSIC, substrates by
continuously increasing the N, flow rate during
deposition, and found that the internal stress of the
coating is uniformly distributed along the growth
direction, rather than concentrated at the interface
between the coating and the substrate. The uniform
distribution of stress in the Ti/TiAIN gradient
coating can effectively eliminate the stress
concentration at the interface to a certain extent,
thereby avoiding coating delamination and
improving  adhesion  strength.  Additionally,
SHUGUROV and KAZACHENOK [12] reported
that the TiAIN/TiAl multilayer coating exhibited a
higher critical load and a three-fold reduction in
wear rate compared to the monolayer TiAIN coating

due to enhanced toughness and adhesion. The
toughening mechanism of the multilayer structure
is that crack deflection at the interlayer interface
can provide additional dissipative strain energy,
effectively compensating for the increase in
dissipative work caused by crack propagation in the
ductile metal layer. Furthermore, OSTROVSKAYA
et al [17] found that the two-layer TiAl/TiAIN
coating showed excellent oxidation resistance
in thermal cycling experiments up to 1000 °C.
Obviously, TiAIN multilayer coatings with high
hardness, high adhesion strength, excellent wear
resistance and oxidation resistance have great
application potential in Al alloy pistons.

In this work, TiAI/TiAIN multilayer coatings
were deposited on Al alloys by filtered cathodic
vacuum arc (FCVA) technology with TiAl alloy as
the target material and N, as the reactive gas. The
effect of bias voltage on the microstructure,
mechanical and tribological properties of TiAIN
coatings was investigated. The systematic study of
the preparation, microstructure and performance of
TiAIN coating on Al alloy has certain significance
for the surface protection of pistons. In addition, it
has certain practical value for expanding the
application of hard TiAIN coatings.

2 Experimental

TiAIN coatings were prepared on ZL109 alloy
substrates with dimensions of 20 mm % 20 mm x
5 mm using FCVA equipment, as shown in Fig. 1.
Before the experiment, the substrate was ground
and mirror-polished, and then ultrasonically cleaned
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Fig. 1 Schematic diagram of FCVA deposition system
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in acetone and alcohol for 15 min. Subsequently,
the substrate was placed on the rotating holder with
a distance of 15 cm from the outlet of filter duct.
The coating preparation was carried out in low
vacuum with a base pressure lower than 3.5x107° Pa
to reduce the influence of oxygen. A TiAl alloy
target with a molar ratio of 30:70, a purity of
99.99% and a diameter of 100 mm was used as the
cathode. The cathodic arc was triggered at a current
of 90 A to generate the plasma. The filter ducts
were used to effectively filter unwanted neutral
atoms and macroparticles under the action of
electromagnetic fields. N, with a purity of 99.99%
was introduced as the nitrogen source.

The schematic diagram of the film structure of
the TiAIN coating is shown in Fig.2, and the
deposition process includes the following four steps.
Firstly, prior to deposition, the substrate was further
cleaned and etched by plasma sputtering. During
this process, the bias voltage was adjusted from 900
to 400 V by reducing 100 V per 30 s. Secondly, a
TiAl transition layer was deposited at a bias voltage
of 100 V. Then, a compositional gradient zone was
prepared by introducing N, and increasing the flow
rate to 70 mL/min at a rate of 5 mL/min per 30 s.
Finally, a TiAIN layer was deposited by maintaining
a flow rate of 70 mL/min for 40 min. The
experiment was carried out at room temperature
without other intentional heating. Additionally, the
sample holder was maintained at a rotation speed of
5 r/min for uniform deposition. To investigate the
effect of bias voltage on the structure and properties
of TiAIN coatings, the bias voltage was set at 50, 75
and 100 V during the deposition of TiAIN layers.
The detailed deposition parameters of TiAl/TiAIN
coatings are listed in Table 1.

TiAl transition layer

Al alloy substrate

Fig. 2 Schematic diagram of TiAIN coating film
structure

Table 1 Deposition parameters of TIAI/TiAIN coatings

o TiAl transition ~ TiAIN
Deposition parameter .
layer coating
Target TizoAl7 TizoAl7g
Cathode current/A 90 90
Positive bias voltage/V 24 24
Filter coil A current/A 2.5 2.5
Filter coil B current/A 3.2 3.2
Bias voltage duty cycle/% 90 90
Substrate holder rotation
. 5 5
speed/(r-min")
Deposition temperature/°C 25 25
N flow rate/(mL-min") - 70
Bias voltage/V 100 50, 75, 100
Deposition time/min 15 40

Scanning electron microscope (SEM, JSM-
7800F) was utilized to characterize the surface and
cross-sectional morphologies of the coatings.

Three-dimensional confocal laser scanning
microscopy (CLSM) was also used to analyze
surface morphology and wear track. An energy
dispersive spectrometer (EDS, X-Max20) was
applied to detecting the composition of the coating.
The phase structure was determined using X-ray
diffraction (XRD, Cu K, radiation, 1=1.5406 A) in
the 26 range from 20° to 85° at a scanning step
of 0.02°. In addition, X-ray photoelectron spectro-
scope (XPS, ECSALAB 250XI) was used to
determine the binding energy of the coatings under
monochromatic Al K, irradiation with a pass energy
of 30 eV and an energy step of 0.05 eV.

The mechanical properties of the coatings were
investigated by a nanoindentation device (TI—900,
Hysitron) in load-controlled mode under a
penetration load of 20 mN. A Poisson’s ratio of 0.18
was assumed to calculate the elastic modulus of
TiAIN [18]. The tribological performance was
investigated by ball-on-disk tribometer (UMT—-2)
using a 440C stainless-steel ball with 10 mm in
diameter. The experimental parameters were set to a
constant linear velocity of 0.12 m/s, a sliding time
of 1200 s and a normal load of 3 N. In addition, the
CLSM was applied to assessing the wear volume
through the cross-section area of the wear track, and
the wear rate was calculated by the following
formula:

W=V/(P-L) (1
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where W, V, P and L are wear rate, wear volume,
normal load and sliding distance, respectively.
Furthermore, Rockwell HRC indentation was
performed to evaluate the adhesion strength at a
maximum force of 150 kg. Optical microscopy
(Olympus BX53M) was used to determine the
morphology of the indentation.

3 Results and discussion

3.1 Composition and microstructure of TiAIN

coating

The chemical composition of TiAIN coatings
with different bias voltages is detected by EDS. As
shown in Fig. 3, the Ti, Al, N and C elements can
be distinguished in the coating. The reason for
the existence of C may be caused by impurities
adsorbed on the coating surface. As the bias voltage
increases from 50 to 100 V, the Ti content increases
from 22.13 to 23.18 at.%, while the Al content
decreases from 24.65 to 22.68 at.%. Moreover, the
N content is almost maintained at about 51.67 at.%.
The variation of Ti and Al contents is related to the
charge state distribution of ions in the ion flux.
The average charge states (Qp) of Ti and Al are
+2.1 and +1.7, respectively [19]. During coating
deposition, Ti ions with higher charge state
distribution bombard the surface with higher energy
and penetrate deeper into the coating under the
action of the bias voltage. Therefore, the Ti content
increases with increasing bias voltage. In contrast,
Al ions with lower charge state distribution are
more likely to reverse sputtering phenomenon. In
addition, lighter Al are preferentially
sputtered over Ti atoms, resulting in a more obvious
sputtering effect [20]. Therefore, the preferential
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Fig. 3 Chemical composition of TiAIN coatings with
different bias voltages

reverse sputtering of Al leads to its content loss due
to the increase of the sputtering energy with the
increase of the bias voltage.

Moreover, it can also be found that the molar
ratio of Al to Ti in the coating is about 1:1, which is
lower than that of the TizpAlyo target. The reason for
this phenomenon can be explained by the different
ionization degrees of Al and Ti. The ionization
degree of Al vapor (50%) is lower than that of Ti
vapor (80%). Thus, Ti ions are preferentially
attracted to the substrate surface under the action
of bias voltage, resulting in a lower Al/Ti ratio in
the coating [21]. In addition, Al ions with lower
average charge state show stronger diffusion to the
outside of the beamline under the same electric
field. This also leads to the loss of Al during
transmission. In summary, the reduction of Al
content in the coating caused by the above hybrid
effect is the reason why the Al/Ti ratio deviates
from the value of the alloy target.

Figure 4 shows the XRD patterns of TiAIN
coatings with various bias voltages. Since the
penetration depth of X-rays is greater than the
coating thickness, the XRD pattern presents the
main diffraction peaks of the coating as well as a
few substrate peaks. Diffraction peaks located at 26
values of approximately 38.39°, 44.68°, 65.06°,
78.18° and 82.35° can be identified as (111), (200),
(220), (311) and (222) planes of face-centered cubic
(fcc) TiAIN (PDF #37-1140), respectively. Peaks
around 35.42° and 36.89° could be associated with
the (111) plane of AIN (PDF #25-1495) and cubic
TiN (PDF #38-1420), respectively. Furthermore, it
can be observed that AIN and TiN peak intensities
are much lower than those of TiAIN, indicating
poor crystallinity. According to the literature [22],

v— TiAIN =— AIN
ai e — TiN ° — Substrate
(220
am| @0 M 311
© 5 = l RS =
a Rt
@ | . y —

20 3I0 4IO 5I0 6I0 7‘0 8I0
26/(°)
Fig. 4 XRD patterns of TiAIN coatings with different
bias voltages: (a) 50 V; (b) 75 V; (c) 100 V
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the chemical formation energies of TiN and AIN
are —305.6 and —241.6 kJ/mol. Cubic TiN is formed
preferentially in the Ti, Al and N molecular system.
However, Al atoms can replace part of the Ti atoms
in TiN to form TiAIN compounds, and TiAIN still
maintains the B1-NaCl cubic crystal structure.
Therefore, the diffraction peak intensities of AIN
and TiN are relatively low, and only (111) plane is
apparent. In addition, the intensity of the AIN
diffraction peak decreases or disappears with
increasing bias voltage, and the structure of the
coating is dominated by TiAIN phase.

The orientation of the TiAIN diffraction peaks
strongly depends on the bias voltage. When the bias
voltage is 50V, TiAIN (200) is obviously the
preferred growth orientation compared to the (111)
diffraction peak. According to the principle of
minimum energy, the grain orientation tends to
grow along the plane with the lowest free energy
determined by the surface and strain energy [23,24].
Due to the difference in atomic radius, the
substitution of Al for Ti causes lattice distortion,
thereby increasing the strain energy. By interrupting
the growth of the TiAl layer, the strain energy can
be converted into the interface energy between the
TiAl and the TiAIN layers. Here, the (200) plane
has a lower strain energy density than the (111)
plane, which can provide a driving force for the
grain growth [25,26]. Therefore, the coating shows
a preferred orientation of TiAIN (200) plane.
However, as the bias voltage increases from 50 to
75V, the orientation of TiAIN changes from (200)
plane to (111) plane, and the (220) diffraction peak
disappears. The preferred orientation of TiAIN can
be strongly affected by ion bombardment [27,28].
With increasing the bias voltage, the higher ion
bombardment energy leads to higher energy of
atoms adsorbed on the substrate, resulting in lattice
distortion and increased atomic mobility. This can
increase the strain energy and promote the growth
of the coating along the (111) plane. When the bias
voltage is further increased to 100 V, the intensity
of TiAIN (111) orientation decreases slightly, while
the (220) diffraction peak occurs for the coating.
Selective etching or reverse sputtering of ions
under high bias voltage may also affect the growth
orientation of TiAIN during deposition. The
preferred orientation change of TiAIN with
increasing bias voltage is similar to the results
reported in the literature [29].

As shown in Fig. 5, the similar shapes between
each other in the Ti 2p, Al 2p, and N 1s spectra can
be observed in XPS spectra of TiAIN coatings with
different bias voltages. In Fig. 5(a), Ti2p spectra
exhibit two typical doublets at 453—460 and
460—467 eV, which are associated with the Ti 2p;»
and Ti2pi, states, respectively. Furthermore, all
Ti 2p spectra can be further fitted into six Gaussian
peaks. The Ti2ps, and Ti2pi, peaks centered at
(455.1+£0.2) and (460.5+0.2) eV are related to the
Ti—AI—N bonds [30,31], corresponding to TiAIN
compounds. The intensity of the Ti—Al—N peak
(about 545.1 eV) weakens with increasing bias
voltage, which may be due to the lattice distortion.
Moreover, the peaks at (456.7+£0.2) and (462.4+
0.2) eV are related to Ti 2p3» and Ti 2pi» peaks of
Ti —O — N bonds (TiN,O, compounds) [32],
respectively. The binding energies of (458.3+0.3)
and (464.2+0.2) eV belong to the Ti—O bonds in
TiO, [33]. Compared with N, Ti has a higher
affinity to O atoms. Therefore, Ti easily combines
with trace oxygen remaining in the chamber and
oxygen exposed to air to form titanium oxides.

Additionally, Al2p spectra in Fig. 5(b) are
decomposed into three main peaks at (73.5%0.1),
(74.2£0.1) and (74.8+0.1) eV. Among them, the
lowest value is lower than 74.5eV of AIN and
higher than 72.8 eV of metallic Al. This may be
attributed to non-stoichiometric AIN, compounds or
ternary compounds [34,35]. According to the
binding energy analysis of the Ti2p spectra, the
peak at 73.5eV can be associated to Ti—AI—N
bonds (TiAIN ternary compounds), which is also
consistent with the report by RIZZO et al [36]. The
medium binding energy value can be related to
Al—N bonds in AIN, whereas the highest binding
energy value corresponds to Al—O bonds in
y-AlbOs [35]. Similarly, N 1s spectra can be fitted
into three peaks, as shown in Fig. 5(c). These peaks
are assigned to Ti—N bonds ((396.5£0.1) ¢V,
TiN) [11], Al—N —Ti and N — Al bonds
((397.4+0.2) eV, TiAIN and AIN compounds) [36],
and N» surface adsorbates (about 399.8 e¢V) [31].
Furthermore, Fig. 5(d) shows the C 1s spectra and
the corresponding fitting results of TiAIN coatings
with different bias voltages. The peaks at
(284.840.1), (285.4+0.2) and (288.6+0.2) eV are
attributed to C—C (or C—H), C—N and C=0
bonds [37], which provide evidence that the
presence of C is caused by adsorbed impurities.



Hong-shuai CAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 35963609 3601
(a) 2p3p (b)
Ti—Al—N
100 V
75V A
. \
50V
70 71 72 73 74 75 76 77 78

453 456 459 462 465 468

450

Binding energy/eV Binding energy/eV

(©)

100 vV

N-absorbate A
75V ~— BV N
50V ~ R 50 \A
394 396 398 400 402 282 284 286 288 290

Binding energy/eV Binding energy/eV

Fig. 5 Ti 2p (a), Al 2p (b), N 1s (c) and C 1s (d) XPS spectra of TiAIN coatings with different bias voltages

3.2 Surface and cross-sectional morphologies of
TiAIN coating
The surface morphologies of TiAIN coatings
with different bias voltages are shown in Fig. 6.
The coating exhibits a continuous, uniform and
dense structure without cracks. However, some
macroparticles and micro-holes can be observed,

which are considered to be characteristic of arc ion
plating deposition [24]. By counting the number of
macroparticles in the SEM images with similar
magnification, it was found that the number of
macroparticles has been effectively reduced by
filtering electromagnetic fields compared to that
reported in the literature [38]. The reasons for
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formation of these macroparticles may come from
the following aspects: (1) arc-emitted droplets
appear on the TiAl target surface; (2) collision
occurs when excess atoms or ions on the target
interact with the substrate; (3) atoms or ions collide
and accumulate on the substrate surface during
deposition. Since the large droplets generated
by the target material can be effectively filtered out
by the electromagnetic field, the reason for the
macroparticles in this study may be the collision
and aggregation of lighter Al and Ti on the substrate
surface.

The number of macroparticles on the surface
of TiAIN coatings with different bias voltages is
compared based on SEM images at the same
magnification. The results show that as the bias
voltage increases from 50 to 75 V, the number of

macroparticles decreases due to the charge
repulsion effect [39]. Macroparticles inevitably
collide randomly with electrons, ions or neutral
atoms as they move toward the substrate, collecting
more electrons and becoming negatively charged.
These electrons, ions or neutral atoms will also be
absorbed by the macroparticles. Negatively-charged
macroparticles can be filtered out by the electric
field repulsion near substrate sheath, leading to a
reduction in the number of macroparticles. However,
when the bias voltage is further increased to 100 V,
the surface quality of the coating deteriorates. This
can be verified by the increase in the number of
macroparticles and defects on the coating surface,
as shown in Figs. 6(e, f). As the bias voltage
increases, the internal ionization degree of the
macroparticles increases, causing its transition from

(®)

Fig. 6 SEM (a, c, e) and 3D optical (b, d, f) surface morphologies of TiAIN coatings deposited at different bias voltages:

(a,b) 50 V; (c,d) 75 V; (e, ) 100 V
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negative to positive charge, as reported by ZHANG
et al [8]. The positively-charged macroparticles are
attracted to the substrate surface, resulting in an
increase in the number of macroparticles. The
average roughness of the coatings with a bias
voltage of 50, 75 and 100 V measured by the
surface profiler is 0.032, 0.024 and 0.042 um,
respectively. Furthermore, the change of surface
roughness with increasing bias voltage can be
directly observed by the 3D surface morphology in
Figs. 6(b, d, ).

Figure 7 shows the -cross-sectional SEM
morphologies and deposition rate of the coating.
The cross-sections of the coatings with different
bias voltages exhibit a uniform and compact
structure with almost no cracks. Interface fringes
can be apparently seen, implying a two-layer
structure consisting of a TiAl transition layer and a
TiAIN layer. Moreover, a blurry gradient zone with
a thickness of about 200 nm is formed between the
TiAl transition layer and the TiAIN layer, as shown
in Fig. 7(b). As the coating grows from the gradient
zone to the TiAIN layer, the structure transforms
from columnar to fine equiaxed crystals, which is
associated with a linear increase in the N, flow
rate from 5 to 70 mL/min. Furthermore, the TiAl
transition layer shows a similar thickness, around

TiAIN layer

TiAl transition layer

ZL 109 substrate

TiAIN layer

Z1.109 substrate

TiAIN layer

1070 nm. The thickness of the TiAIN Ilayer
gradually decreases with the increase of the bias
voltage. The high bias voltage leads to a decrease in
the deposition rate of the TiAIN coating, as shown
in Fig. 7(d). When the bias voltage is 100V,
the coating has the minimum thickness of
approximately 3032 nm. This is because the reverse
sputtering effect caused by ion bombardment at
high bias voltage reduces the deposition rate of
TiAIN coatings [20].

3.3 Adhesion and mechanical properties of

TiAIN coating

The optical morphologies of the coating
indentations with different bias voltages are shown
in Fig. 8. Adhesion strength is determined by
comparing the damage of the coating to a defined
adhesion strength [40], where HF 1-4 grades
correspond to sufficient adhesion, but both HF 5
and HF 6 indicate insufficient adhesion due to
cracking and substrate visibility. When the coating
is deposited at a bias voltage of 50V, a large
number of cracks and small separated parts can be
observed around the indentation in Figs. 8(a, b),
which can be defined as HF 3. As the bias voltage is
increased to 75 V, the density of cracks is decreased
significantly and the signs of separation around the

Gradient zone

75
Bias voltage/V

Fig. 7 Cross-sectional morphologies (a—c) and deposition rate (d) of TiAIN coatings deposited at different bias voltages:

(a) 50 V; (b) 75 V; (c) 100 V
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indentation are also diminished, as seen in
Figs. 8(c, d). The adhesion strength is identified to
be HF 2. However, the adhesion strength of the
coating decreases at a bias voltage of 100 V due to
the appearance of higher density cracks and larger
detached areas in Figs. 8(e, f), which belongs
to HF 3. In addition, there are some annular
detachments around the indentation, but no typical
radial cracks are observed. This phenomenon may
be related to the high toughness of the TiAIN
coating or the characteristics of the soft ZL109
alloy substrate. Overall, the TiAIN multilayer
coating exhibits excellent adhesion strength (HF > 3)
to the ZL.109 alloy substrate, which is beneficial to
the practical application of the coating.

Figure 9 shows the mechanical properties of
coatings with different bias voltages measured by

LT e L.

nanoindentation. It can be found that the hardness
and elastic modulus of the coating are closely
related to the bias voltage. As the bias voltage
increases from 50 to 75V, the hardness of the
TiAIN coating increases from 28.3 to 30.3 GPa. The
vacancies caused by ion bombardment at higher
bias voltage are more likely to be filled with newly-
generated ions, resulting in increased packing
density [41]. In addition, high bombardment
energies favor grain refinement. According to the
Hall-Petch formula, grain refinement is beneficial
to improving the hardness of the coating [29,42].
Furthermore, an increase in the energy of the
bombarding ions will also lead to an increase in the
defect density owing to a decrease in surface
mobility. Therefore, the greater lattice strain caused
by the increase in defect density causes the residual

Complet

b

5 L5 )

Fig. 8 Optical morphologies of Rockwell indentations of TiAIN coatings deposited at different bias voltages: (a, b) 50 V;

(c,d)75V; (e, ) 100 V
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Fig. 9 Hardness and elastic modulus of TiAIN coatings
with different bias voltages

compressive stress in the coating to increase [43],
as evidenced by the transition of TiAIN orientation
from the (200) plane to the (111) plane in Fig. 4. As
the bias voltage increases from 50 to 75V, the
above-mentioned three factors of vacancy filling,
grain refinement and residual stress increase the
coating hardness.

However, as the bias voltage is further
increased from 75 to 100 V, the hardness decreases
slightly from 30.3 to 30.1 GPa. The effect of high
temperature annealing effect caused by ion
bombardment on the coating surface under high
bias voltage is noteworthy. Due to the local heating
of the coating, AIN in the fcc TiAIN host structure
is separated to form a thermodynamically stable
@-AIN phase, which explains the existence of the
AIN phase in the coating with a bias voltage of
100 V in Fig. 4. Moreover, the increase in atomic
mobility under the effect of high temperature
annealing leads to strain relaxation [28]. Once
the strain relaxation is greater than the stress
multiplication induced by ion bombardment, the
residual compressive stress decreases. At the same
time, the preferential sputtering of Al and the
increase of lattice constant caused by the increase
of bias voltage also result in the decrease of
hardness [8]. The above factors can explain the
decrease of coating hardness to a certain extent. The
elastic modulus also shows a trend similar to the
hardness with the increase of the bias voltage, that
is, it first increases and then decreases. Furthermore,
compared with the hardness of 1.7 GPa and elastic
modulus of 86.2 GPa for the ZL109 alloy, the
hardness and elastic modulus of the coating are
significantly higher. This indicates that TiAIN as a

protective coating has great advantages in
improving the surface mechanical properties of
ZL109 alloy.

3.4 Tribological properties of TiAIN coating

Figure 10 shows the variation of the coating
coefficient of friction (COF) with sliding time. It
can be observed that the friction curves of the
coatings include two distinct stages: the running-in
period and the stable period. During the running-in
period, the initial COF shows a low value of about
0.11, which is attributed to the small actual contact
area with the counterpart caused by droplets and
contaminants. As the sliding time increases to about
110 s, due to the increase in the contact area and
the appearance of furrows and abrasive particles in
the wear track, the COF rapidly increases to a
maximum value of about 0.63. When the sliding
time is further increased, more abrasive particles
may act as isolation and load-bearing sites,
reducing the COF slightly to around 0.5.
Subsequently, as the number of abrasive particles
entering and leaving the wear track surface reaches
a dynamic balance, the COF remains stable with
slight fluctuations during the remaining time. In the
stable period, TiAIN coatings with different bias
voltages exhibit similar COFs, 0.44—0.49, which is
significantly lower than 0.6—0.8 in Ref. [44].

In order to identify the wear mechanism of the
coating, the morphology of the wear track is
characterized by CLSM, as shown in Fig. 11. A
large number of ploughs and wear particles can be
observed in the wear track. Also, small amounts of
black debris are distributed around the edges of the
wear track. The appearance of ploughs and wear
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Fig. 10 Friction curves of TiAIN coating as function of
sliding time
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debris indicates signs of abrasive wear and adhesive
wear, respectively [14,44]. Therefore, it can be
considered that the wear mechanism of the coating
is severe abrasive wear and slight adhesive wear.
Furthermore, as the bias voltage increases from 50
to 75V, the width of the wear track decreases from
6254 to 514.5 um, indicating that the TiAIN
coating with a bias voltage of 75 V has better wear
resistance. However, the width of the wear track
increases to 685.9 um when the bias voltage is
further increased to 100 V.

Figure 12 shows the wear rate, H/E and H*/E?
values of TiAIN coatings with different bias
voltages, where H is the hardness and E is the
elastic modulus. As the bias voltage increases from
50 to 100 V, the wear rate first decreases and then
increases. The H/E and H°/E* exhibit the same
change trend, that is, first increase and then

@

(e, ) 100V

decrease, which is the opposite to the change
of wear rate. High H/E value is beneficial to
reducing the ploughing effect and obtaining a low
coefficient of friction [45]. When the bias voltage
is 75 V, H/E and H*/E? exhibit maximum values of
0.132 and 0.439 GPa, respectively. Meanwhile,
wear rate of the coating is the lowest, about 4.44x
107 mm?*/(N-m), lower than 1.8x107*mm’/(N-m)
for TiAIN/Ta multilayer coatings reported in the
literature [46]. H/E and H°/E* of hard coatings
are related to resistance to cracking and plastic
deformation, which can be used to predict wear
resistance [29]. In this work, all TiAIN coatings
show high toughness (H/E, ~0.13) and excellent
resistance to plastic deformation (H°/E?, ~0.40 GPa).
Higher hardness means higher load-carrying
capacity, which helps reduce the actual contact
area with the friction counterpart in the test, thereby
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Fig. 12 Wear rate, H/E and H°/E* of TiAIN coatings
deposited at different bias voltages

reducing the amount of wear. In addition, high
hardness is beneficial to reducing plastic yielding,
while lower elastic modulus can reduce the
maximum contact pressure by allowing a given
load to be distributed over a larger area. MUSIL
et al [47] pointed out that satisfying H/E>0.1 and
H°/E? in the range of 0.15—0.3 GPa are important
conditions for well lubrication and good wear
resistance. Furthermore, compared with the
substrate wear rate of about 3.08x10™*mm?/(N-m),
the wear rate of the TiAIN-coated ZL109 alloy
has been reduced to one-seventh, indicating a
significant improvement in wear resistance.

4 Conclusions

(1) The TiAIN multilayer coating composed of
the TiAl transition layer and TiAIN layer prepared
via filtered cathodic vacuum arc technology shows
a uniform and dense surface and good interfacial
bonding. Bias voltage has an important influence on
the composition, structure and properties of the
coating.

(2) As the bias voltage increases from 50 to
100 V, the Ti content in the coating is increased
from 22.13 to 23.18 at.%, while the Al content
decreases from 24.65 to 22.68 at.%. The coating
exhibits a multi-phase structure with fcc TiAIN
phase as the main phase and a small amount of TiN
and AIN phases. When the bias voltage is increased
from 50 to 75 V, the orientation of TiAIN changes
from (200) to (111) due to the increase of atomic
mobility and lattice distortion. However, as the bias
voltage is further increased to 100 V, the intensity
of TiAIN (111) decreases slightly, and the (220)
diffraction peak occurs.

(3) The adhesion strength, hardness and elastic

modulus of the coating are improved with
increasing bias voltage from 50 to 75 V. Due to the
annealing and sputtering effects caused by the high
bias voltage, the adhesion strength and hardness of
the coating with a bias voltage of 100 V are slightly
reduced. The TiAIN coating deposited at a bias
voltage of 75 V shows the best wear resistance due
to the highest hardness (~30.3 GPa), high toughness
(H/E=0.132) and good resistance to plastic
deformation (H*/E*=0.439 GPa). TiAIN as a
protective coating can significantly enhance the
surface properties of ZL.109 alloy.
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