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Abstract: Erosion seriously threatens the safety of high-speed rotating mechanical components in
very harsh service environments, particularly for lightweight titanium alloy matrix material. In
order to improve the erosion resistance of titanium alloy, TiAlSiN coatings with different phase
compositions are deposited on TC6 titanium alloy using a high-power pulse magnetron sputtering
discharge (HPPMS) system under various discharge voltages. The componential and microstructural
evolution as well as mechanical properties of the TiAlSiN coatings are evaluated by X-ray diffraction,
scanning electron microscopy, and nanoindentation, respectively. The erosion performance relative to
titanium alloy is investigated by a sand blasting tester. With the increase in discharge voltage from
−500 to −600 V, the peak of discharge current increases from 105 to 225 A. The prepared TiAlSiN
coatings show a shift of the preferred crystallographic orientation from (220) to (200), but all of
them have a dense nanocomposite structure. Their hardness (H) and elastic modulus (E) gradually
increase before decreasing, arriving at maximum values of 35.34 and 360.5 GPa at−570 V. The erosion
resistance of the TiAlSiN coatings dependent on the discharge voltage is consistent with the H/E
ratio change. The TiAlSiN coatings prepared at −560 V exhibit the optimal erosion resistance, which
is 15 times that of the TC6 substrate. The erosion behavior of the coatings is positively correlated with
their hardness and toughness. Adjusting the discharge voltage of the HPPMS pulse is finally proved
to be an effective way of tailoring the coating phase compositions to improve the erosion resistance
of titanium alloy.

Keywords: erosion resistance; phase composition; TiAlSiN coating; discharge voltages

1. Introduction

Erosion is caused by the impact of fluids with entrained solid particles, including
dust, salty fog, volcano ashes, ice pellets, and slurries [1–3]. It is a major factor that
causes the failure of high-speed rotating mechanical components, especially for structural
materials made of lightweight titanium alloy [4–6]. Depositing a hard ceramic coating
on the surface of components by physical vapor deposition has been demonstrated to
be a necessary and protective approach [7,8]. However, with the extensive progress in
the area of manufacturing, the working components present a significantly increased
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rotational speed and endure a very harsh service environment. The protective hard ceramic
coatings were susceptible to damage and fracture and could not protect the substrate for
a long duration [9–11]. There is an urgent need for a hard coating with more excellent
mechanical properties.

As part of the surface engineering exploitations in past decades, super hardness coat-
ings with nanocomposite, super-lattice, multilayered, or multi-component constituent struc-
tures have been designed and prepared [12–16]. Among them, nanocomposite TiAlSiN
coating has attracted increasing attention because of its high hardness, strong fracture
toughness, good thermal stability, and first-class abrasion resistance in severe environ-
ments [17–20]. It has been successfully used as a protective coating for machining tools of
difficult-to-cut materials [21–23]. Based on these extraordinary performances, TiAlSiN coat-
ing is a promising candidate for an anti-erosion protective coating. Nevertheless, certain
performance requirements of protective coatings for eroded high-speed rotating machinery
are different from those for worn machining tools. In the erosion environment, especially
when the hardness of a hard coating is higher than that of the particles, the demand for
coating toughness grows as much as the demand for its hardness [24–26].

In order to further improve the hardness and toughness of nanocomposite TiAlSiN
coating, it is crucial to understand its microstructures. According to our previous re-
ports [21,26–28] and relevant studies [29–31], the TiAlSiN coating is characterized by iso-
lated nanocrystallites of (Ti, Al) N, TiN, or AlN dispersed in an amorphous Si3N4 (a-Si3N4)
matrix. Its mechanical properties were determined by the composition and distribution
of constituent phases. As reported [32–34], when the grain size was refined, the increased
density of the grain boundaries decreased the number of dislocation pile-ups and concomi-
tantly increased coating strength, as well as blocked crack propagation in the amorphous
Si3N4 phase. Moreover, the preferred growth orientation of the dense planes in the grains
can further increase coating hardness and toughness, derived from the larger elastic con-
stant between the nanocrystalline and amorphous phases [13]. Meanwhile, the fractions
of the amorphous phase should also be well controlled [33,35], or the interfacial layer
between grains will degrade the coherence between the nanocrystalline and amorphous
phases, resulting in a decrease in hardness and toughness. It has been reported that at a
composition of 15%~20 at% a-Si3N4, the nanocomposite coating showed the most stable
configuration with super hardness and high crack resistance [36,37]. For many ceramic
hard coatings, their microstructural and mechanical properties can be tailored by the ion
energy flux of bombardment and the adatoms’ mobility on the substrate during deposition,
which can be effectively regulated by some plasma processing parameters [38,39].

Consequently, in this paper, to achieve effective protection of the TC6 substrate against
sand erosion, the phase compositions of TiAlSiN coatings synthesized on its surface are
tailored by a home-made, high-power pulse magnetron sputtering (HPPMS) system under
various discharge voltages. The effect of the discharge voltage of the HPPMS pulse on
the componential and microstructural evolution as well as the mechanical properties and
erosion performance of the prepared coatings are all studied. The erosion behavior is tested
with angular Al2O3 solid particles at impingement angles of 30◦ and 90◦. Furthermore,
based on the eroded morphologies, we uncover the erosive failure mechanism and the
dependence of the erosion rate on TiAlSiN coating properties in different test conditions.

2. Experimental Methods
2.1. Coating Preparation

TiAlSiN coatings were prepared on a titanium alloy TC6 substrate by a high-power
pulse magnetron sputtering discharge system in a home-made hybrid deposition apparatus.
This chamber was equipped with a magnetron sputtering system and a cathodic arc
evaporation scheme, which has a high efficiency in pumping, heating, or deposition
processes. Two targets, the sintered Ti0.46Al0.45Si0.09 mosaic target and Cr target, were used
in our deposition. The sintered Ti0.46Al0.45Si0.09 mosaic target, as described in our previous
reports [20,21,28], was vertically installed in front of magnets and controlled by a magnetron
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sputtering system. The effective work area of the target was an ellipse of ~95 cm2 (12 cm in
the major axis × 10 cm in the minor axis). The magnetic field was designed with a Type
II unbalanced structure, where the maximum strength parallel to the target surface was
~50 mT. The sintered Cr target was positioned opposite the Ti0.46Al0.45Si0.09 mosaic target
and equipped with a cathodic arc evaporation scheme, as shown in the schematic diagram
in Figure 1. The distances of the substrate-to-Ti0.46Al0.45Si0.09 target and substrate-to-Cr
target were ~8 and ~10 cm, respectively. Before coating deposition in the vacuum chamber,
the TC6 substrates were mechanically polished to be a mirror with a roughness Ra of less
than 0.02 µm. After that, the TC6 substrates were cleaned with acetone and alcohol in an
ultrasonic bath for 10 min successively. They were then dried by compressed air. Glow
discharge etching was first carried out at 1.5 Pa Ar pressure, and a direct current bias
with 1 kV voltage and duration of 30 min removed contaminants and oxidations from
the substrate surface. To enhance the adhesion between the TiAlSiN coatings and TC6
substrates, Cr + CrNx buffer layers were deposited on the substrates by the cathodic arc
evaporation scheme with the sintered Cr target. For the translation layers deposition, the
substrate bias voltage, arc current of target, and working pressure were maintained at
−100 V, 80 A, 0.8 Pa. The thickness of the Cr + CrNx buffer layers was approximately
500 nm. After this process, the substrate was rotated around the center central rotary
table to the right, ahead of the Ti0.46Al0.45Si0.09 target to start the deposition process of
the TiAlSiN coatings. The TiAlSiN coatings were prepared at a gas pressure of 0.8 Pa,
pulse frequency of 150 Hz, pulse width of 125 µs, and substrate bias voltage of −150 V.
A direct current (dc) power with a constant value of 0.1 kW was applied on the cathode
target during the pulse-off time (a home-made supply) shown in the schematic diagram in
Figure 1 to reduce the gas breakdown delay during the glow discharge. During the TiAlSiN
coatings deposition, the total pressure of the mixed gas equaled the summation of the partial
pressure of the argon (Ar, 99.999% in purity) and nitrogen (N2, 99.999% in purity) gases,
where Ar and N2 served as working and reactive gas, respectively. The discharge voltage
magnitude of the high-power impulse used in the synthesis of the TiAlSiN coatings varied
from −500 to −600 V (−500 V, −560 V, −570 V, and −600 V). These prepared samples were
designated as TiAlSiN-500, TiAlSiN-560, TiAlSiN-570, and TiAlSiN-600. The thicknesses
of the TiAlSiN coatings were almost the same at around 2 µm. The deposition rate of the
TiAlSiN coating was dependent on the variation of the discharge voltage of the HPPMS.
To obtain a consistent thickness of ~2 µm for all the coatings, the total deposition time
was adjusted according the discharge voltage, as shown in Table 1. During the deposition
period of the buffer layer or TiAlSiN coating, the sample holders were stationary facing
the corresponding target. The detailed process parameters of the buffer layer and TiAlSiN
coatings on the TC6 substrate are listed in Table 2.

Figure 1. Schematic diagram of the experimental deposition system.
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Table 1. The deposition rates of the TiAlSiN coatings.

Coating Deposition Time (min) Deposition Rate (nm/min)

TiAlSiN-500 60.5 33
TiAlSiN-560 64.5 31
TiAlSiN-570 71.5 28
TiAlSiN-600 80 25

Table 2. Process parameters of the buffer layer and TiAlSiN coating.

Coating Process Parameters Values

Cr + CrNx buffer layer

Cr target current (A) 80
Substrate biased voltage (V) −100

N2 working pressure (Pa) 0.8
Thickness (µm) ~0.50

TiAlSiN coating

Deposition pressure (Pa) 0.8
The ratio of gas N2 and Ar 1:3
DC average power (kW) 0.1

Negative pulse duration (µs) 125
Negative pulse frequency (Hz) 150

Negative pulse voltage (V) −500, −560, −570, −600
Peak current during pulse

duration (A) 105, 122, 200, 225

Substrate biased voltage (V) −150
Thickness (µm) ~2

Temperature (◦C) 150

2.2. Composition, Microstructures and Mechanical Properties Characterization

The discharge voltage and current were monitored by a 100-times attenuation probe
(Agilent 10076B) and a Hall sensor (CWT Rogowski Current Transducer) during glow
discharge. Their waveforms were recorded by a digital oscilloscope (DSO-X 2024A, Palo
Alto, Agilent Technologies, Palo Alto, CA, US) at 128-pulse average acquisition mode. The
chemical composition of the coatings was analyzed by an X-ray photoelectron spectroscope
with monochromate Al-Kα irradiation at a pass energy of 29.35 eV (Thermo Scientific
Nexsa G2 X, Thermo Fisher Scientific, Waltham, MA, USA). Before collecting the element
composition, the samples were pre-etched by Ar ions for 120 s in order to remove the
contaminations on the coating surface. The cross-sectional microstructures and thickness
of the TiAlSiN coatings were analyzed using a scanning electron microscope (SEM-ZEISS-
Gemini SEM 500, Oberkochen, Germany). The crystallographic structures of the coatings
were identified by X-ray diffraction (XRD: D/Max 2500) with Cu Kα radiation at 40 kV and
40 mA. A regular θ − 2θ measurement was conducted at scanning speed with 2◦/min in
the scanning range from 30◦ to 70◦. The hardness and Young’s modulus of the coatings
were measured by a nanoindentation tester (Nano-Indenter G200, Agilent) with a load
precision of 50 nN in a continuous stiffness mode (CSM). The indentation depth did not
exceed 1/10 of the coating thickness to avoid the substrate effect. Five random points were
selected and tested on each sample to obtain an average hardness and Young’s modulus
value. The coating toughness was evaluated by the H/E ratio, where H is the hardness
measured and E represents the Young’s modulus.

2.3. Sand Particle Erosion Experiment

The erosion performance of TiAlSiN coatings was evaluated by angular Al2O3 solid
particles. The sand particle erosion tests were performed at room temperature in a home-
made sand blasting tester, which was set up according to the ASTM standard G76-13 [40].
As shown in Figure 2, the sand particles had a sharp angular geometry with a mean size of
around 50 µm. The nozzle of the gas blast tester was designed with an inner diameter of
1.5 mm and a length of 50 mm. The distance from the sample’s surface to the nozzle end
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was set at 10 ± 1 mm. During the erosion tests, the feed rate and impingement velocity
of sand particles were kept at 2 ± 0.1 g/min, 30 ± 1.5 m/s, which was calibrated every
10 min. The sample, artificially machined with a dimension of 30 mm × 10 mm × 5 mm,
was fixed on a clamp holder. The surface of clamp holder can be machined to a plane at
any angle toward the nozzle end of the gas blast tester. To confirm the brittle or ductile
erosion failure mechanisms of the TiAlSiN coatings, impingement angles of 30◦ and 90◦

sand erosion were set. The erosion tests were terminated before the TC6 substrate surface
was exposed.

Figure 2. The micro-morphology of angular Al2O3 solid particles (a) and the sharp angular geometry
of one single particle (b).

Before and after the erosion tests, the samples were rinsed in an ultrasonic cleaner
with alcohol for 10 min. Then the mass of samples was weighed with a balance with an
accuracy of 10−5 g. The erosion rate was equal to the mass loss of the coating divided by
the sand feed weight. To guarantee the reliability of the erosion rate, at least three repeated
erosion tests were conducted for each sample. The average erosion rate was regarded as the
final result. Furthermore, the morphology of the erosion surface was analyzed by SEM to
deduce the damage mechanism of the TiAlSiN coatings under different erosion conditions.

3. Results
3.1. Discharge Characteristic

The discharge characterization of the HPPMS process for the Ti0.46Al0.45Si0.09 target
in nitrogen atmosphere was recorded by a digital oscilloscope. The discharge current
dependent on target voltages is shown in Figure 3. Overall, the peak target current increased
from 105 to 225 A with the increase in discharge voltage from −500 to −600 V, which was
reasonable. The target current during magnetron sputtering is composed of the collected
ion current Iion, plasma electron current Ie, and secondary emission electron current Isec [41].
With the increase in discharge voltage, more secondary emission electrons were ejected
from the target and obtained energy as they crossed the enhanced electric field of the
plasma sheath. At same time, these abundant high-energy electrons could increase the
probability of ionization collisions between the electrons and neutral particles, resulting in
the increase in plasma density as well as discharge current.

Nevertheless, the increment in the peak target current was significantly different
during the stepwise voltage increase. With increasing the discharge voltage from −500
to −560 V, the peak of the discharge current increased from about 105 to 122 A, with an
increment of 17 A. Then the discharge voltage was also increased in 10 V increments,
up to 570 V, and the peak target current was increased by an increment of almost 78 A,
rapidly arriving at around 200 A. By further increasing the discharge voltage to 600 V,
the increment of the peak target current became smaller with a value of ~25 A, reaching
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approximately 225 A. This phenomenon may be connected with the target’s partial poison-
ing (nitrides redeposition) on the Ti0.46Al0.45Si0.09 target surface, which usually occurred
during reactive magnetron sputtering [42]. These TiAlSiN nitrides have a higher secondary
electron emission yield (SEEY) than their metal target [43], contributing to the increase in
discharge current. With the further increase in voltage, the SEEY of the clean and partially
poisoned target both became higher; thereby, the current increment for voltage from −560
to −570 V was larger than that for voltage from −500 to −560 V. However, it seemed that
the redeposition rate of these nitrides of around −570 V was slower than that at −560 V,
and concomitantly the growth rate of SEEY decreased. Accordingly, the increment in the
peak target current became smaller for the discharge voltage, from −570 to −600 V.

Figure 3. The voltage (a) and current (b) waveform of the Ti0.46Al0.45Si0.09 target dependent on
discharge voltages.

Another characterization should be noted during the pulse-off time that as the dc
power supply was controlled by the constant power mode and set at 0.1 kW, the initial
voltage output of the dc power supply was ~−310 V, as shown in Figure 3a, which was too
low to ignite the plasma. Thus, the discharge current is hardly observed in Figure 3b during
the pulse-off time. But after turning off the pulse, the voltage output became lower than
that before turning on the pulse and decreased with the discharge voltage increase. This
phenomenon was expected from the limited charging efficiency of the storage capacitor,
which supplies power for the dc supply. Especially at the discharge voltage range of
−570~−600 V, the discharge current of the pulse was up to more than 200 A, and the
inefficient charging led to the voltage output decreasing to almost zero. Then after a
~125 µs lag, charging of the storage capacitor was finished; thus, the voltage output of the
dc power supply was increased to ~−310 V again.

3.2. Composition and Microstructure

The average atomic ratios and standard deviations of Ti, Al, Si, and N of the TiAlSiN
coatings versus different discharge voltages were normalized to 100% and are presented
in Table 3, indicated by the fraction of CTi = Ti/(Al + Ti + Si), CAl = Al/(Al + Ti + Si), and
CN = N/(Al + Ti + Si) [20]. The compositions of the prepared TiAlSiN coatings were all
close to stoichiometric (Ti, Al, Si)Ny (y ≈ 1). With the increase in the target voltage, the Ti
content increased from 0.451 ± 0.003 to 0.521 ± 0.001, while Al and Si contents decreased
from 0.474 ± 0.005 to 0.423 ± 0.003 and 0.075 ± 0.002 to 0.065 ± 0.002, respectively. These
changes in the element atomic ratios may be the result of the increased re-sputtering effect,
where the deposited coating on the substrate was sputtered out because of the enhanced
ion bombardment by raising the discharge voltage.

Thanks to the heavier mass of Ti atoms compared to Al and Si atoms, the re-sputtering
yield of Ti content was relatively lower and its atomic ratio was higher than the other
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two contents. In addition, Figure 4 displays the high-resolution core level spectra for Ti,
Al, Si, and N of the TiAlSiN-500 coating. In Figure 4a, the deconvolution of the Ti 2p
peak indicated that it was composed of four peaks centered at 455.1, 456.9, 460.9, and
461.8 eV. The peaks centered at 456.9 and 461.8 eV originated from the Ti 2p3/2 and
Ti 2p1/2 electrons in titanium oxynitride [44,45]. The two peaks at 455.1 and 460.9 eV
corresponded to TiN [19]. Figure 4b shows the Al 2p spectra at 74.2 eV assigned to the
Al-N bond and a weak Al 2p signal at 74.8 eV corresponding to the Al-O bond [46]. The Si
2p spectrum consisted of two peaks centered at 101.6 and 102.5 eV, as shown in Figure 4c,
corresponding to the Si3N4 phase [47] and SiO2 phase [19]. The O content may be from the
trace residual oxygen in our deposition chamber. The N 1s spectrum of the TiAlSiN coating
revealed the three characteristic peaks at the banding energies of 396.7, 397.1, and 398.2 eV,
which were identified as AlN, TiN, and Si3N4 phases in several studies [19,48].

Table 3. The atomic ratio of the TiAlSiN coatings versus different discharge voltages.

Coating CTi CAl CSi CN

TiAlSiN-500 0.451 ± 0.003 0.474 ± 0.005 0.075 ± 0.002 0.813 ± 0.006
TiAlSiN-560 0.472 ± 0.002 0.460 ± 0.004 0.068 ± 0.001 0.899 ± 0.005
TiAlSiN-570 0.493 ± 0.002 0.441 ± 0.005 0.066 ± 0.002 0.912 ± 0.006
TiAlSiN-600 0.512 ± 0.001 0.423 ± 0.003 0.065 ± 0.002 0.963 ± 0.006

Figure 4. The XPS spectra of the TiAlSiN-500 coating: (a) Ti 2p, (b) Al 2p, (c) Si 2p, (d) N 1s. (The
grey line—raw data, red line—cumulative fit curve).
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The phase constituents of the TiAlSiN coatings fabricated at various discharge voltages
were determined by an X-ray diffractometer and are displayed in Figure 5. It is obvious that
the TiAlSiN coatings exhibited the diffraction peaks of the standard face-centered cubic TiN
(c-TiN, #JCPDF38-1420) and cubic AlN (c-AlN, #JCPDF25-1495). Meanwhile, the peaks of
the buffer layer CrN (c-CrN, #JCPDF11-0065), Cr (c-Cr, #JCPDF06-0694), and the titanium
alloy TC6 substrate (α-Ti, #JCPDF44-1294, β-Ti, #JCPDF44-1288) were also noticed and
tagged. All coatings exhibited a NaCl-type crystal structure but with a diffuse scattering
peak, which indicated coatings with a nanocrystalline structure. The silicon-related phases
could not be matched in the diffraction peaks. Based on the above analysis by XPS, it
suggested that Si atoms formed an amorphous Si3N4 phase. The XRD and XPS results
implied that the prepared TiAlSiN coatings may be nanocomposite structures composed of
nc-TiN and a-Si3N4.

Figure 5. The X-ray diffractograms of the TiAlSiN coatings with various discharge voltages.

With the discharge voltage increase during the deposition process, the prepared
coatings presented different crystal structures and preferred orientations. At the discharge
voltage of −500 V, the X-ray diffractogram of the deposited coating showed obvious
streamed buns peaks, which meant the existence of a large number of amorphous structures.
As the discharge voltage increased to −560 V, the coating not only showed the increase in
the crystallization properties of the nanocrystals, but exhibited the preferred orientation
(220) of FCC structures, which was also reported by Park et al. [49], Molarius et al. [50], and
Pelleg et al. [51]. Usually, the preferred orientation in the FCC nitride coating is the outcome
of the lowest overall energy, which results from the critical competition between the surface
energy and strain energies [51]. The (110) or (111) plane was noted as having the lowest
strain energy. As aforementioned, at higher discharge voltage, the ionization degree and
energy flux of the reactive particles became higher, which enhanced the ion bombardment
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on the growth coating, especially under a bias voltage, and thus increased the strain
energies. As a result, the (220) preferred orientation was expected under a higher discharge
voltage. When the discharge voltage further increased to −570 V, the intensity of the (220)
texture decreased with a broadened FWHM (full width at half maximum) and exhibited a
certain degree of left-shifting. Namely, the grain size was refined and the compressive stress
was introduced via the further enhanced ion flux and energy. Furthermore, increasing
the discharge voltage to 600 V resulted in the (220) texture vanishing completely and a
transition of the preferred growth orientation into the (200) plane, which was in agreement
with previous studies [52]. Owing to the relative number of atom columns per unit
area for (002):(220) with 1:

√
2, the [002] provided more open channeling directions for

impingement ions to distribute their energy, which means that the (200) plane endured
less damage from the strongest ion bombardment. Correspondingly, the (200) plane had a
higher survival probability at the discharge voltage of −600 V, conducive to its preferred
orientation. A leftward shift was also noticed on the X-ray diffractograms, which may
have resulted from increased residual stress in the deposited coating under the strong ion
bombardment [51,53,54]. At the same time, c-CrN displayed the (220) preferred orientation
owing to the preferential sputtering and collisional dissociation N+

2 ions at this intense
ion bombardment [39]. The crystal structures and preferred orientation of the prepared
coatings were effectively tailored by the discharge voltage of the HPPMS pulse.

Another point should be noticed that with the increase in ion flux and energy (dis-
charge voltage), the X-ray diffraction patterns for the TC6 substrate also changed. The
intensity of (110) in β-Ti was gradually enhanced, whereas the intensity of (101) in α-Ti
decreased and the width became broader, which may be related to the plasticity and con-
ductivity of constituent phases. The good plasticity ensured the β-Ti phase absorbing
enough bombardment energy by deformation, yet its lower conductivity caused the dy-
namic recovery of the β-Ti phase. Thus, the β-Ti phase showed a progressively increased
intensity for the (110). For the α-Ti phase with lower strength and poor ductility [53], the
enhanced ion bombardment increased its dislocation density and refined its grain, leaving
the X-ray diffraction patterns with broadened and smooth peaks.

To investigate the cross-sectional microstructure and thickness of the TiAlSiN coatings,
SEM images were collected in an SE mode and are shown in Figure 6. The coating structure
is distinguished by the light and dark layers. The light layer is the mixture of the Cr + CrNx
buffer layer, with a thickness of ~500 nm. The dark layer is the TiAlSiN coating, with
a thickness of ~2 µm. The overall thickness of whole coating on the TC6 substrate was
measured to be ~2.5 µm. All prepared TiAlSiN coatings exhibited a dense and smooth
structure, almost free from columnar structure, which fit well with the nanocomposite
(nc-TiN/a-SiNx) structures in previous studies [26,55,56]. With the increase in discharge
voltage, enhanced ion bombardment not only inhibited the growth of columnar formation
but also refined the grains inside the TiAlSiN coating. Hence, the microstructure became
denser and denser. The deposition rate was unfortunately reduced from 33 to 25 nm/min
when the discharge voltage was increased from −500 to −600 V, as shown in Table 2.

3.3. Mechanical Properties

The hardness, Young’s modulus, and H/E ratio of the TiAlSiN coatings dependent on
various discharge voltages were evaluated by a nanoindentation tester and are illustrated
in Figure 7. It is obvious that the hardness and Young’s modulus of the prepared coat-
ings continuously increased to the maximum values of 35.34 ± 0.63 and 360.6 ± 2.5 GPa,
respectively, as the discharge voltage increased to −570 V, whereas further increasing
the discharge voltage to −600 V caused their values to decrease respectively. Although
the mechanical properties of the prepared coatings were influenced by many factors in-
cluding phase composition, microstructure, residual compressive stress, etc., they were
determined by some dominant factors under certain conditions. In our cases, for the
TiAlSiN-500 coating, the high fraction of amorphous structures caused the lowest hardness
(28.16 ± 0.64 GPa) and Young’s modulus (300.5 ± 4.6 GPa), which seemed to be consistent
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with the reports in the Introduction where a high content of amorphous phases can degrade
the coating coherence. With increasing the discharge voltage to 560 V, the better crystallinity
and (220) plane preferred orientation of the FCC structures confirmed the hardness and
Young’s modulus increasing to 34.85 ± 0.58 and 330.7 ± 2.7 GPa, respectively [20,49,50].
For the TiAlSiN-570 coating, the more refined grains and introduced residual compress
certified the hardness and Young’s modulus arriving at their maximum values. In addition,
the increment of Young’s modulus between TiAlSiN-560 and TiAlSiN-570 was larger than
that between TiAlSiN-500 and TiAlSiN-560. For the TiAlSiN-600 coating, the (200) preferred
orientation and increased residual stress resulted in the hardness and Young’s modulus
reversely decreasing to 32.53 ± 0.63 and 355.9 ± 4.8 GPa, arising out of the higher Schmid
factor (200) plane compared with the (220) plane [51,55].

Figure 6. Cross-sectional morphology of the TiAlSiN coating with various discharge voltages:
(a) −500 V, (b) −560 V, (c) −570 V, (d) −600 V.

The coating toughness was evaluated by the H/E ratio in previous studies [54,57],
where the higher the H/E ratio, the stronger the suppression of crack initiation and prop-
agation of coating. To evaluate the crack resistance of the TiAlSiN coating at various
discharge voltages, the H/E ratio is also displayed in Figure 6. It indicated that with
the increase in discharge voltage, the trend of the H/E ratio was the same as that of the
hardness and Young’s modulus, initially increasing before decreasing. The TiAlSiN coating
with largest H/E ratio of 0.105 was prepared at the discharge voltage of −560 V, which
means this formed network structures between nc-TiN and a-Si3N4 that could effectively
absorb the impacting energy of erosion sand and the possibility of less destruction. This
result suggested that, under the correct set of discharge voltages in the HPPMS pulse, the
prepared coating may present excellent toughness.

3.4. Erosion Resistance

To evaluate the erosion resistance of the TiAlSiN coatings with various discharge
voltages relative to the TC6 substrate, average mass loss rates were calculated and are
shown in Figure 8. Generally, the maximum erosion rate appears at low angles of incidence
(15◦~45◦) for ductile materials [58] and at a normal angle of incidence (90◦) for most brittle
material [59]. Hence, impingement angles of 30◦ and 90◦ for solid particle relative to sample
surface were chosen for the erosion test. The TC6 titanium alloy substrate suffered more
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mass loss at the impingement angle of 30◦ sand erosion, which corresponded to its ductile
nature. The TiAlSiN coatings experienced more mass loss at the impingement angle of 90◦

sand erosion, confirming their brittle nature. All TiAlSiN coatings presented protection
benefits for the TC6 titanium alloy. The erosion rates of the TC6 substrate were 0.682 ± 0.003
and 0.235 ± 0.002 mg/g at the impingement angles of 30◦ and 90◦, respectively, which
were about 9 and 2 times more than that of the TiAlSiN-500 coating. When increasing the
discharge voltage to −560 V, the prepared TiAlSiN-560 coating displayed erosion rates
with values of 0.015 ± 0.002 and 0.025 ± 0.002 mg/g at the impingement angles of 30◦

and 90◦ sand erosion, respectively, which were only 1/45 and 1/9 of the TC6 substrate.
As the discharge voltage further increased to −570 and −600 V, the erosion rates rose
gradually, reaching 0.023 ± 0.002 and 0.041 ± 0.002 mg/g, respectively, for the TiAlSiN-600
coating at 30◦ and 90◦ sand erosion, respectively, corresponding to 1/30 and 1/5 of the
TC6 substrate. The TiAlSiN-560 coating displayed the minimum erosion rate, which meant
that it possessed the best erosion resistance and can be the optimal protection for the
TC6 substrate among the prepared samples. The trend of coating erosion resistance was
consistent with that of the H/E ratio under various discharge voltages. It revealed that the
highest H/E ratio of the hard coating can ensure its excellent erosion resistance, which was
compatible with previous reports [26,60].

Figure 7. Hardness, Young’s modulus, and H/E ratio of the TiAlSiN coatings dependent on
discharge voltage.

3.5. Erosion Behavior

The erosion damage evolution and characteristics were deduced based on the mor-
phology investigation of the TiAlSiN coatings before and after erosion damage by SEM.
Figure 9 shows the damage evolution of the TiAlSiN-500 coating at 90◦ sand erosion. The
as-deposited TiAlSiN coating presented some nodule and hole-like defects on its surface, as
shown in Figure 9a, which might have come from some arcing, the change of target surface
morphology, and the re-deposited insulated TiAlSiN coating on the target surface [61,62].
These defects could facilitate crack initiation during particle erosion, leading to the prema-
ture damage of the coating [63,64]. Then the amount and size of the micro pits increased
on the coating surface after the early stages of erosion, as shown in Figure 9b, decreasing
the coherence of coating. In the following sand erosion, these micro pits were broadened
and presented a severely damaged area in the center, as displayed in Figure 9c. From
the morphology of enlarged area in its center, as indicated in Figure 9d, numerous micro
cracks and chips can be observed, and somewhat ringed cracks are present around the
edge of eroded pit. These cracks were caused by the tensile stress formed during particle
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impingement [65]. As erosion proceeded, these cracks may have propagated and coalesced,
resulting in coating failure and substrate exposure.

Figure 8. Erosion rates of the TC6 substrate and TiAlSiN coatings with discharge voltage.

Figure 9. The damage evolution of the TiAlSiN-500 coating at 90◦ sand erosion, surface morphology
of the (a) as-deposited coating, (b) eroded coating after ~30 s erosion, (c) erosion pit before substrate
exposure, and (d) enlarged area in (c).

To evaluate the failure mechanism and damage degree of the TiAlSiN coatings de-
pendent on discharge voltage at 90◦ sand erosion, high-magnification morphologies of the
center part in the erosion pit were collected and are shown in Figure 10. For the TC6 sub-
strate, we can clearly note deep indentations and lots of chips on their sides, as displayed
in Figure 9a. Because of the high ductility of the TC6 substrate, the material was easily
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indented and the indentations were deep with the emergence of extruded lips. Most of
these lips were forged into chips by the repeated impacting of solid particles, resulting in
the substrate material removal. This indicated that the dominant material removal of the
mechanism at 90◦ sand erosion was the material plastic deformation and work hardening
during the repeated impacts of the solid particles [66]. In comparation, the eroded coatings
presented shallower indentations, finer fragmentary chips, and more micro cracks, which
were the brittle fracture characteristics of the ceramic hard coating [67].

Figure 10. The surface morphology of the center part in the erosion pit for the (a) TC6 substrate,
(b) TiAlSiN-500, (c) TiAlSiN-560, (d) TiAlSiN-570, (e) TiAlSiN-600 at 90◦ sand erosion.

However, the extent of the damage to coatings significantly depended on the prepared
samples. The TiAlSiN-560 coating showed the least erosion damage, with much smaller
numbers of chips and micro cracks and a relatively smooth surface shown in Figure 10c,
whereas the TiAlSiN-500 coating displayed the serious destruction shown in Figure 10b.
The main reason traces back to the difference in their crystallinity. The TiAlSiN-560 coating
with good crystallization and (220) preferred orientation presented higher hardness and
excellent toughness, which were beneficial for its lowest erosion rate among the coatings,
as shown in Figure 7. Moreover, based on the smooth surface of its eroded pit, the erosion
damage of the TiAlSiN-560 coating may be mainly in the form of layer by layer, for its
high hardness ensured the excellent resistance of the coating to erosion damage, and its
excellent toughness could assure the coating had a strong ability to absorb impact energy
and inhibit initiation of cracks in the sublayer. When the discharge voltage increased to
−570 V, the prepared sample displayed serious destruction again after the sand erosion,
with a large number of chips and micro cracks, particularly the emerged crossed cracks
with reticular distribution, yet with a smooth surface (Figure 10d). Although this TiAlSiN-
570 coating with (220) preferred orientation, refined grain, and compressive stress had
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the highest hardness and dense structure, its erosion resistance was lower than that of
the TiAlSiN-560 coating. This can be attributed to its decreased toughness (H/E ratio)
shown in Figure 6. It seems that the toughness instead of the hardness contributed more in
determining the erosion resistance of the brittle coatings under 90◦ sand erosion. While
further increasing the discharge voltage to −600 V, the prepared coating not only exhibited
an increase in the number of chips but also became rougher, as shown in Figure 10e, after
erosion damage, indicating enhancement in the severity of brittle fracture. It revealed that
despite densifying the coating structure by the enhanced ion bombardment, the increased
residual stress and (200) preferred orientation led to this TiAlSiN-600 coating having lower
mechanical properties and erosion resistance. Another point that should be noticed is that
all of these samples displayed somewhat ductile erosion failure characteristics such as
grooves [68]. Owing to the irregular shape of the Al2O3 solid particle, the sharp corners
of some particles may be at an acute angle to the coating surface and the microcutting
mechanism of material removal occurred, resulting in the appearance of grooves. In
addition, the expansion of particle carrier gas at the outlet of the nozzle led to some Al2O3
solid particles deviating from the trajectory of perpendicular impingement, also increasing
the probability of the presence of grooves.

At 30◦ sand erosion, the erosion behavior variations of the TiAlSiN coatings with
various discharge voltages were also analyzed with respect to that of the TC6 substrate,
as shown in Figure 10. The energy of the inclined impacting particles can be decomposed
into two mutually orthogonal forces, which are a force parallel to the surface and another
normal to the surface. The parallel component can result in material microcutting damage,
whereas the vertical component can lead to chipping damage. At 30◦ sand erosion, owing to
the larger parallel component of the particle impact force, microcutting was often regarded
as the major mechanism for material removal based on the material being isotropic. For the
ductile isotropic TC6 substrate as an example, we can notice that the microcutting caused
the eroded surface to present large numbers of deep grooves with raised lips (Figure 11a),
which fit well with the typical failure features reported by Finnie [68]. After the TiAlSiN
ceramic hard coating deposited on the TC6 substrate, because of its high hardness with
some chipping resistance, the four samples presented shallower plowing grooves compared
with the TC6 substrate. The grooves displayed different characteristics arising from the
microstructure and mechanical property changes in the prepared coatings. Among these
four coating samples, the TiAlSiN-500 coating presented the deepest grooves with largest
number of chips rather than the lips (Figure 10b), revealing that it underwent not only
serious microcutting, but also chipping disruption, which was consistent with its lowest
hardness and toughness, indicated in Figure 7, and weakest erosion resistance in Figure 8.
Whereas the TiAlSiN-560 coating exhibited the shallowest grooves without chips and
sporadic cracks (Figure 11c), verifying its strongest erosion resistance. The shallowest
grooves may be attributed to the (220) preferred orientation, for it has a lower Schmid
factor [51,55], which can make it hard for the coating to slide under the microcutting
damage. The lack of chips and sporadic cracks may benefit from the highest toughness, for
it can ensure the compatible deformation of the coating under microcutting and chipping
damage. For the TiAlSiN-570 coating, although the grooves rendered a similar depth as that
on the TiAlSiN-560 coating, the appearance of more micro cracks and some chips around
the grooves indicated the more brittle nature of the coating (lower H/E ratio in Figure 7),
leading to the degradation of erosion resistance (Figure 8). With the discharge voltage
further increased to−600 V, surrounding the shallow grooves were quantities of ring cracks
in addition to micro cracks and chips, demonstrating that the coating underwent more
serious microcutting and chipping brittle erosion behavior and had a lower erosion rate.
This may have resulted from the (200) orientation with a higher Schmid factor [51,55],
which led the coating to slide easily under the microcutting damage. The poor toughness
caused serious chipping damage.
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Figure 11. The surface morphology of the center part in the erosion pit for the (a) TC6 substrate,
(b) TiAlSiN-500, (c) TiAlSiN-560, (d) TiAlSiN-570, (e) TiAlSiN-600 at 30◦ sand erosion.

4. Conclusions

In this study, TiAlSiN coatings were prepared on the TC6 substrates by a home-made
HPPMS discharge system at various target voltages. The componential and microstructural
evolution, mechanical properties, and erosion performance were measured and evaluated.
The main conclusions are as follows:

(1) Adjusting the discharge voltage of the HPPMS pulse during deposition can effectively
tailor the phase compositions of the TiAlSiN coating and improve its erosion perfor-
mance. At a discharge voltage of −560 V, the prepared TiAlSiN coating with the (220)
preferred orientation exhibits the lowest erosion rate, whose average value is 1/15 of
the TC6 substrate.

(2) With increasing the target voltage from −500 to −560V, the prepared coating dis-
plays a preferred orientation at the (220) plane, but further increasing the discharge
voltage to 600 V, the preferred orientation turns to the (200) plane. The prepared
TiAlSiN coating is characterized as a mixture of face-centered cubic structures and an
amorphous phase, which ensure the coating has dense microstructures, regardless of
discharge voltage.

(3) The hardness, elastic modulus, and toughness (H/E ratio) of the prepared TiAlSiN
coatings have the same trend dependent on the magnitude of the discharge volt-
age, initially increasing before decreasing and reaching a maximum of 35.34 and
360.5 GPa at the discharge voltage of −570 V and of 0.105 at the discharge voltage of
−560 V, respectively.

(4) The initial point of failure for the TiAlSiN coating seems to be generated from surface
defects. Moreover, microcracks and fragmentation of the ceramic hard coating are the
major mechanisms for the material removal at 90◦ sand erosion, whereas microcutting
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and chipping are the dominant mechanisms observed in all coatings at 30◦ sand
erosion. Compared to high hardness, higher toughness may be more positively
related to the strong erosion resistance of the TiAlSiN hard coating.
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