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Abstract: In this study, TiN/Ti coatings with various modulation ratios (TiN/Ti-4:1, TiN/Ti-1:1, and
TiN/Ti-1:4) were deposited on 2A70 aluminum to improve its sand erosion performance. The struc-
tural design of ion implantation + high thickness Ti transition layer + TiN/Ti coatings was applied to
alleviate the differences in physical properties between hard nitride coatings and 2A70 aluminum.
Surface roughness, XRD, elastic modulus, hardness, and the sand erosion failure mechanism of each
coating were evaluated. The hardness of TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4 on aluminum was
26.99 GPa, 21.70 GPa, and 10.99 GPa. Sand erosion test results showed that TiN/Ti-1:1 had the highest
erosion rates due to its rougher surface. Under a 90◦ incident angle, TiN/Ti-4:1 and TiN/Ti-1:4 both
exhibited vertical cracks parallel to the coating growth direction in the bottom TiN layer at the initial
erosion stage. Also, a lateral crack caused by TiN layer crack deflection emerged due to a higher crack
resistance in the thicker Ti layer of TiN/Ti-1:4. Furthermore, in comparison with the layer-by-layer
spalling failure behavior of TiN/Ti-1:4, overall spallation induced by the crack coalescence of the TiN
layer was exhibited in TiN/Ti-4:1. In addition, cracks formed and intersected in the inner TiN layer
in TiN/Ti-1:1 and TiN/Ti-4:1, resulting in layer-by-layer spallation under a 45◦ incident angle.

Keywords: sand erosion; ceramic/metal coating; failure mechanism; aluminum alloy

1. Introduction

Aluminum alloy turbocharger impellers are crucial power components for tanks and
armored vehicles. However, aluminum alloys have low hardness and poor wear resistance.
The intake of high-hardness and high-concentration sand in the desert results in reduced
impeller service life and shorter engine maintenance intervals, thereby negatively impacting
military performance and durability [1–5].

To enhance the service performance of aluminum alloy turbocharger impellers under
harsh desert conditions, prolong the equipment’s lifespan, and minimize erosion and wear-
induced damage to the aluminum alloy impellers, it becomes imperative to reinforce the
surface of the aluminum alloy [1,2,6–9]. Physical vapor deposition (PVD) of metal nitride
coatings, which exhibit high hardness and excellent wear resistance, holds promise in
enhancing the erosion resistance of aluminum alloys against sand [10–13]. The oxidizable
nature of aluminum hinders the proper interfacial bonding between aluminum and nitride
coatings [7,14–17]. Youming Liu et al. successfully improved the bonding strength of a
TiN/Al system by a factor of six with the ion source injection (MEVVA) of Ti metal particles
and Ti intermediate layer pretreatment [18–21]. Nevertheless, the erosion performance
of nitride coatings on aluminum alloy surfaces using this method remains unreported.
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Additionally, the large disparity in hardness between aluminum alloy substrates and hard
nitride coatings, along with differences in lattice constants, hinder the nucleation process
and excessive growth stresses [22–26]. Consequently, there is a necessity for a coating
structure design that enhances the performance of aluminum alloy surfaces and improves
their resistance to sand erosion. Since TiN/Ti coatings exhibit lower internal stress, excellent
strength, and toughness compatibility, as well as minimal disparity with aluminum alloys,
it is imperative to investigate their erosion resistance and failure mechanism when applied
on aluminum alloy surfaces.

In this study, the structural design of ion implantation + Ti transition layer + TiN/Ti
coatings was achieved with magnetic filtration vacuum ion plating. The surface morphol-
ogy and mechanical performance of TiN/Ti coatings at three distinct modulation ratios
were evaluated, along with their erosion resistance and failure mechanisms. The aim was
to develop erosion-resistant coatings suitable for aluminum alloy materials.

2. Experimental Methods
2.1. Coating Preparation

A magnetic-filtered cathodic vacuum ion plating deposition device with a Ti (99.99 at%)
target was used to prepare the anti-erosion coating. Commercially available 2A70 alu-
minum with the size of 3 mm × 20 mm × 50 mm was used with a chemical composition
(in wt.%) of: 0.06 Ti, 1.5 Mg, 0.30 Zn, 0.35 Si, 1.05 Fe, 2.00 Cu, 0.20 Mn, and 1.00 Ni
with the remainder consisting of aluminum. After vacuuming the deposition chamber
to 1.0 × 10−3 Pa, Ti ions were injected into the substrate using a 10 kV bias voltage with
a 6 mA ion beam current of 1 h to clean the oxide layer on the aluminum. After that, a
Ti metal transition layer was deposited on the specimen surface at −200 V for 2 h. Then,
nitrogen gas was inlet into the chamber at 35 sccm to deposit the TiN layer at a bias of
−200 V. For the Ti layer, the deposition bias was −200 V. The TiN/Ti modulation ratios
were controlled to be 4:1, 1:1, and 1:4 (TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4).

2.2. Structural Characterization and Mechanical Property Testing

The cross-sectional surface morphology of each coating and the coating erosion mor-
phology were observed with field emission scanning electron microscopy (FESEM, FEI
Quanta 250). The phase composition was analyzed with an X-ray diffractometer (D8-
Advance, Bruker, Germany). For the phase composition, the measurement angles ranged
from 20 to 90◦, and the scanning speed was 10 ◦/min. The elastic modulus and hardness
of the TiN/Ti coating were measured using nanoindentation with the instrument model
TI950. The indenter of the nanoindentation instrument was a Berkovich-shaped diamond
indenter. Each sample was tested at five points to obtain the average value. The surface
roughness of the deposited coatings was measured using a laser confocal microscope. In
addition, the adhesive force between the substrate and the coating was measured using a
WS-2005 scratch tester fitted with a Rockwell C diamond indenter. The maximum loading
force, scratch length, and loading speed were set at 100 N, 5 mm, and 100 N·min−1. The
elemental composition of each coating was analyzed using an energy-dispersive X-ray
spectroscopy (EDS) system.

The sand erosion test equipment was designed based on ASTM-G76 [15,27–29]. The
erosion speed, sand type, and sand supply were set to 135 m·s−1, 0–75 µm SiO2, and
2.3 g·min−1. The incident angle was set to 90◦ and 45◦. The erosion time was set to 60 s,
120 s, 180 s, 240 s, and 300 s. The mass of the specimen before and after erosion was weighed
using an electronic analytical balance. The mass of the specimen was weighed 3 times after
each erosion, and the results were averaged. The data points at each erosion time were
selected to draw the curve of the relationship between the mass loss and the amount of
sand supply. Subsequently, the data points were analyzed with least squares data fitting,
and the slope after fitting was the erosion rate.
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3. Results and Discussion
3.1. Coating Surface Morphology and Microstructure

Figure 1 shows the coating surface of the TiN/Ti coatings (TiN/Ti-4:1, TiN/Ti-1:1,
and TiN/Ti-1:4) after deposition. It shows that when the TiN/Ti modulation ratio is 1:1,
the spallation of the coating is obvious, showing rough and non-uniform holes. Metal
droplets are observed on the coating surface. These droplet protrusions can easily become
a concentrated site of erosion or fatigue or lead to a coating that is more susceptible to
cracks and spalling. Figure 2 shows the roughness of the prepared TiN/Ti coatings. The
TiN/Ti-1:1 has the largest roughness value, and the coating surface quality is the worst.
The surface roughness value of TiN/Ti-4:1 and TiN/Ti-1:4 is similar. The surface roughness
results are the same as the surface morphology of the TiN/Ti coatings shown in Figure 1.
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Figure 2. Surface roughness values of TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4.

Figure 3 shows the cross-sectional morphologies of the prepared TiN/Ti coatings.
The coating structure was observed using backscattered electrons (BSEs) [30,31]. The total
thickness of each coating is between 9 and 12 µm, as shown in Figure 3. The multilayer
coating structure is identifiable using its contrast, with the Ti layer appearing light and
the TiN layer appearing dark. The thickness of the TiN ceramic layer decreases with the
modulation ratio in the order of 1.49 µm, 1.18 µm, and 0.31 µm. While the Ti layer thickness
is 0.37 µm, 1.09 µm, and 1.26 µm, respectively. The thickness ratios are close to 4:1, 1:1,
and 1:4. In addition, the thickness of the Ti transition layer of each coating is about 2.0 µm.
A thick Ti transition layer can effectively alleviate the differences in physical properties
between hard coatings and 2A70 aluminum alloy substrates.

Figure 4 exhibits the X-ray diffraction profile of three coatings. It demonstrates the
presence of both Ti and TiN phases in all three modulation ratios, which suggests that the
multilayer coatings consist of a combination of metallic titanium and titanium nitride. The
concentration of Ti and TiN phases varied with the modulation ratio. For TiN/Ti-1:1, the
peaks corresponding to both Ti and TiN phases exhibited the highest concentration. On
the contrary, a significant rise in the content of the TiN phase was observed at TiN/Ti-4:1.
This suggests that a higher proportion of titanium nitride was incorporated into the coating
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structure, potentially leading to altered mechanical and chemical properties. Conversely,
in the case of TiN/Ti-1:4, the Ti phase exhibited a more prominent presence. This finding
indicates that a higher concentration of metallic titanium was present within the coating
structure at this modulation ratio. Table 1 shows the chemical composition of Ti and N
elements in the TiN/Ti coatings with different modulation ratios. From the table, it can
be seen that the content of the Ti element in the prepared TiN/Ti coating is slightly higher
than that of the N element. This means that in the prepared TiN/Ti coating, TiN was a
non-stoichiometric TiNx.
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Figure 4. XRD of TiN/Ti multilayer coatings at different modulation ratios.

Table 1. Chemical composition of Ti and N in each coating (at.%).

Modulation Ratio Ti N

4:1 53.8 46.2
1:1 58.6 41.4
1:4 52.2 47.8

3.2. Mechanical Properties

Figure 5a presents the elastic modulus and hardness of the TiN/Ti coatings at different
modulation ratios. The hardness values of TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4 are
26.99 GPa, 21.70 GPa, and 10.99 GPa, and the elastic modulus values were 250.87 GPa,
209.94 GPa, 136.27 GPa. Both the hardness and elastic modulus exhibit a significant decrease
as the TiN phase gradually decreases. The peak values of the hardness and elastic modulus
are reached for TiN/Ti-4:1 and decrease significantly after the addition of the Ti metal
transition layer. The fracture toughness of erosion-resistant coatings can be characterized
by the H3/E2 value, which indicates the resistance to plastic deformation [32]. Coatings
with larger H3/E2 values have higher toughness.
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Figure 5b shows the H3/E2 values of the TiN/Ti coatings at three distinct modulation
ratios. Th H3/E2 shows a monotonically decreasing trend with the increase in the Ti layer
thickness in each coating. The higher the TiN content, the higher of elastic modulus and
hardness, indicating a better ability of the material to resist plastic deformation. When
the modulation ratios are 4:1 and 1:1, the hardness, elastic modulus, and H3/E2 values do
not differ significantly. However, when the modulation ratio is changed to 1:4, there is a
significant change in these mechanical properties. When the TiN/Ti multilayer coatings are
applied to titanium alloys, the hardness value is up to 28.65 GPa, with an H3/E2 value of
0.257. The hardness of the designed TiN/Ti coating structure deposited on aluminum does
not change significantly.

The adhesion force between the TiN/Ti coatings and the substrate were analyzed using
a scratch tester. The scratch test results of the TiN/Ti-1:1 coating are shown in Figure 6a.
When the applied force is below 30 N, the coating surface remains intact without any
signs of cracking. However, upon reaching a loading force of 30 N, surface cracks become
evident, aligning with the cohesive force of the coating. Subsequently, as the loading force
escalates to 45 N, a progressive rise in sound signals is observed. The examination of
scanning electron microscopy results indicates a discernible separation between the coating
and the substrate. The adhesion force of the TiN/Ti coatings with different modulation
ratios are shown in Figure 6b. The adhesion force of TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4
are 32.9 N, 42.1 N, and 45.8 N.
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TiN/Ti multilayer coatings deposited on aluminum.

3.3. Sand Erosion Performance

Figure 7 shows the erosion mass loss with the sand supply for the TiN/Ti multilayer
coatings and aluminum alloy. The mass loss has an overall linear relationship with the
amount of sand supplied. With an increase in the sand supply, the coating mass loss shows
an increasing trend. Furthermore, there are still slight differences between each coating at
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different erosion stages. In Figure 7a, for TiN/Ti-4:1, two different mass loss stages can be
observed before and after the 6.9 g sand supply. When the sand supply falls below 6.9 g, in
stage I, marked by a red dashed circle in Figure 7a, the local slope surpasses the overall
slope, resulting in an increased erosion rate and more severe mass loss. In the range of 6.9 g
to 11.5 g of sand supply in stage II, marked by a yellow dash circle in Figure 7b, the local
slope of mass loss is diminished, resulting in a decreasing erosion rate.
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Comparing Figure 7a,c for TiN/Ti-1:4 and the amount of sand supplied less than 4.6 g,
in stage I, marked by a yellow dashed circle in Figure 7c, the local slope has a smaller value
relative to the overall slope. This means that the erosion rate is lower and the amount of
quality loss is smaller. When the amount of sand supplied is in the range of 4.6–11.5 g, in
stage II, marked by a red dash circle in Figure 7c, the local slope is significantly larger than
the overall slope. This means that the erosion rate is higher, and the quality loss is more
serious. In Figure 7b, the slope value for TiN/Ti-1:1 fluctuates less from the beginning
to the end of erosion. That is, there is no obvious gap between the overall slope and the
localized slope. The fluctuation in the slope values is also small for the aluminum alloy
substrate in Figure 7d.

Figure 8 shows the TiN/Ti coating erosion rate obtained using the least-squares
fitting method. The erosion rates of TiN/Ti at 4:1, 1:1, 1:4 and 2A70 aluminum were
0.03 mg·g−1, 0.09 mg·g−1, 0.05 mg·g−1, and 1.27 mg·g−1. The erosion resistance of 2A70
aluminum was significantly improved with the TiN/Ti coating. The ability of the TiN/Ti
coatings to significantly enhance the erosion performance of aluminum alloy substrates is
demonstrated by the findings presented in this study. For multilayer coatings, in addition to
the TiN/Ti modulation ratio, the number of coating layers affects the erosion performance
of the deposited coating. Cao et al. reported that the erosion rate of a coating is measured
at 0.1 mg·g−1 when the number of layers is two. However, the erosion rate significantly
decreases to 0.085 mg·g−1 when the number of layers rises to four [33]. The erosion rate
starts to increase again beyond this optimal number of layers, indicating a deterioration in
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the erosion resistance. This demonstrates that the optimum erosion resistance is achieved
with a coating consisting of four layers. Figure 9 shows the typical eroded surface of a
TiN/Ti coating. The coating spallation phenomenon as well as a circumferential crack was
observed.

Coatings 2023, 13, x FOR PEER REVIEW  7  of  14 
 

 

 

Figure 7. Mass loss curves of TiN/Ti-4:1 (a), TiN/Ti-1:1 (b), and TiN/Ti-1:4 (c) coatings at a 90° ero-

sion angle and (d) 2A70 aluminum. 

Figure 8 shows the TiN/Ti coating erosion rate obtained using the least-squares fitting 

method. The erosion rates of TiN/Ti at 4:1, 1:1, 1:4 and 2A70 aluminum were 0.03 mg·g−1, 

0.09 mg·g−1, 0.05 mg·g−1, and 1.27 mg·g−1. The erosion resistance of 2A70 aluminum was 

significantly improved with the TiN/Ti coating. The ability of the TiN/Ti coatings to sig-

nificantly enhance the erosion performance of aluminum alloy substrates is demonstrated 

by the findings presented in this study. For multilayer coatings, in addition to the TiN/Ti 

modulation ratio, the number of coating layers affects the erosion performance of the de-

posited coating. Cao et al. reported that the erosion rate of a coating is measured at 0.1 

mg·g−1 when the number of layers is two. However, the erosion rate significantly decreases 

to 0.085 mg·g−1 when  the number of  layers  rises  to  four  [33]. The erosion  rate starts  to 

increase again beyond this optimal number of layers, indicating a deterioration in the ero-

sion resistance. This demonstrates that the optimum erosion resistance is achieved with a 

coating consisting of four layers. Figure 9 shows the typical eroded surface of a TiN/Ti 

coating. The coating spallation phenomenon as well as a circumferential crack was ob-

served.   

 

Figure 8. Erosion loss rates of the TiN/Ti multilayer coatings at a 90° erosion angle with different 

modulation ratios. 

Figure 8. Erosion loss rates of the TiN/Ti multilayer coatings at a 90◦ erosion angle with different
modulation ratios.

Coatings 2023, 13, x FOR PEER REVIEW  8  of  14 
 

 

 

Figure 9. Typical surface erosion morphology of TiN/Ti multilayer coatings. 

To investigate the failure mechanism of TiN/Ti coatings under sand erosion, as well 

as to explore the reasons for the difference between the localized and overall erosion rates 

when the modulation ratios of the TiN/Ti multilayer coatings are 4:1 and 1:4, the eroded 

surfaces were wire-cut. Crack details in the coating cross-section after polishing were ob-

served from the cut surface using SEM. As the erosion time of the specimens varied, the 

specimens showed a large number of erosion points and cracks due to the 90° angle of the 

punch and the  impact of the specimens with vertical particles, which eventually  led to 

failure.   

Figure 10 demonstrates the failure process for a TiN/Ti modulation ratio of 1:4 at an 

erosion angle of 90° when the sand dust feed is gradually increased. Figure 10a–c shows 

the erosion damage for the sand supply of 2.3 g, 4.6 g, and 11.5 g. It demonstrates that 

vertical cracks,  i.e., cracks along  the coating growth direction, appeared  in several TiN 

coatings when  the sand supply was  low. Furthermore,  the TiN coatings at  the bottom 

show a high number of vertical cracks with deeper cracks, i.e., the bottom TiN layer in the 

figure, while the TiN coating away from the substrate has fewer vertical cracks and shal-

lower cracks. This indicates that the vertical cracks spread from close to the substrate from 

the bottom up to multiple TiN layers and began to expand gradually. However, since the 

Ti layer is more difficult to pass through as a toughness layer, it increases the resistance to 

cracks, and thus, only the propagation of vertical cracks between TiN layers occurs. At the 

same time, deeper vertical cracks also appeared at the combination of the substrate and 

the Ti layer, and no lateral cracks appeared. Figure 10b demonstrates that with the gradual 

increase in the amount of sand supplied, lateral cracks began to appear at the interface of 

the TiN ceramic coating and the Ti layer, i.e., cracks normal to the coating growth direc-

tion. The horizontal cracks extend laterally and widen inward within the Ti coating. Mean-

while, the vertical cracks deepen in the degree of expansion compared with Figure 10a. 

Due to the successive impacts of the sand, the TiN/Ti multilayered coatings show three 

major features: (1) vertical cracks on the TiN coatings spanning across the Ti layer from 

close to the substrate; (2) vertical cracks on the TiN coating extend from near the substrate 

across the Ti layer; and (3) lateral cracks in the TiN coating extend toward the Ti layer, 

and the lateral cracks are deeper. Ti, as a ductile layer, is relatively thick and thus has a 

high resistance to crack extension, which is manifested by the use of layer-by-layer spall-

ing. As shown in Figure 10c, when the amount of sand supplied is further increased, the 

lateral cracks also extend. Once the vertical crack expands to cross the lateral crack, it will 

cause a wide range of failures and eventually lead to the spalling phenomenon. 

Figure 9. Typical surface erosion morphology of TiN/Ti multilayer coatings.

To investigate the failure mechanism of TiN/Ti coatings under sand erosion, as well
as to explore the reasons for the difference between the localized and overall erosion rates
when the modulation ratios of the TiN/Ti multilayer coatings are 4:1 and 1:4, the eroded
surfaces were wire-cut. Crack details in the coating cross-section after polishing were
observed from the cut surface using SEM. As the erosion time of the specimens varied, the
specimens showed a large number of erosion points and cracks due to the 90◦ angle of
the punch and the impact of the specimens with vertical particles, which eventually led
to failure.

Figure 10 demonstrates the failure process for a TiN/Ti modulation ratio of 1:4 at an
erosion angle of 90◦ when the sand dust feed is gradually increased. Figure 10a–c shows
the erosion damage for the sand supply of 2.3 g, 4.6 g, and 11.5 g. It demonstrates that
vertical cracks, i.e., cracks along the coating growth direction, appeared in several TiN
coatings when the sand supply was low. Furthermore, the TiN coatings at the bottom show
a high number of vertical cracks with deeper cracks, i.e., the bottom TiN layer in the figure,
while the TiN coating away from the substrate has fewer vertical cracks and shallower
cracks. This indicates that the vertical cracks spread from close to the substrate from the
bottom up to multiple TiN layers and began to expand gradually. However, since the Ti
layer is more difficult to pass through as a toughness layer, it increases the resistance to
cracks, and thus, only the propagation of vertical cracks between TiN layers occurs. At the
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same time, deeper vertical cracks also appeared at the combination of the substrate and
the Ti layer, and no lateral cracks appeared. Figure 10b demonstrates that with the gradual
increase in the amount of sand supplied, lateral cracks began to appear at the interface of
the TiN ceramic coating and the Ti layer, i.e., cracks normal to the coating growth direction.
The horizontal cracks extend laterally and widen inward within the Ti coating. Meanwhile,
the vertical cracks deepen in the degree of expansion compared with Figure 10a. Due to
the successive impacts of the sand, the TiN/Ti multilayered coatings show three major
features: (1) vertical cracks on the TiN coatings spanning across the Ti layer from close to
the substrate; (2) vertical cracks on the TiN coating extend from near the substrate across the
Ti layer; and (3) lateral cracks in the TiN coating extend toward the Ti layer, and the lateral
cracks are deeper. Ti, as a ductile layer, is relatively thick and thus has a high resistance to
crack extension, which is manifested by the use of layer-by-layer spalling. As shown in
Figure 10c, when the amount of sand supplied is further increased, the lateral cracks also
extend. Once the vertical crack expands to cross the lateral crack, it will cause a wide range
of failures and eventually lead to the spalling phenomenon.
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Figure 10. Failure process of the TiN/Ti-1:4 coating at different sand supplies: (a) 2.3 g, (b) 6.9 g, and
(c) 11.5 g.

Figure 11 demonstrates the failure process of TiN/Ti-4:1 at an erosion angle of 90◦

when the sand supply is 2.3 g, 4.6 g, 6.9 g, and 11.5 g. Figure 11a shows that vertical cracks
appeared at the TiN coating nearest to the substrate at a lower sand supply. Figure 11b
shows that as the sand supply rises, the crack number and width increase. Crack deflection
along the interface of the Ti and TiN layers is observed. Figure 11c shows more vertical
crack deflection in TiN. Since the Ti layer thickness is not as thick as that of the multilayer
coating with a modulation ratio of 1:4, the cracks in the TiN layer could pass through the
Ti layer. Also, the lateral cracks have a tendency to expand horizontally. In Figure 11d,
the coating shows overall spalling. A larger number of densely distributed vertical cracks,
vertical cracks, progressively expanding lateral cracks, and cracks deflected horizontally
occurred on all TiN layers, which together led to bulk spalling.

Figure 12a shows the erosion rates of the TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4
coatings at an erosion angle of 45◦.The erosion rates of the TiN/Ti-4:1, TiN/Ti-1:1, and
TiN/Ti-1:4 coatings are 0.01 mg·g−1, 0.03 mg·g−1, and 0.02 mg·g−1, respectively. The
surface morphology of the TiN/Ti-1:1 coating after erosion is shown in Figure 12b,c. The
morphology of the TiN/Ti coating with a 90◦ erosion angle is a circular shape. However,
the erosion pits of the TiN/Ti coating with a 45◦ erosion angle are elliptical, with a large
amount of surface detachment.

Figure 13 shows the cross-sectional morphology evolution of the TiN/Ti-1:1 coating
with the gradual increase in sand input at 45◦. When the sand input was 2.3 g, as shown
in Figure 13a, cracks parallel to the direction of sand erosion appeared in the TiN layer.
Meanwhile, the crack gradually propagated along the TiN layer and terminated at the
interface between the TiN and Ti layers. As the sand input increased to 4.6 g, shown in
Figure 13b, the outermost TiN layer peeled off, and multiple cracks parallel to the erosion
direction merged in the inner TiN sublayer. With the further increase of sand input, the total
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number of TiN/Ti coating layers decreased, and a massive coating spallation phenomenon
was observed.
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To compare the failure process of TiN/Ti coatings with different modulation ratios at a
45◦ erosion angle, TiN/Ti-4:1 was selected for analysis. Figure 14 shows the cross-sectional
morphology of the TiN/Ti-4:1 coating at different sand inputs. When the sand input was
2.3 g, as shown in Figure 14a, the TiN/Ti-4:1 coating maintained its intact morphology,
except for cracks parallel to the erosion angle appearing in the internal TiN layer. As the
sand input increased to 4.6 g, shown in Figure 14b, the outermost TiN layer peeled off, and
cracks in the TiN layer propagated across layers. With the further increase in sand input,
crack intersection as well as massive coating spallation was observed.
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A comparison of Figures 10a and 11a clearly shows that for the TiN/Ti coatings, the
initial failure of TiN/Ti-4:1 is more serious, and lateral cracks appear earlier. However,
along with the gradual increase in the sand supply, the coating with a modulation ratio of
1:4 appears earlier with single-layer spalling and cross phenomena between lateral cracks
and vertical cracks. For the multilayer coatings with a modulation ratio of 4:1, some of
the vertical cracks first appear to be deflected in the horizontal direction. And because of
the lower value of Ti layer thickness, the cracks tend to run through multiple coatings and
overall spalling occurs. The hardness and modulus of elasticity values are lower when
the TiN/Ti coating modulation ratio is 1:4, and the erosion process is a cumulative fatigue
damage process Therefore, under the same sand supply, the resistance to sand dust is worse
than that of TiN/Ti-4:1.

The same TiN/Ti multilayer coating, when acting on titanium alloys subjected to the
erosive action of sand, reflects a large difference in the failure mechanism [34,35]. As the
amount of sand supply increases, the coating first forms vertical cracks in the top TiN
layer attributed to the impact of sand particles. Then, it expands downward inside the TiN
layer, and cracks initiated at the top TiN layer pass through TiN/Ti to form penetration
cracks. When the penetration crack extends downward, it is obstructed by the interface,
and the crack extension terminates. Crack deflection occurs at the TiN-Ti interface. The
main reason for this is that the plastic deformation in Ti consumes part of the impact energy
in the multilayer TiN/Ti coating. Also, the multilayer interface inhibits crack extension in
the coating, so deflection often occurs. However, when the substrate is an aluminum alloy,
cracks expand on several TiN layers at the same time because titanium alloys have higher
strength and hardness relative to aluminum alloys [4,8,14].

4. Conclusions

In this study, the erosion failure behavior of TiN/Ti multilayer coatings on 2A70
aluminum with different modulation ratios was investigated using air blast erosion experi-
ments. The main conclusions are as follows:

(1) The TiN/Ti multilayer coatings, compared with the aluminum alloy substrate, exhib-
ited significantly improved erosion performance. The erosion rate of the aluminum
alloy substrate was 14–42 times higher than the TiN/Ti coating.

(2) The roughness values were 8.21 µm, 9.75 µm, and 8.16 µm, respectively. The TiN/Ti
coatings with a modulation ratio of 1:1 had the largest roughness value and the poorest
surface quality. The hardness values of the TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4
multilayer coatings were 26.99 GPa, 21.70 GPa, and 10.99 GPa, respectively, and the
elastic modulus values were 250.87 GPa, 209.94 GPa, 136.27 GPa.

(3) The erosion performance of the TiN/Ti-4:1, TiN/Ti-1:1, and TiN/Ti-1:4 coatings under
45◦ and 90◦ were compared. The coating with a 1:1 ratio showed the highest mass
loss and poorest erosion resistance due to its rougher surface and lower quality. Both
TiN/Ti-4:1 and TiN/Ti-1:4 exhibited crack initiation, extension, and exfoliation as
failure stages.

(4) Under a 90◦ incident angle, TiN/Ti-1:4 coating experienced transverse cracks earlier,
while the TiN/Ti-4:1 ratio coating showed a cross phenomenon between cracks earlier,
resulting in more severe damage in the later stage of erosion. The TiN/Ti-1:4 coating
peeled layer-by-layer due to the thicker Ti layer, which improved resistance to crack
expansion. The TiN/Ti-4:1 coating experienced complete spalling as a failure form.

(5) Under a 45◦ incident angle, cracks formed and intersected in the inner TiN layer in
TiN/Ti-1:1 and TiN/Ti-4:1. The failure mechanism of both coatings was layer-by-
layer spallation.

This study of TiN/Ti multilayer coatings is beneficial in enhancing the erosion re-
sistance of aluminum alloys, improving the service performance of aluminum alloy tur-
bocharger impellers in desert environments, and minimizing damage from erosion wear
on aluminum alloy impellers.
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