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Abstract: TiAlN coatings with different Al ratios were deposited by the cathodic arc ion plating (AIP)
method, and the relationship between solid particle erosion resistance and structural, mechanical
properties was investigated by a micro slurry-jet erosion (MSE) test. The crystal structure of TiAlN
coating changes depending on the Al ratio. The coating shows a B1 single cubic phase between the Al
ratio of 0 and 0.58; above this ratio, formation of a B4 hexagonal phase is observed. The mechanical
properties such as hardness and Young’s modulus of the TiAlN coating also depend on the Al ratio
and the crystal structure. The erosion rate decreases by increasing the Al ratio up to 0.58, as the
coating is a cubic single phase. The TiAlN coating shows the lowest erosion rate at an Al ratio of
0.58. The erosion rate increases drastically as the crystalline phase changes from the B1 cubic to B4
hexagonal phase at the Al ratio of more than 0.58. The change in erosion rate is also discussed in
connection with mechanical properties such as erodent particle hardness to coating hardness ratio
and coating hardness to Young’s modulus ratio.

Keywords: TiAlN; AIP; erosion; SPE; MSE; H/E; Al ratio; crystal structure

1. Introduction

Erosion by hard and solid particles (solid particle erosion or SPE) is commonly ob-
served for various machine elements in many industrial applications, such as the blades
used in gas and steam turbines [1–3]. In the case of gas turbines for land-based power
generation, or jet engines for aerospace applications, the main cause of erosion of turbine
blades is by incoming hard, foreign particles such as sand or volcano ash [1,2]. For steam
turbines, in thermal power generation plants, oxide scale from the inner surface of the boiler
tube is the primary erodent [3]. The erosion changes the component shape and results in
deterioration of the aerodynamic properties or a loss in power-generating efficiency.

To prevent SPE, various surface modification techniques are used, such as cladding,
thermal spraying, diffusion treatment [4], chemical vapor deposition (CVD) [5,6] and
physical vapor deposition (PVD). Among these surface treatments, PVD coating is widely
used for erosion resistant applications and various coating materials and architectures
of coatings are investigated. TiN is a common coating material for SPE protection;
therefore, the effect of coating properties on erosion resistance has been investigated
thoroughly [7–12]. Sue et al. reported the effect of crystallographic orientation on the SPE
resistance of arc-evaporated TiN coatings [7]. TiN coatings with (111) or (200) textures,
deposited under various substrate bias, showed a decrease in the erosion rate by increasing
the I(111)/I(200) ratio by a factor of two. Sue et al. also reported that SPE behavior
was influenced by residual stress for arc-deposited TiN coatings [8]. TiN coatings were
deposited on different substrate materials with various thermal expansion coefficients.
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The coatings had various degrees of residual stress due to thermal expansion mismatch
between the substrate and coating. An increasing d (111) value resulted in the erosion
rate increasing linearly, which suggested that highly stressed coating had poor erosion
resistance. Coating architectures, such as Ti/TiN multilayer coating, have been investigated
by several research groups [9–12].

Adding Al to TiN significantly improves two vital protective features of the coating:
hardness and environmental oxidation resistance [13,14]. Applications of TiAlN coating
to improve SPE resistance have been reported recently [15–19]. SPE resistance of arc ion
plating (AIP)-deposited TiAlN, with unspecified Al content, was investigated in compar-
ison with AlCrN, TiN and CrN coatings [15]. TiAlN coating showed the lowest erosion
rate for SiC erodent particles of 40–100 mm with a 90◦ incident angle, and also showed a
correlation between the hardness to elastic modulus ratio H3/E2 and erosion resistance.
Ikeda reported that the mechanical as well as chemical properties of TiAlN depended on
Al content [13]. The crystal structure of TiAlN coating changed from a cubic rock salt phase
(B1) to a hexagonal wurtzite phase (B4) when the Al content was more than 60 at.% (only
metallic component). The sudden decrease in hardness was consistent with changes in the
crystal structure. Yang et al. reported on the erosion behavior of sputter-deposited TiAlN
coatings, with Al composition ranging between 10 at.% and 35 at.% using Al2O3 erodent
particles with an average diameter of 50 mm [17]. The erosion rate was lowest at an Al
composition between 10 at.% and 30 at.%; however, exact composition was not specified in
the literature. Although the coating contained a soft hexagonal wurtzite phase, hardness
and Young’s modulus increased almost monotonically with the Al content.

In this paper, an investigation was conducted on the erosion resistance of TiAlN
coatings with different Al compositions. The TiAlN coatings were deposited by cathodic
arc deposition, and the relationship between the Al content and coating properties such as
crystal structure, hardness and residual stress was studied. For these TiAlN coatings, SPE
evaluation was conducted by our developed micro slurry-jet erosion (MSE) equipment
using an impacting slurry-jet containing angular alumina particles.

2. Materials and Methods
2.1. Coating Deposition

All TiAlN coatings were deposited with a commercial AIP deposition equipment (AIP-
SS002, Kobe Steel Ltd., Kobe, Japan) using a magnetically steered cathodic arc evaporation
source. Cathodic arc deposition is based on a low voltage vacuum arc discharge between
a cathode (evaporation material or target) and an anode (usually a grounded vacuum
chamber wall). The cathode material is thermally evaporated by the vacuum arc and
ionized. It is then deposited on the substrate. The principle of the deposition method
can be found in the relevant literatures [20,21]. The arc source uses a target of 100 mm
diameter and 16 mm thickness. The chemical composition of a TiAl target was varied from
Al = 0 at.% (pure Ti), 10 at.%, 25 at.%, 30 at.%, 50 at.%, 60 at.%, 66 at.%, to 75 at.% to produce
TiAlN coatings with different Al compositions. The targets with Al contents of 50 at.%
or less were produced using the melting method, and targets with more Al compositions
were produced by the powder metallurgical method. Mixed Al and Ti powder was used
as a starting material and densified by hot isostatic pressing or hot forging. Substrates
for deposition were mirror-polished WC-Co (UTi20T, MMC) for compositional, structure
and mechanical property analysis, and for erosion resistance evaluation, they were mirror-
polished precipitation-hardened stainless steel 17–4 PH with a standard heat treatment
condition (H1025 JIS G4303:2012). The substrates were cleaned in an ethanol ultrasonic
bath and set in a vacuum chamber. After pumping to the base pressure of 10−3 Pa, the
samples were heated to 550 ◦C and cleaned by Ar ion etching using a filament type ion
source. Arc deposition of TiAlN coating was performed under the following conditions:
arc discharge current = 150 A, substrate bias = −30 V and N2 pressure = 4 Pa. Coating
thickness ranged from 5 to 10 mm.
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2.2. Coating Analysis

Coating deposited on the WC-Co substrate was used for EDX for compositional,
XRD for structural and residual stress and nano-indentation for mechanical property
analysis. Chemical composition was measured by SEM (Hitachi, S-3500N, Tokyo, Japan)-
EDX (Horiba, EMAX ENERGY EX-420, Kyoto, Japan) with ZAF correction and the resulting
Al ratio was defined as Al/(Al+Ti) in atomic ratio. The surface morphology after the
erosion test was observed by SEM (Hitachi, S-3000N) and AFM (Shimadzu SPM-9600,
Kyoto, Japan). XRD diffraction with Bragg-Brentano geometry (symmetric scan) was
conducted by an X-ray diffractometer (Rigaku RINT Ultima-PC, Tokyo, Japan) with a
Cu tube X-ray source. Measurement conditions were as follows: Cu ka (graphite (002)
monochromated), 40 kV–40 mA and scanning speed was 2◦/min. The residual stress
of coating was measured using X-ray diffraction by the multiple HKL method [22]. The
XRD profile was measured by asymmetric (thin film) geometry at an incident angle of
5◦. The peak position of TiAlN in the B1 rock salt phase was calculated by a peak fitting
using a Gaussian shape function, and the residual stress was calculated sin2y to strain,
where Young’s modulus was derived from nano-indentation measurements, assuming
the Young’s modulus was isotropic. A Poisson ratio of 0.22 was used for a typical value
of nitride coating [23]. Indentation hardness and Young’s modulus were measured with
nano-indentation equipment (Elionix ENT-1100, Hachioji, Japan) with a Berkovich type
diamond indenter. Measurement was performed at maximum loads of 2, 5, 7, 10, and
20 mN for each 5 repetitions, and hardness and Young’s modulus were calculated after the
indenter tip shape correction proposed by Tanaka [24].

2.3. Erosion Resistance Evaluation

The erosion resistance was evaluated using a micro slurry-jet erosion (MSE, Palmeso
Co. Ltd., Nagaoka, Japan) test equipment. The principle of the MSE test is described
in [25,26]; a schematic figure of the MSE equipment is shown in Figure 1.
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Figure 1. Schematic view of a MSE apparatus. The insert shows details of the nozzle.

MSE uses a high-speed impingement of slurry-jet containing hard particles (erodents)
such as alumina. In this study, alumina particles with an average diameter of approximately
40 mm were used as erodents and mixed with distilled water at 1 wt.%. An SEM image of
the alumina particles is shown in Figure 2.
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Figure 2. SEM image of alumina particles used as erodents in this study. The average diameter of the
particles is about 40 mm.

The slurry-jet was ejected from a nozzle with a 3 mm × 3 mm aperture and projected
on the sample at a distance of 10 mm. The alumina particles in water were accelerated
by compressed air in the nozzle at a pressure of 0.5 MPa and the subsequent velocity
of the slurry-jet was estimated to be approximately 100 m/s when at its maximum at
the nozzle aperture based on a high-speed video camera observation [27]. The incident
angle of the slurry-jet was at a 90◦ angle to the sample’s surface. The erosion depth of the
coated sample was measured periodically during the erosion test by a surface profilometer
(Tokyo Seimitsu, SURFCOM 1400D, Hachioji, Japan). Typical erosion profiles of TiAlN
coating after the MSE test are shown in Figure 3. At each test interval, the difference in
depth between the original and the eroded surface was measured at the deepest area in
the central region of the erosion scar, and the measured value was defined as the erosion
depth. The erosion test was repeated three times and the erosion rates were calculated
for each sample based on the erosion depth increase per minute by taking the average
over several measurements during different test periods. All MSE tests were conducted at
room temperature.
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3. Results
3.1. Coating Characterization

A comparison between the target composition and the coating composition is shown
in Table 1.
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Table 1. Ti and Al ratio of targets and deposited coatings.

Target Composition Coating Composition Target Composition Coating Composition

Ti TiN Ti0.5Al0.5 (Ti0.53Al0.47) N
Ti0.9Al0.1 (Ti0.92Al0.08) N Ti0.4 Al0.6 (Ti0.42Al0.58) N

Ti0.75Al0.25 (Ti0.78Al0.22) N Ti0.34Al0.66 (Ti0.36Al0.64) N
Ti0.7Al0.3 (Ti0.73Al0.27) N Ti0.25Al0.75 (Ti0.27Al0.73) N

The Al ratio of the coating is always smaller than that of the target. It is reported
that, for a multi-component coating containing elements with different atomic masses, the
Al ratio becomes slightly smaller than the Al ratio of the target due to re-sputtering by
incoming ions [20]. It is also possible that Al is preferentially scattered by the collision with
N2 molecules because Al has an atomic mass close to an N2 molecule. N2 pressure during
the deposition is 4 Pa. This is high enough to expect frequent collisions of Al ions with
N2 molecules.

Figure 4 shows X-ray diffraction patterns of TiN and TiAlN coatings with different
Al ratios.
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Figure 4. X-ray diffraction patterns of AIP-deposited TiN and TiAlN coating with different Al
compositions. Compositions show composition of coating. Marks * denote diffraction peaks from
the substrate.

Diffraction from B4 (100) is located around a diffraction angle of 34◦. Diffraction from
B1 (111) is from 37◦ to 38◦ while B1(200) is from 42◦ to 44◦. These peaks shift slightly to a
higher diffraction angle as the Al ratio is increased. For TiN, only diffraction from B1 cubic
phase with (111) preferred orientation is observed. Between Al ratios 0.08 and 0.58, the
coatings are cubic single phase and only (111) and (200) peaks are observed. Both peaks
shift to higher diffraction angles as the Al ratio is increased, suggesting the lattice constant
of TiAlN decreases at a higher Al content. In addition, change in diffraction peak width
changes with the Al ratio. The increase in the peak width of B1(200) with the Al ratio
suggests a decrease in grain size. Above the Al ratio of 0.58, both B4 and B1 peaks are
observed, indicating the coating is a mixture of the cubic and hexagonal phase.

Hardness and Young’s modulus of each coating have been measured by nano-indentation,
and the results are shown in Figure 5.
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Figure 5. Hardness and Young’s modulus of TiAlN coatings measured by nano-indentation.

The hardness of TiN is approximately 20 GPa and the hardness increases with the
Al ratio up to approximately 30 GPa at an Al ratio of 0.58. Hardness, however, decreases
significantly when the coating Al ratio is more than 0.58, which corresponds to the change
in crystal structure from cubic to hexagonal phase. Young’s modulus shows a similar
behavior to hardness and decreases rapidly above an Al ratio of 0.58. This is associated
with phase transition from the cubic to the hexagonal phase.

Residual stress was measured by X-ray diffraction method up to the Al ratio of 0.58
using diffraction peaks from the cubic phase, and the value of Young’s modulus was
measured by nano-indentation. The results are shown in Figure 6.
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Figure 6. Change in residual stress of TiAlN coatings with different Al compositions.

Above an Al ratio of 0.58, the intensity of the diffraction peaks from the cubic phase
was not sufficient to calculate stress. Residual stress, except for Ti0.92Al0.08N, generally
decreases with the Al ratio increases.

3.2. Erosion Resistance of TiAlN Coatings with Different Al Ratios

Erosion tests were conducted using the MSE equipment and the results are shown in
Figure 7. The scatter bar shows the maximum and minimum values of the erosion rates for
three tests.
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Figure 7. Erosion rate of TiAlN coatings with different Al compositions as measured by MSE test.

The initial erosion rate of TiN is 2.7 µm/min and starts to decrease abruptly as the Al
ratio increases up to 0.58. The lowest erosion rate of 0.036 mm/min is obtained at the Al
ratio of 0.58, and a sudden increase is observed when the Al ratio increases more than 0.58.
Figure 8 shows SEM and AFM images of TiAlN coatings with different Al ratios after a
certain period during the erosion test.
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Figure 8. SEM and AFM images of (a) TiN, (b) Ti0.42Al0.58N and (c) Ti0.36Al0.64N. Surface observation was conducted
when the erosion depth reached approximately half of the total coating thickness.

As observed from the AFM and SEM images, the surfaces of the eroded areas with
a high erosion rate in Figure 8a,c are rough and flaking, and cracking can be observed
compared to the coating with a low erosion rate (in Figure 8b).

4. Discussion

The relationship between erosion rate and Al ratio, as shown in Figure 7, is clearly
connected to the structural and mechanical properties of a given coating. The erosion rate
decreases monotonically with the Al ratio between 0 and 0.58. In this composition range,
crystal structure remains B1 cubic phase, and the erosion rate increases drastically when
the crystal structure changes to a mixture of B1 and B4 hexagonal phases. There is a notable



Coatings 2021, 11, 992 8 of 12

change in mechanical properties accompanied with the change in the crystal structure as
measured by the nano-indentation (Figure 5).

There are several theories and proposals that describe the relationship between me-
chanical properties and particle impact erosion behavior. Hardness is an important factor
for erosion behavior, and the relationship between erosion rate and particle hardness (Hp)
and surface hardness (Ht) is reported [28,29]. Wada reported the particle erosion behavior
of ceramic materials using particles with different hardness values. The erosion rate in-
creased drastically when the hardness of the particle (Hp) was higher than the hardness of
the ceramics (Ht). Wada also reported that the erosive wear mechanism of ceramic material
changed depending on the Ht to Hp ratio. For Ht /Hp < 1, a material fracture with a lateral
crack formation is a major mechanism and for Ht /Hp > 1, while scratching and Herzian
crack formation at a high kinetic energy region are major mechanisms.

Figure 9 shows the relationship between the hardness and erosion rate of the
TiAlN coatings.
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There is an abrupt change in erosion rate for hardness at around 20 GPa which is
close to the hardness of the alumina particle [29]. For coating (TiN, Ti0.27Al0.73N and
Ti0.36Al0.64N) with hardness (Ht), the erosion rate is lower than the alumina particle
hardness (Hp). The erosion rate is higher for the coatings with Hp/Ht < 1. For TiN and
Ti0.36Al0.64N, cracking and flaking are observed on the eroded surface, which suggests
formation of lateral cracking (Figure 8). On the other hand, the surface is relatively
smooth, and no sign of cracking can be observed for Ti0.42Al0.58N with Hp/Ht < 1. These
observations agree with the erosion mechanism proposed by Wada [28].

Hardness-to-elastic-modulus ratio, H/E or H3/E2, is also proposed [29,30] as a factor
affecting the SPE. A material with a large H/E or H3/E2 is considered to be SPE resistant.
This also means it has resistance to plastic deformation (large H) and absorbs impact energy
(small E). Figure 10 shows the relationship between the Al ratio and H/E or H3/E2 of
AlTiN coatings.
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H/E and H3/E2 show similar behavior against the Al ratio, and both increase with
the Al ratio. In the case of H3/E2, a sudden increase is observed for Ti0.42Al0.58N and
scattering is large. Figure 11 shows the relationship between (a) H/E or (b) H3/E2 and
erosion rate.
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As shown in Figure 11, neither H/E nor H3/E2 can completely explain the observed
erosion behavior. However, between the Al ratio of 0 and 0.58, where the crystal structure
is cubic single phase, a larger H/E value results in a low erosion rate; however, this
tendency is not observed for the coatings containing B4 phase. Based on the discussion
of Figures 10 and 11, we think that both hardness and H/E affect the erosion rate of the
TiAlN coating. For coatings whose hardness is lower than the erodent particles, a high
erosion rate is observed independent of H/E values. However, once the coating hardness
becomes larger than the particle, Hp/Ht < 1, the erosion rate is strongly affected by H/E.

Sue et al. reported a correlation between the residual stress and the erosion rate for
arc-evaporation TiN coatings [8]. Furthermore, the erosion rate increased with increasing
residual stress; this was shown by brittle fractures accompanied by large scale chipping.
In this study, the erosion rate decreased when the Al ratio increased up to 0.58 while the
compressive residual stress increased, which was the opposite behavior to reference [8].
No sign of brittle fracture was observed for the eroded surface of Ti0.42Al0.58N coating;
therefore, the residual stress seemed not to be a major influencing factor in this study.

Another factor which can influence erosion behavior is the grain size of a coating. In
Figure 8, SEM and AFM images show different morphologies of the eroded surface. TiN
shows a rather rough surface, while Ti0.42Al0.58N shows a much smoother surface after
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the erosion test. This difference in roughness of eroded surface can be due to the grain size
of the TiAlN coating. Figure 12 shows the relationship between the Al ratio of the coating
and full width of half maximum (FWHM) of (200) peak of the B1 phase.
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By comparing FWHM, Ti0.42Al0.58N have a much smaller grain size than TiN. We
reported crack formation at the grain boundary and grain detachment took place in the
erosion tests with large particles (which is the same used in this study) [31]. Assuming
the same erosion mechanism, the erosion rate of Ti0.42Al0.58N can be smaller than TiN
because the amount of grain boundary increases as the grain size decreases. This agrees
with the result of our erosion test, and the surface morphology of eroded area suggests
the number of detached grains during the erosion process is smaller for Ti0.42Al0.58N
(Figure 8).

5. Conclusions

The relationship between the erosion behavior and the properties of AIP-deposited
TiAlN coatings with different Al ratios was investigated with our developed micro slurry-
jet erosion (MSE) test as a primary erosion evaluation method. TiAlN coating showed a
series of structural changes from the cubic B1 to the hexagonal B4 phase, depending on
Al composition, and a corresponding change in mechanical properties was observed. The
erosion rate strongly depends on the Al ratio of coating, and it decreases as the Al ratio
increases up to an Al ratio of 0.58. However, once the Al ratio exceeds 0.58, where the
coating becomes a mixture of the cubic and the hexagonal phases, the erosion rate increases
rapidly. The change in erosion rate is discussed in connection with the particle’s relative
hardness to the coating (Hp/Ht) and the coating’s hardness to Young’s modulus ratio (H/E,
H3/E2). For the coatings with Hp/Ht > 1, the primary erosion mechanism is lateral cracking,
as suggested from the SEM observation of the eroded surface, and the correlation to H/E,
H3/E2 is rather small. However, for the coatings with Hp/Ht < 1, the eroded surface is
rather smooth, and the erosion rate strongly depends on H/E. Crystal grain size of the
coating is also suggested as a factor that affects erosion rates.
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