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Abstract: The impact wear resistance of the hard coating is very important in the high-temperature
environment of the nuclear power plant. CrN and CrAlN coatings were prepared using multi-arc ion
plating. The impact abrasive wear resistance of the coatings was investigated at varied temperatures
through a controlled kinetic energy impact wear rig, and their impact mechanism was elucidated.
No extensive spalling was found on the surface of the CrN and CrAlN coatings after 104 impacts
under the no-sand condition. The excellent antioxidant properties of the CrN and CrAlN coatings can
protect the substrate from oxidation under the no-sand condition at 500 ◦C. The impact mechanism
of the two coatings was plastic deformation under the no-sand condition, and it was mainly material
removal under the sand condition. The depth and width of wear scar were larger under the sand
condition than under the no-sand condition. The impact wear region was divided into a mixed
impact zone and a sand impact zone. Compared with the CrN coating, the CrAlN coating had lower
impact force and shallower impact wear scar, proving that it has better anti-impact wear properties.

Keywords: impact wear; sand; CrN; CrAlN; coating

1. Introduction

Some metal particles may be generated in nuclear reactors because of fretting wear
between the cladding tube and the grid or the assembly error of the cladding tube. These
metal particles gain a certain velocity with the coolant flow and hit the structural materials
of the nuclear reactor, causing severe impact abrasive wear. Although installing filters can
block this debris, they are ineffective for debris less than 1 mm in diameter [1–3]. Thus, the
impact abrasive wear resistance of materials must be improved to ensure the safe operation
of nuclear reactors [4]. Coating the surface of the workpiece is an effective method to
improve anti-wear properties.

Coating technologies, such as anodic oxidation [5–7], electro-deposition [8], chemical
conversion coating [9], cold spraying [10], and physical (chemical) vapor deposition [11,12],
have proven that coatings endow excellent protective properties. Among these technologies,
physical vapor deposition (PVD) has been widely used in various fields because of its
fast deposition, good adhesion, and dense coating. Nitride ceramic coatings prepared
using PVD, such as TiN [13] and CrN [14] coatings, exhibit high hardness, excellent wear
resistance, and good corrosion resistance. The CrN coating has been applied to protect
the cladding tube [14–16]. The CrN coating has low internal stress, making it possible
to prepare a greater thickness. The hardness and antioxidation critical temperature of
CrN coatings are approximately 20 GPa and 650 ◦C, respectively [17,18]. Doping with
elements (Al, Si et al.) is an effective way to improve the mechanical, anti-wear, and anti-
oxidation properties of CrN coatings [19–21]. For instance, the mechanical and antioxidant
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properties of CrN coatings can be improved by Al doping. Brashilia et al. [18] reported
that Al doping increases the hardness of CrN from 18 GPa to 33 GPa and improves
the antioxidant temperature from 600 ◦C to above 800 ◦C. Zhou et al. [22] reported the
mechanical properties of CrAlN and proposed four methods to increase the toughness of
the coating. Drnovsek et al. [20] showed that the fracture toughness of CrAlN coatings
decreases with increasing temperature. Fan et al. [23] reported that the wear resistance
of CrAlN coating decreases with increasing Al content. Liu et al. [15] found that CrAlN
coating can protect the substrate from oxidation under 1000 ◦C steam and delay the
substrate oxidation for more than 15 min under 1200 ◦C steam. These studies focused on
the friction and wear properties of coatings and their high-temperature oxidation resistance.
Few studies analyzed the impact abrasive wear resistance of CrN and CrAlN coatings.
Zhu et al. [24] investigated the impact properties of CrN-Cu coatings, but only conducted
impact experiments at room temperature (RT).

In the present study, the impact properties of CrN and CrAlN coatings were investi-
gated in four environments (RT, RT with sand, 500 ◦C, and 500 ◦C with sand). The surface
morphology, mechanical properties, and phase composition of the coatings were charac-
terized. The impact wear mechanism of the two coatings was also discussed through the
dynamic response and the morphological characterization of wear scars.

2. Materials and Methods
2.1. Coating Preparation

All coatings were deposited on the surface of 308 stainless steel (30 mm × 30 mm × 2 mm)
by using a multiarc ion plating system (Hauzer Flexicoat 850). The schematic of the film
preparation system is shown in Figure 1. The chromium (Cr) and chromium aluminide
(CrAl) targets (Φ 104.8 mm × 8 mm, 99.9% purity) were used as the cathode arc target
during the deposition.

Figure 1. Coating preparation equipment and schematic. (a) Coating preparation system, and
(b) preparation schematic.

Before deposition, the stainless steel was cleaned with anhydrous ethanol and acetone
for 15 min, respectively. The substrates were mounted on the substrate holder with a
rotation speed of 3 r/min. Argon gas (Ar, 99.9% purity) was introduced after the chamber
pressure reached 3 × 10−3 Pa. The substrate surface was cleaned and activated for 20 min
by Ar+ under a negative bias voltage of 1200 V. Then, the CrN and CrAlN coatings were
deposited on the substrate surface. The deposition temperature was 450 ◦C. The arc current
was 100 A. The arc voltage of the Cr and CrAl targets was 25 V. The nitrogen partial pressure
was 2 Pa, the substrate bias voltage was −40 V, and the deposition time was 120 min.
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2.2. Characterization of Coating

The microstructure and element distribution of the coating, wear scar surface, and
cross-sections were analyzed using scanning electron microscopy (SEM, Tescan Mira 3 XH,
Brno, Czech Republic) coupled with energy dispersive spectrometry (EDS, Tescan Mira
3 XH, Brno, Czech Republic). The optical morphology of the wear scar was characterized
using the super depth of a field microscope (VXH-6000, Keyence, Osaka, Japan). The
phase of the coatings was analyzed using X-ray diffraction with Cu kα radiation. The
scanning range was 10◦–90◦ with a step of 0.06. The operating voltage was 40 kV, and
the size of specimen was 15 mm × 10 mm. The hardness and elastic modulus of the
coatings were charactered by nanoindentation, measuring three points for each sample,
and taking the average value. The loading force was 50 mN, and the pressing depth was
approximately 10% of the coating thickness to avoid the influence of the substrate on the
measurement results.

2.3. Impact Abrasive Wear Test

The effect of temperature and sand on the impact properties of the coatings was
investigated. The impact abrasive wear test was carried out using a controlled kinetic
energy impact wear rig at four environments (RT, RT with sand, 500 ◦C, and 500 ◦C with
sand). A schematic of the impact wear tester is shown in Figure 2a. The SEM image of the
sand particles is shown in Figure 2b. In the impact experiment, the Si3N4 ball was used as
the tribo-pair, the diameter of Si3N4 ball was 4.76 mm, the impact velocity was 100 mm/s,
the mass block was 200 g, and the impact cycle was 104. The impact force, velocity, and
energy absorption rate during the impact process were recorded and analyzed in real time.
The energy absorption rate is calculated from the change in velocity before and after impact.

Figure 2. Impact test system. (a) Schematic of impact wear tester, and (b) SEM image of sand.

3. Results and Discussion
3.1. Microstructure and Mechanical Properties of Coatings

The XRD diffraction spectra of the CrN and CrAlN coatings are shown in Figure 3a.
The diffraction peaks of the CrN phase are detected in the CrN and CrAlN coatings.
The diffraction peaks of the Cr and AlN phases are detected in the CrAlN coating. The
diffraction peaks of the CrAlN phase are not detected because of the absence of an ICDD
diffraction data card in the powder diffraction files. The research shows that the diffraction
peaks of the CrAlN phase are the same as those of the CrN phase and shifted with the
change in Al content [15,25]. Thus, the diffraction peaks of the CrN phase detected in
the CrAlN coating may be the CrAlN phase. The relative intensity of CrAlN coating is
smaller than CrN coating, due to the CrN coating is thicker and only the CrN phase is
present [25,26]. The existence of Cr may be due to the fact that part of Cr is deposited on the
surface of the sample without participating in the reaction during the deposition process.
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Figure 3. Characterization of coating properties. (a) XRD diffraction spectrum of coating samples,
(b) surface and cross-sectional morphologies and element distribution of CrN, and (c) surface and
cross-sectional morphologies and element distribution of CrAlN.

The surface morphology of the two coatings is flat, dense, and had no cracks, as shown
in Figure 3b,c. All coating surfaces are unevenly distributed with microscopic particles of
different sizes and pinholes, which are the typical characteristics of multi-arc ion plating.
These particles and pinholes are produced during deposition and are related to the rapid
growth of grains, excessive ions from the target, and spalling of some particles [15,23,27].
Different pit sizes (Figure 3b) due to ion bombardment can be observed from the surface of
the CrN coating [28]. The microparticles and pinholes size of the CrN coating are larger
than those of the CrAlN coating. The CrAlN coating shows a uniform surface without
obviously larger microparticles and pinholes (Figure 3c). The CrN and CrAlN coatings are
9.35 and 4.3 µm thick, respectively. The cross-sections of all coatings are dense without
observes crakes and voids. In addition, no obvious cracks are observed on the interface
between the coating and the substrate. This result proves that the adhesion between the
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coating and the substrate is excellent. The element distribution indicate that the CrN
coating is composed of Cr and N, whereas the CrAlN coating is rich in Cr, Al, and N.

The variation in indentation depth with force, the hardness, and the elastic modulus
of the CrN and CrAlN coatings are present in Figure 4. The load force is 50 mN during
the nanoindentation test. As shown in Figure 4a, the indentation depth of the CrAlN
coating is approximately 290 nm. The CrN coating has the largest indentation depth of
approximately 360 nm. Under the same load, a present the deeper indentation depth,
indicating lower hardness. As shown in Figure 4b, the hardness and elastic modulus of the
CrN and CrAlN coatings are 19.09 and 233.21 GPa, and 33.26 and 262.85 GPa, respectively.
The hardness and elastic modulus of the CrAlN coating are larger than those of the CrN
coating. Doping with Al significantly improved the hardness and elastic modulus of CrN
because of the dissolution of Al atoms into the cubic CrN lattice. This phenomenon causes
stress and strain in the coating and hinders the movement of dislocation, thereby increasing
the hardness of the coating [23]. H/E and H3/E2 are related to the toughness of the coating.
The former represents the ability of the coating to resist elastic strain [29–31], and the
latter represents the ability of the coating to resist plastic deformation [32]. The crack
initiation and propagation resistance of the coating also enhanced with increasing H/E and
H3/E2 [17]. The H/E and H3/E2 of the CrN and CrAlN coatings are 0.082 and 0.128, and
0.126 and 0.532, respectively. The CrAlN coating had larger H/E and H3/E2 than the CrN
coating, indicating that the former has better impact wear resistance than the latter.

Figure 4. Nanoindentation results of CrN and CrAlN coatings. (a) Load–displacement curves, and
(b) hardness and elastic modulus.

3.2. Impact Dynamic Response of Coatings

The impact kinetic response of the CrN and CrAlN coatings under RT and 500 ◦C in
sand and no-sand conditions at 1 × 104 cycles is shown in Figure 5. The velocity change of
the CrAlN coating is less than that of the CrN coating, except at RT with sand environment,
indicating that the kinetic energy absorbed by the former coating is less than that of the latter
coating, as shown in Figure 5a. The absorbed kinetic energy is mainly used for wear during
the impact test [33–35]. The velocity change of the CrN and CrAlN coatings is larger under
the sand condition than under the no-sand condition. This phenomenon can be ascribed
to the fact that the sand particles can cut and squeeze the coating, thereby increasing the
absorbed kinetic energy and producing a small rebound velocity [36]. Figure 5b shows
the impact force of the CrN and CrAlN coatings. The impact force of the CrAlN coating
is lower than that of the CrN coating under the same condition. The impact force of all
coatings is lower under the sand condition than under the no-sand condition. During the
impact test, the sand with sharp angles can easily cut into the coating when it comes in
contact with the Si3N4 ball (Figure 2b) [33,37,38]. The contact time of all coatings is longer
under the sand condition than under the no-sand condition. The impact force decreased as
the contact time is prolonged.
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Figure 5. Impact kinetic response on CrN and CrAlN coatings. (a) Impact velocity vs. time, and
(b) impact force vs. time.

Figure 6 shows the energy absorption rate of the two coatings at different impact
cycles. The energy absorption rate fluctuated more under the sand condition than under
the no-sand condition. This result is related to the collision between the sand particles
and the Si3N4 ball and the existence of the sand particles as the third body between the
Si3N4 ball and the coating, which makes the contact between the Si3N4 ball and the coating
unstable. With the increase of temperature, the mechanical properties of CrN and CrAlN
coatings change, which is also one of the reasons for the large fluctuation of kinetic energy
absorption rate under different cycles at the high-temperature in sand condition [14,18,20].
The energy absorption rate is stable under the no-sand condition.

Figure 6. Energy absorption rate at different cycles in the throughout the cycle. (a) CrN coating, and
(b) CrAlN coating.
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3.3. Impact Wear Morphological Analysis

Figure 7 shows the impact wear scar optical micrographs and diameter of the CrN and
CrAlN coatings. The wear scar diameters of the CrN and CrAlN coatings under the sand
condition are approximately 4 to 6 times those under the no-sand condition because of the
cutting and squeezing effects of sand [33]. As shown in Figure 7a–d, under the no-sand
condition, the diameter of the wear scar under the RT condition is smaller than that of
the wear scar under 500 ◦C. This phenomenon is mainly because the coating hardness
decreases with increasing temperature [14,18,20], thereby promoting deformation. The
CrAlN coating is partially peeled off under RT without sand, as shown in Figure 7b. The
research shows that the failure of coating has two modes: adhesive and cohesive. The
adhesive failure mainly occurs at the edge of the impact scar, which corresponds with
the CrAlN coating [24]. In Figure 7e–h, the black matter is found in the impact wear scar
under the sand condition, which may consist of chipped coating, exposed substrate, and
grains of sand embedded in the coating. The diameter of impact wear scar of the CrAlN
coating under the no-sand condition is smaller than that of the CrN coating. Under the
sand condition, the diameter of impact wear scar of the CrAlN coating is almost equal to
that of the CrN coating because of the sputtering effect of sand particles.

Figure 7. Optical microscope morphology and impact wear scar diameter: (a,c,e,g) CrN coating;
(b,d,f,h) CrAlN coating; and (i) the wear scar diameter.

The cross-section profile and surface cloud chart of the impact wear scars of the CrN
and CrAlN coatings under RT in sand and no-sand conditions are shown in Figure 8. As
shown in Figure 8a, the wear depth of the CrAlN coating is smaller than that of the CrN
coating whether in the sand or no-sand condition. Compared with that under the no-sand
condition, the wear depth under the sand condition is two to three times greater because
of the cutting and squeezing effects of sand [33]. Figure 8b,c shows that the CrN and
CrAlN coatings underwent plastic deformation during impact test under RT in no-sand.
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Figure 8d,e displays that the impact zone of the sand condition can be divided into two
categories: (i) mixed impact zone, which is under the combined impact of the Si3N4 ball
and sand particles, and (ii) sand impact zone, which is formed when sand particles collide
with the Si3N4 ball and sputter onto the sample surface. The sand impact area is larger
than the mixed impact area. The mixed impact zone is deeper than the sand impact zone
because the sand with sharp angles is more easily chipped and inlaid on the surface by the
combined action of the Si3N4 ball, which caused greater damage to the coating.

Figure 8. Impact wear scar profile and surface cloud chart of CrN and CrAlN coating under RT in
sand and no−sand condition: (a) Wear scar profile; (b,d) CrN coating in sand and no-sand condition;
and (c,e) CrAlN coating in sand and no-sand condition.

Figure 9 shows the cross-section profile and surface cloud chart of the impact wear
scars of the CrN and CrAlN coatings under 500 ◦C in the sand and no-sand conditions. The
wear depth of the CrAlN coating is smaller than that of the CrN coating under 500 ◦C, which
corresponds to the result of Figure 8. The impact mechanism of the two coatings under
500 ◦C corresponded with that under RT in the sand and no-sand conditions. However, the
wear depth of the two coatings under 500 ◦C is larger than that under RT in the sand and
no-sand conditions because the hardness of the CrN and CrAlN coatings decreased with
increasing temperature [14,18,20]. Whether or not oxidation occurred during the impact
under the 500 ◦C no-sand condition requires further analysis.

Figure 9. Impact wear scar profile and surface cloud chart of CrN and CrAlN coating under 500 ◦C
in sand and no−sand conditions: (a) Wear scar profile; (b,d) CrN coating in sand and no−sand
condition; and (c,e) CrAlN coating in sand and no-sand condition.
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Figure 10 shows the area and depth of the wear scar and the energy absorption rates
of the CrN and CrAlN coatings under RT and 500 ◦C in the sand and no-sand conditions.
The wear area of the CrAlN coating is smaller than that of the CrN coating under the
no-sand condition, as shown in Figure 10a. The sand impact zone depth of the CrAlN
coating is shallower than that of the CrN coating. The wear depth of the CrN coating is
larger than that of the CrAlN coating under all test conditions (Figure 10b). The impact
wear became more serious with the participation of sand particles because of the cutting
and squeezing effects of sand [33]. As shown in Figure 10c, the energy absorption rate
by the CrAlN coating is less than that by the CrN coating, except under RT with sand. In
addition, the participation of sand particles increased the absorbed kinetic energy. The high
hardness and better toughness made the CrAlN coating have better impact resistance than
the CrN coating.

Figure 10. Area and depth of wear scar and total energy absorbed of the CrN and CrAlN coatings
under RT and 500 ◦C in and no-sand condition. (a) Wear scar area, (b) wear scar Depth, and (c) energy
absorption rate of the CrN and CrAlN coatings at 104 cycles.

The SEM microscopic morphology and element distribution of impact wear scar under
500 ◦C in and no-sand condition are characterized to elucidate the impact mechanism.
Figure 11 shows the SEM images of impact wear scars under 500 ◦C in no-sand. The
EDS mapping is mainly to prove that the coating is still intact after the high temperature
impact test, and to detect whether there is a large amount of oxygen on the surface. The
surface of the CrN and CrAlN coatings underwent plastic deformation. Analysis of element
distribution indicated that Cr, N, and Al are detected, proving that CrN and CrAlN coatings
were still present. In the result of EDS mapping, the O element is not detected, indicating
the absence of oxidation during the impact test. The anti-oxidant temperature of the CrN
coating is 650 ◦C [18]. After doping Al, the anti-oxidant temperature reached 1000 ◦C
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because of the dense and adherent protective (Cr, Al)-oxide layer formed during the high-
temperature environment [20,22]. The better oxidation resistance made the CrN and CrAlN
coatings protect the substrate from oxidation corrosion during the impact test. The chemical
compositions of points 1 to 4 are presented in Table 1. In the chemical compositions of
these points, a small amount of the O element is detected. The Fe, Mn, and Si elements
are detected from points 3 and 4, which are derived from the 308 stainless steel substrates.
However, Points 1 and 2 lacked these elements because the CrN coating is thicker than the
CrAlN coating.

Figure 11. SEM microscopic morphology of impact wears scar at 500 ◦C in no sand. (a) CrN coating,
and (b) CrAlN coating.

Table 1. The chemical compositions of points.

Point Cr N Al O Fe Mn Si

1 93.68 5.58 0 0.74 0 0 0
2 92.93 5.83 0 1.24 0 0 0
3 67.50 10.80 19.85 0 0.87 0.83 0.15
4 66.45 20.27 19.51 2.22 0.95 0 0.60
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The enlarged image inside the wear scar (Figure 11a) shows no obvious cracks inside
the wear scar. Only some small flakes are exfoliated because of cohesive failure [24].
However, a crack is found from the edge of the wear scar of CrN, which is not found at
the edge of the wear scar of CrAlN. This finding proves that the CrAlN coating has better
toughness and resistance to crack initiation and propagation than the CrN coating, which
is consistent with the previous results that CrAlN has the largest H/E and H3/E2.

Figure 12 presents the SEM images of the impact wear scar under 500 ◦C in sand
condition. From the surface of the wear scar, the sand particles are embedded on the
coating surface during the impact test. On the basis of element distribution, the sand
particles exist in the mixed impact zone, and large amounts of Si and O elements are
detected. In the element distribution test, the brighter the color of the corresponding
element, the higher the content of the element [39]. The Cr (Al) and N elements appear
black in the mixed impact zone, indicating the absence of Cr (Al) and N elements. The
discovery of Fe in the mixed and sand impact zones suggests coating failure during impact
and matrix exposure. In addition to Si, Fe, and O, Cr and Al are also detected in the sand
impact zone, indicating that the coating is not completely damaged. From the enlarged
view of the mixed impact zone, the wear debris present lamellar accumulation, which
consist of SiO2. At the junction between the sand impact zone and the coating, the coating
is mainly damaged and fallen off, and some sand particles are embedded in the coating.
In the mixed impact zone, the impact wear of the coating can be mainly divided into the
following three parts: (i) after the sand particles collide with the Si3N4 ball, they hit the
coating surface at a certain speed, cutting and extruding the coating and then falling off;
(ii) part of the sand particles are embedded in the coating or collide with the Si3N4 ball
again when they are not peel off, causing them to become the third body to exist between
the Si3N4 ball and the coating and further damaging the coating under the impact of the
Si3N4 ball; and (iii) during the impact, the sand particles are continuously embedded in
the coating, broken by the impact of the Si3N4 ball, and adhered to the coating surface in
sheets under continuous extrusion. Different from the mixed impact zone, sand particles in
the sand impact zone continuously impacted the coating surface, destroying and removing
the coating. From the magnified view of the boundary between the sand impact zone and
the coating, the crater due to the extrusion of the sand can be clearly observed (Figure 12b).
The adhesion and insulating properties of the sand in the mixed impact area made the
detected Fe element brightness significantly darker than that in the sand impact area.

Figure 12. Cont.
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Figure 12. SEM micrograph of impact wear scars at 500 ◦C with sand. (a) CrN coating, and (b) CrAlN coating.

Figure 13 present the SEM image of the cross-section of wear scar and element distribu-
tion of the CrAlN coating at 500 ◦C in sand and no-sand condition. From the cross-section
of the wear scar, the CrAlN coating and the substrate underwent plastic deformation, as
shown in Figure 13a. The enlarged images show that the CrAlN coating and the substrate
are still well bonded, and no cracks appear, suggesting that the CrAlN coating still has a
protective effect. Figure 13b shows that the sand grains are embedded in the substrate. With
sand embedded in the substrate, the coating lost its protective effect. Compared with the
no-sand condition, more severe damage to the coating occurred under the action of sand
cutting and extrusion in the sand condition, which is consistent with our previous results.

Figure 13. Cross-sectional SEM image of wear scar of CrAlN coating at 500 ◦C. (a) No sand, and
(b) sand.
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3.4. Impact Mechanism Analysis

The CrN and CrAlN coatings did not occur with obvious oxidation under high tem-
perature. Therefore, the impact mechanism is the same at RT and 500 ◦C. In the no-sand
condition, the coating mainly resisted the impact wear of the ball by plastic deformation.
Under the continuous impact of the Si3N4 ball, the coating is continuously compressed
and deformed, and the substrate is also deformed to a certain extent with the coating.
However, when sand particles are involved, the coating underwent plastic deformation
and material removal under the action of the Si3N4 ball and sand particles. In the cutting
and extrusion of sand, its impact mechanism is based on material removal. Before the
Si3N4 ball collides with the coating, sand particles collide with Si3N4 ball and impact the
coating at different angles and cause damage to the coating. The effect of sand particles on
the coating can be divided into three parts. First, the sand particles embedded the coating
surface. Second, after rebounding, the particles collided with the Si3N4 ball again, causing
secondary damage to the coating. Last, the particles that fell directly after rebound. The
sand embedded on the coating surface, and some of the sand particles that collided with
the Si3N4 ball served as the third body between the coating and the Si3N4 ball, causing
continuous damage to the coating. Finally, under the action of sand cutting and extrusion,
the coating is continuously removed, and the final failure exposed the substrate. Thus, the
coating incurred more damage in the sand condition than in the no-sand condition.

4. Conclusions

The CrN and CrAlN coatings were fabricated on the surface of 308 stainless steel
through multi-arc ion plating. The thicknesses of the CrN and CrAlN coatings were 9.35
and 4.3 µm, respectively. The impact properties of the CrN and CrAlN coatings in sand and
no-sand condition were tested at RT and 500 ◦C, respectively. The following conclusions
can be drawn:

1. The kinetic energy absorbed during the impact test is mainly used for plastic defor-
mation and material removal.

2. The CrN and CrAlN coatings underwent plastic deformation in the no-sand condi-
tion. Both coatings can protect the substrate from oxidation at 500 ◦C. Additionally,
the CrAlN and CrN coatings are preserved intact. The high harness and H3/E2 of
the CrAlN coating minimized plastic deformation and increased resistance to crack
initiation and propagation.

3. The wear area and depth significantly increased when the sand particles participated
in the impact test due to the cutting and squeezing effects. The wear scar can be
divided into two areas: (i) mixed impact zone and (ii) sand impact zone. Wear was
most severe in the mixed impact zone because the sand was chipped, squeezed, and
continuously embedded in the matrix under the continuous impact of the pellets.

4. The CrAlN coating had a shallow wear scar and exhibited stronger impact wear
resistance than the CrN coating.
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