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Abstract: High-temperature erosion is a detrimental phenomenon in industries where particle flow
exists, in which the search for new materials and mixes to increase the lifespan of mechanical
components exposed to erosion is crucial. The present work studied the erosion resistance of
two coatings at 25 ◦C (RT) and 900 ◦C in a sandblast-type rig. The coatings were fabricated with
cermet-type powders: (C1) commercial Cr3C2-NiCr and (C2) commercial Cr3C2-NiCr mixed with
a laboratory-conditioned powder consisting of NiCrAlY (linking matrix) and SiC (ceramic phase).
Both coatings were applied on an Incoloy 330 substrate using an HVOF thermal spray process. The
C2 coating was 11% harder than C1 but had a 62.2% decrement in its KIC value. The erosion test
results at RT and 900 ◦C showed better erosion resistance on C1 than C2 at both testing temperatures
and the three impact angles (30◦, 60◦, and 90◦); this was attributed to the minor KIC induced by SiC
hard particles and the bigger propagation of inter-splat and trans-splat cracks in C2. The erosion
mechanisms at RT and 900 ◦C were similar, but at high temperature, the apparent size of plastic
deformation (micro-cutting, grooves, and craters) increased due to an increase in the matrix ductility.
Maximum penetration depth always occurred at a 60◦ impact angle.

Keywords: high-temperature erosion; HVOF; MCrAlY alloy; SiC; Cr3C2-NiCr

1. Introduction

Erosion wear is the progressive material loss from a solid surface due to mechanical
interaction between the surface and a fluid (multicomponent fluid, impinging liquid, or
solid particles) [1]. This wear phenomenon also occurs under high-temperature conditions
in various industries such as casting, petrochemical, garbage incineration, and power
generation [2–4]. High-velocity oxyfuel (HVOF) coatings are commonly applied to mitigate
this type of wear by spraying materials such as WC-Co and Cr3C2-NiCr. However, these
materials show operation limits at temperatures of 450–550 ◦C and 800–900 ◦C, respec-
tively [4–7]. For this reason, the use of high-temperature alloys that are Fe-based, Ni-based,
and MCrAlY (M=Ni, Co or NiCo), and the mixture of these alloys with different ceramics
and cermets such as TiC-NiMo, CrB, Cr3C2, WC-Co, etc., have been proposed [4,8–12].
The MCrAlY alloy family is attractive because these alloys are used in thermal barriers
and for protection against high-temperature oxidation corrosion up to 1000 ◦C [13–15],
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and recently as a binder phase for cermet materials subjected to high-temperature erosion
investigations [16–18].

L. Zhao et al. [16] studied the high-temperature erosive wear behavior of NiCoCrAlY+Al2O3
cermet processed by mechanical alloying and compared to NiCoCrAlY, under heating con-
ditions at 900 ◦C and a 45◦ impact angle, obtaining an erosion rate of 47% bigger on the
NiCoCrAlY+Al2O3 coating and penetrating the substrate. M. Mathapati et al. [17] investi-
gated the erosion resistance up to 600 ◦C of NiCrAlY/WC-Co coating with the addition
of cenosphere (oxides of Al, Fe, and Si). In their work was found that at 200 ◦C, the wear
rate was similar at impact angles of 30◦ and 90◦, and erosion rose ~81 % at 600 ◦C and
a 90◦ impact angle, compared to a 30◦ impact angle. H. Nithin et al. [18] compared the
erosion resistance at 600 ◦C of two CoCrAlY coatings, one reinforced with WC-Co and
the other with Cr3C2-NiCr. The authors report that the coating with WC-Co showed a
lower wear volume, 30% less at a 90◦ impact angle and 60% at 30◦ compared with the
Cr3C2-NiCr coating.

The superior performance of WC-Co cermets is clear. Still, as mentioned, they have a
limiting operation temperature of around 500◦C. The MCrAlY + reinforcement coatings
mentioned above have low hardness compared with conventional WC-Co and Cr3C2-NiCr,
so maintaining or increasing the hardness and its thermal stability result is of interest
because erosion-wear resistance at high-temperature conditions could be improved. In this
sense, the use of SiC as the hard phase is of potential interest since it is one of the hardest
carbides (3500 HV), with low density (3.2 g/cm3), and also presents thermal stability up to
its fusion temperature [19]. It is also known that the spraying of SiC is challenging because
it reacts and decomposes at 2540 ◦C [19–23].

The present work proposes to synthesize a NiCrAlY + SiC cermet powder by mechanofu-
sion and mixing it with a commercial Cr3C2-NiCr cermet to produce coatings using the
HVOF spraying process, studying its erosion resistance at room and high temperature and
correlating its behavior with their microstructure and mechanical properties (hardness and
fracture toughness).

2. Materials and Methods
2.1. Synthesis and Coatings Deposition

The SiC-NiCrAlY cermet was synthesized in a planetary ball mill (PQ-N2, Across In-
ternational), using a ball and material weight ratio of 20:1 at 300 rpm. First, industrial-grade
SiC of a 180 mesh grain size (Figure 1a) was milled for 4 h; then, 3 wt.% of ZrB2 nanoparti-
cles (80–100 nm Nanoshell) was added to stabilize the SiC during thermal spraying [23] and
milled for 2 more hours. This mixture was added to NiCrAlY metallic powders (Oerlikon
Metco (Figure 1b), with a relation of 21:79 wt.%, respectively, by milling for 8 h. Finally,
additional SiC (32 wt.%) was added to the resulting SiC-NiCrAlY cermet to increase the
carbide content. This carbide was ground for approximately 1.5 h to avoid the production
of a finer powder, followed by a superficial chemical treatment at 400 ◦C for 30 min with
Triethoxy(ethyl)silane (Sigma Aldrich) to stabilize the SiC [24,25], in order to reduce its
decomposition during the spraying process. The low density of the final powder generated
in the laboratory detrimentally affects its fluidity, making it difficult to feed it during the
spraying process. This difficulty was resolved by adding commercial Cr3C2-NiCr (Amdry)
powder (Figure 1c) in a proportion of 30:70 wt.%, respectively. These final conditions were
defined after a series of preliminary tests to reach a minimum hardness of ~690 HV on the
coating.

Incoloy 330 was used as a substrate for coating deposition. The surface to be coated
was conditioned by grit-blasting up to Ra ≈ 7.2 µm and acetone cleaned. The Cr3C2-
NiCr (C1) and SiC-NiCrAlY/Cr3C2-NiCr (C2) coatings (Figure 2) were fabricated at the
SURESA company facilities with the HVOF (XPOJET 5000) spraying process; the spraying
parameters are shown in Table 1. The coatings’ thicknesses were approximately 350 µm for
C1 and 162 µm for C2. The difficulties associated with the fluidity of the C2 powder affected
its feeding during the spraying process, making it difficult to grow past 150 microns. Once
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the coatings were fabricated, the specimens were heat-treated in an oven at 560 ◦C for 8 h
to induce chromium carbide precipitation, increasing the hardness of both coatings [26].
Finally, the plates were sectioned by a water jet into 25 × 25 mm and 40 × 25 mm samples.
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Table 1. HVOF Spraying parameters.

Spraying Parameters C1 C2

Oxygen flow 707.92 L/min 707.92 L/min
Kerosene flow 333 mL/min 333 mL/min

Spraying distance 38.1 cm 38.1 cm
Feed rate 8.8 RPM 12.12 RPM

Argon flux 3.78 L/min 11.8 L/min

2.2. Coatings’ Characterization

Cross-sections of coatings C1 and C2 were prepared metallographically. The mi-
crostructure was examined using a scanning electron microscope (SEM, TESCAN MIRA
3 LMU). Phase identification of the powders and coatings was analyzed by the X-ray
diffraction technique (XRD, PANalytical Empyrean diffractometer) using a CuKα radiation
source at an acceleration potential of 45 kV, a diffraction angle 2θ range between 20◦ and
100◦, and a step of 0.02◦.

The microhardness of the specimens was measured by Vickers indentation, in a
cross-section, using a Future Tech FM-800 microhardness tester, a load of 500 g, 15 s
dwell time, and a series of 10 indentations. The fracture toughness (KIC) was evaluated
by the indentation method using the same micro-hardness tester, by making a series of
7 indentations to obtain a statistic of this value. The KIC was calculated with the Palmqvist
equation [27]

Klc = 0.0319
[

P
a
√

la

]
(1)

where P is the load, a is half of the length of the indentation mark, and la is the length of
lateral cracks (Palmqvist cracks) plus a. The applied loads were 1000 g for C1 and 300 g for
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C2 to generate cracks on the edge of the indentation. Images of the cracks and indentation
marks were captured by SEM to take their measurements.

2.3. High-Temperature Erosion Wear Test

The erosion test at both temperatures (900 ◦C and room temperature (RT)) were carried
out in a sand-blast type erosion test machine (Figure 3a). Semi-angular alumina (Figure 3b)
of 125–150 µm, sieved, was used as erodent. Drag air with a dew point of −45 ◦C was
used as the carrier fluid and accelerated through a 1.5875 mm diameter outlet nozzle. The
erosion parameters are listed in Table 2. Particle velocity was measured by the double-disc
method. Surface specimens were prepared to obtain a roughness ≤ 1 µm, according to
ASTM G76 [1], and ultrasonically cleaned in an acetone bath for 10 min before and after
the erosion. The mass loss was measured using a 0.01 mg precision analytical balance
(Sartorius ATILON). Each condition was repeated twice to confirm the result, performing
a third test if the difference between the values was greater than 8% [28]. The volumetric
erosion rate was calculated by [29,30]:

E =
volume o f removed material

mass o f erosive particles striking the sur f ace
(2)
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Table 2. Wear test parameters.

Parameters

Erodent Angular Alumina
Particle size 125–150 µm

Feed rate 14.6 g/min

Test time ~40 min
Particle velocity 46.8 m/s

Impact angle 30◦, 60◦, 90◦

Inner diameter of the outlet nozzle 1.5875 mm

Erodent load 500 g
Impact distance 69.85 mm

Air pressure 34.5 kPa
Test temperatures Room temperature (RT), 900 ◦C

The maximum penetration of wear marks was measured using contact profilometry
(Veeco DEKTAK 150 SURFACE PROFILER). Moreover, eroded surfaces and cross-sections
were analyzed with the SEM to characterize the erosion mechanisms (damage generated).
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3. Results and Discussion
3.1. Coating Characterization

The diffraction patterns of the C1 coating and powders are shown in Figure 4a. CrNi3
peaks are observed in both conditions; the coating pattern shows secondary Cr3C2 peaks
with less intensity, and some disappear (not detected) compared with the powder pattern.
This phenomenon is due to the decarburization of Cr3C2 and the Cr oxidation processes
that the material experiences during the spraying process (formation of Cr7C3 and Cr2O3,
respectively) [31–37]. Due to the high content of Cr3C2-NiCr (70 wt.%) the C2 material
contains, the diffraction patterns of both powders and coating (Figure 4b) are similar
to those observed for the C1 material, only showing additional peaks corresponding to
SiC phases and Ni5Y related to NiCrAlY [38]. The absence of SiO suggests that the SiC
maintains its stability during the spraying process. Additional peaks related to the NiCrAlY
were not identified due to a possible overlap with the CrNi3 peaks.
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Figure 4. Diffraction patterns: (a) Cr3C2-NiCr and (b) SiC-NiCrAlY/Cr3C2-NiCr.

The cross-section of C1 (Figure 5) shows the typical microstructure generated with the
HVOF process consisting of a dense Cr3C2-NiCr splat-like structure (chromium carbides
distribution in the nickel–chromium (CrNi3) matrix). The porosity percentage was less
than 1%, as is expected for this type of coating [33,35,36].
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The C2 coating (Figure 6a) has a more complex microstructure than C1. It contains
two metallic phases (NiCr and NiCrAlY) that are indistinguishable from one another using
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backscattered electrons because Ni is the principal element. The darker particles observed
are associated with the SiC. The rest of the splat-like Cr3C2-NiCr structure and the porosity
(less than 1%) are similar [33,34]. An EDS elemental mapping analysis (Figure 6b) revealed
the distribution of the phases mentioned above. In this image, it is possible to identify the
NiCrAlY because of the presence of aluminum. The oxygen-rich areas are associated with
decarburized and oxidized Cr3C2 splats.
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The microhardness and fracture toughness by the indentation method are shown in
Table 3. The results show that C2 is 11% harder than C1. This increase was attributed to the
cermet prepared in the laboratory (SiC/NiCrAlY) and its presence in the final coating [16–18].
The C1 fracture toughness had a superior value of 62.2% greater than C2. This can be
related to better inter-splat cohesion and the lower hardness value of this coating compared
to C2. Moreover, comparing the KIC of C1 with those values reported in the literature
(2.1 to 4.2 MPa m1/2), it is noticed (Table 3) that the C1 coating displayed better fracture
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toughness, since it had greater hardness values (from 825 to 1050 HV) and therefore more
brittleness [6,31,35,39]. The low fracture toughness of the C2 coating can be attributed to
poor inter-splat cohesion, promoted by the silicon carbide grains. When seeking to stabilize
these particles during the thermal spraying process, they did not soften enough to achieve
good cohesion with the other phases, and as a result, generated areas that facilitated the
propagation of cracks. Figure 7 shows an indentation mark and the crack length for the KIC
measurement, in which can be observed the inter-splat crack propagation.

Table 3. Mechanical properties of coatings.

Coating Microhardness (HV0.5) KIC (MPa m1/2)

C1 641 ± 58 5.14 ± 0.27
C2 711 ± 63 3.2 ± 0.47
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3.2. Erosion Tests

The erosion rate graphs of all the studied conditions are shown in Figure 8. From
Figure 8a, it can be observed that at 25◦ C (RT), the erosion of C1 has a brittle tendency,
with maximum wear at 60◦. Similar results were reported by Z. Li et al. and X. Zhang et al.,
where their Cr3C2-NiCr coatings achieved maximum erosion at middle impact angles (60◦

or 70◦) [40,41]. M.A. González et al. [42] and H. Zhang et al. [43] reported in cermet-type
materials that this ductile-brittle behavior of the Cr3C2-NiCr coating could be attributed
to the preferential erosion of the binder phase (NiCr). The continuous impact of particles
induces considerable plastic deformation and embrittlement of the binder, promoting
its detachment by cracking; then, the exposed Cr3C2 particles fracture rapidly due to
their subsequent impact. On the other hand, C2 showed a completely brittle behavior
(maximum erosion rate at 90◦). At 30◦, these two coatings have no notable difference in
their erosion rate, but at medium (60◦) and normal (90◦) impact angles, the erosion rate of
C2 samples increases, experiencing maximum wear at normal impact angles. These C1 and
C2 behaviors can be explained in terms of their hardness and toughness properties and the
impact angle. At a low impact angle, the normal load component of the impact is low. Both
coatings’ metallurgical condition (hardness) is such to impart good erosion resistance (a
somewhat lower erosion rate is observed for the harder cermet, C2). As the impact angle
increases, so does the component of the normal load. The impact load effect reaches deeper
splats, not just the superficial ones. In this sense, it is important to consider the effect of
the KIC, as was presented earlier. C2 possesses lower values, which is assumed to affect its
erosion resistance under medium or high impact angles (medium or high normal load). On
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the other hand, C1 displayed higher KIC, which means that under repetitive particle hitting
(cyclic load) C1 will possess better erosion resistance.
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Figure 8. Volumetric erosion rate plots (a) at room temperature and (b) at 900 ◦C.

As was expected (Figure 8b), at 900 ◦C, the erosion rate of both systems increases for
all impact angles compared to room temperature, e.g., an increment of 83.8% for C1 and
118.4% for C2 at the impact angle of 30◦. The erosion behavior of C1 showed a constant
erosion rate at the three impact angles (3 % biggest difference) and presented better erosion
resistance than C2 in all test conditions. This behavior could be explained by the increment
of ductility that the materials experience at this temperature, inducing major material
removal at low erosion angles (increasing the ductile erosion behavior) [44]. This change in
erosion tendency is more notorious for the C2 material, shifting its maximum erosion rate
from 90◦ at RT to 60◦ at 900 ◦C, also by comparing the erosion rate difference between 30◦

and 90◦ at room temperature (84.2%—brittle tendency) and 900 ◦C (23.7%—brittle tendency
reduced considerably).

It is worth mentioning that in many applications, the remaining life of a component
is determined by its thickness loss and not by the volumetric loss, so it is important to
analyze the erosion penetration in the material. Figure 9 shows the maximum penetration
profiles obtained by profilometry from both specimens. Let us take the case of C1 at 900 ◦C
with impact angles of 30◦ and 60◦; the difference in erosion rate was only 2.8. %, while
the penetration difference was 75% (see Figure 10a,c). In both cases, the lower penetration
occurred at 30◦; this is because the tilt of the sample created a greater erosion area, and
their hardness reduced the penetration on the coatings.

Coatings 2023, 13, x  9 of 17 
 

 

  

Figure 8. Volumetric erosion rate plots (a) at room temperature and (b) at 900 °C. 

As was expected (Figure 8b), at 900 °C, the erosion rate of both systems increases for 
all impact angles compared to room temperature, e.g., an increment of 83.8% for C1 and 
118.4% for C2 at the impact angle of 30°. The erosion behavior of C1 showed a constant 
erosion rate at the three impact angles (3 % biggest difference) and presented better ero-
sion resistance than C2 in all test conditions. This behavior could be explained by the in-
crement of ductility that the materials experience at this temperature, inducing major ma-
terial removal at low erosion angles (increasing the ductile erosion behavior) [44]. This 
change in erosion tendency is more notorious for the C2 material, shifting its maximum 
erosion rate from 90° at RT to 60° at 900 °C, also by comparing the erosion rate difference 
between 30° and 90° at room temperature (84.2%—brittle tendency) and 900 °C (23.7%—
brittle tendency reduced considerably). 

It is worth mentioning that in many applications, the remaining life of a component 
is determined by its thickness loss and not by the volumetric loss, so it is important to 
analyze the erosion penetration in the material. Figure 9 shows the maximum penetration 
profiles obtained by profilometry from both specimens. Let us take the case of C1 at 900 
°C with impact angles of 30° and 60°; the difference in erosion rate was only 2.8. %, while 
the penetration difference was 75% (see Figure 10a,c). In both cases, the lower penetration 
occurred at 30°; this is because the tilt of the sample created a greater erosion area, and 
their hardness reduced the penetration on the coatings. 

  
Figure 9. Average of erosion penetration plots (a) at room temperature and (b) at 900 °C. 

30 60 90
0

1

2

3

4

5

6 RT

E 
(m

m
3 /g

 x
 1

00
)

Angle (°)

 C1
 C2

30 60 90
0

1

2

3

4

5

6 900 °C

E 
(m

m
3 /g

 x
 1

00
)

Angle (°)

 C1
 C2

30 60 90
0

50

100

150

200

250

Pe
ne

tra
tio

n 
(-μ

m
)

Angle (°)

 C1
 C2

RT

30 60 90
0

50

100

150

200

250

Pe
ne

tra
tio

n 
(-μ

m
)

Angle (°)

 C1
 C2

900 °C

(a) (b) 

(a) (b) 

Figure 9. Average of erosion penetration plots (a) at room temperature and (b) at 900 ◦C.
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Figure 10. Profilometry plot of maximum penetration: (a) C1 30◦ 900 ◦C; (b) C1 60◦ 900 ◦C; (c) C1
30◦ RT; and (d) C2 60◦ 900 ◦C. (units in micrometers).

A similar example is the comparison of C2 at 900 ◦C, 30◦, and 60◦. Its volumetric
erosion difference is 28.8%; meanwhile, the penetration difference between them is 231.3%
(Figure 10b,d). At 30◦ RT, C2 shows less penetration than C1, which can be attributed to the
fact that harder materials have better erosion penetration resistance at low impact angles.
It was observed that the highest penetration was always at a 60◦ impact angle in all cases,
reaching full penetration in the C2 at 900 ◦C and even eroding the substrate; this can be
attributed to the combination of low and normal angle erosion mechanisms resulting in
more material removal, as is shown in the next section. The erosion of C2 at 900 ◦C and
60◦ was the only case where the substrate was eroded. Therefore, an approximation to
determinate the volume percentage of the eroded substrate was made using profilometry
results, showing that this represented less than 7% of the total eroded volume.

3.3. Erosion Mechanisms

The C1 and C2 samples at both RT and 900 ◦C showed the same erosion ductile
mechanisms (craters, micro-cutting, grooves, and lips formation). Still, they increased in
size at 900 ◦C for both coatings and all impact angles.

The erosion mechanisms presented in C1 and C2 specimens at RT and 30◦ (Figure 11a,b,d)
were mainly by micro-cutting and in minor presence grooves, frontal, and lateral lips (asso-
ciated with plastic deformation). In these same figures, cracking is observed in some lips,
indicating that during the erosion test, they were susceptible to being fractured by the con-
tinuous impact of erodent particles, generating detached chips. As mentioned earlier, the
appearance (smaller erosion damage features) of this type of erosion mechanism in the C2
coating is attributed to its higher hardness. Also identified were fractured chromium carbide
and silicon carbide grains (Figure 11e). At 900 ◦C (Figure 11c,f), there were no observed
fractured carbides in C1, while in C2 the fractured carbides were less abundant but still
present. These phenomena were attributed to the matrix’s ductility (softening) increment,
which explains the high erosion rate difference between RT and 900 ◦C (increment of 83.8% in
C1 and 118.4% in C2) [2,44].
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backscattered electrons; and (f) at 900 ◦C.

In the case of the C1 and C2 coatings eroded at RT at a 90◦ impact angle (Figure 12a,c),
the brittle fracture was the principal mechanism. Evidence of this was the presence of
cracked and fractured lips and carbides (a large number of micro-cracks along almost the
total eroded surface of the C2 coating sample (Figure 12d)). The deformation features
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(craters shape) attributed to the plastic damage mechanisms were irregular due to the
angular particles hitting at a normal impact and forming lips at their edge; this observation
was more notorious in C1. At 900 ◦C (Figure 12b,e), the brittle mechanisms were still
present, especially in C2; this is assumed to be possible because SiC particles are hard but
brittle, even under high-temperature conditions.
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The C1 and C2 eroded surface at RT and at an impact angle of 60◦ (Figure 13) showed a
combination of erosion mechanisms commonly observed under normal and oblique impact
angles. Plastic deformation and brittle fractures are commonly observed on these cermets
constituted by ductile and brittle phases. There were craters, grooves, lips in the edges of
the grooves and the craters, and micro-cutting (Figure 13a,c). Brittle mechanisms, such
as fractured carbides and some cracks, were observed. The main difference was found
on the C2 specimens, where more fractured carbides were observed (Figure 13e). Then,
the presence of a second brittle phase (SiC particles) in these samples explains the large
volume loss value compared to the C1 specimen. At 900 ◦C (Figure 13b,d), the presence of
a second soft phase (splats of NiCrAlY) affected the C2 sample’s ductility (softening) to
a greater extent. Both factors induced this coating to experience the greatest erosion rate
and penetration.
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backscattered electrons.

Cross-sections of eroded C1 and C2 at the 900 ◦C and 90◦ impact angle samples were
selected to analyze the erosion damage. The C2 sample (Figure 14a) showed considerable
inter-splat cracking and splat detachment (fractured). It is observed that the SiC particles are
preferential sites for inter-spalt crack propagation (Figure 14a,b). Trans-splat fracture is also
observed in this coating (Figure 14c). Contrarily, the eroded C1 sample showed less damage
in terms of fracture and cracking propagation (Figure 14d). The above confirms the better
performance of the C1 coating subjected to the erosion conditions of this investigation.
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4. Conclusions

• The SiC added to the C2 specimen was successfully stabilized, increasing the micro-
hardness by 11% compared with the C1 coating but decreasing its KIC by 62.2%.

• The better erosion resistance of C1 was attributed to its higher KIC.
• The addition of SiC particles combined with their low KIC promoted the nucleation

and propagation of inter-splat cracking, detrimentally affecting their erosion resistance
at both temperatures.
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• At 900 ◦C, the erosion rate of both coatings increased, and the ductile behavior of both
coatings also increased due to the increment in the metallic matrix ductility.

• The maximum penetration depth always occurred at a 60◦ impact angle due to a
combination of low-impact-angle erosion mechanisms (micro-cutting and grooves),
and normal-impact-angle erosion mechanisms (craters and cracks formation).
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