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EFFECT AND MODELING ANALYSIS OF ADDING CERAMIC POWDER TO THE SURFACE OF GEARS
FOR COATING PERFORMANCE

Gear provides an important means of transmission in the automobile, and the service life of the gear teeth has a direct effect
on how the engine performs. To enhance the strengthening performance of gear surface, three composite coatings were prepared
in this paper by supersonic flame spraying technology, with nickel-based powder as the main material, and ceramic powder WC,
TiO, and Cr;C, added to it respectively. Hardness tester, scanning electron microscope, X-ray diffractometer and other devices
were used to comparatively evaluate the performance of the coatings. Then, static simulation was carried out for the coating. The
results show that the coating containing Cr;C, is superior to the other two coatings in densification and hardness. Finally, ANSYS
software was applied to model the gear surface coating, revealing that the gear with Cr;C, ceramic powder is advantageous over

the coating with TiO, particles.
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1. Introduce

As the automotive industry advances rapidly, the role of
gears in automotive transmission systems has become increas-
ingly prominent. Nowadays, they are widely used in a range of
civil and military equipment, such as metallurgical machinery,
heavy vehicles, ship machinery, aerospace machinery, etc. [1-4].
In general, most mechanical transmission systems operate under
harsh operating conditions characterized by heavy loads, high
temperatures. In this circumstance, the gears are susceptible
to friction and wear during the meshing process, which results
in surface damage [5-10], as shown in Fig. 1. Ultimately, the
performance of the gears deteriorates, which reduces the perfor-
mance of the entire mechanical transmission system. Overall,
the failure rate of gears is high, as are their costs. Once they fail
and get discarded, considerable resources are wasted. Thus, it is
desirable to extend their service life by repairing the surfaces of
failed gears or improving the mechanical properties of surface
coatings for the gears. This is crucial for resource conservation,
equipment operation safety, and other aspects [11].

In practice, gears can be overloaded and used at high
speeds. Meanwhile, they are expected to be smaller, lighter
and more durable [12-15]. The advancement of gear theory and
manufacturing technology could facilitate in-depth research
on the mechanism of gear tooth damage, which is crucial for
developing reliable strength calculation methods and improving
the bearing capacity of gears [16-18]. In theory, extending the
lifespan of gears is inseparable from the development of new
tooth profiles represented by point line spray gears. The bear-
ing capacity of gears can be improved by developing new tooth
teaching materials and new manufacturing processes for gears,
exploring the elastic deformation, manufacturing and installation
errors, and temperature field distribution of gears, carrying out
gear tooth modification to ensure the smooth operation of cargo
ships, and increasing the contact area between the wheels and
cargo at full load [19].

For the extended lifespan of gears, coating technology has
been widely applied to protect the surface of automotive gears.
Compared with traditional coating materials, the spray coatings
obtained from ceramic powders have attracted much more at-
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Fig. 1. Common failure modes of gears, (a) Crack, (b) Broken teeth

tention for their excellent properties such as high hardness, high
wear resistance, and high corrosion resistance.

Developed by Browning Company in the 1980s, the su-
personic flame spraying technology is effective in preventing
oxidation and degradation for coatings. It is particularly suitable
for spraying powders mainly composed of carbides. Among
the surface technology methods, plasma spraying is one of the
common surface modification and strengthening technology,
which makes the metal surface possess the properties of wear-
resistance, high temperature oxidation, corrosion resistance,
electrical insulation and radiation protection. Currently, it has
been widely applied in many sectors such as gear machinery,
aerospace engines, aircraft landing gear, etc. [20-21]. Marx et al.
conducted a study to demonstrate that flame spraying with low
temperature and speed can lead to higher porosity, while the
porosity of supersonic flame spraying coatings could reach as
low as 0.5% or less [22-23]. Zhao et al. established a multiphase
coupling numerical model of HVOF thermal spraying, calculated
the compressible turbulence and combustion behavior during
the thermal spraying in the transient state, and quantitatively ex-
plored the time-varying evolution mechanism of the multiphase
flow formed by the particles wrapped with the combustion flame
flow [24]. Therefore, the High Velocity Oxygen Fuel (HVOF)
process is currently one of the important technical means used
to prepare the coatings containing WC, TiO,, and Cr;C, [25-29].
The HV-8000 model is a representative of the existing supersonic
flame spraying system. Compared with previous supersonic
flame spraying equipment, it possesses various advantages.
On the one hand, it addresses low equipment power and low par-
ticle speed, which extends the heating time of powder particles
in the flame. On the other hand, its spraying powder is supplied
via a central axis, which allows the powder to stay in the flame
longer. Thus, it can be uniformly heated and melted to produce
a concentrated spray beam, with a significant improvement in the
particle flight speed [30]. Ultimately, the quality of the coating
produced is significantly improved.

In this paper, the HV-8000 supersonic flame spraying sys-
tem is applied to prepare WC, TiO,, Cr;C, reinforced Ni60+Ni
(MoS,) coatings, for an investigation into the effects of three

different reinforcement particles on structure and mechanical
properties of the coating.

2. Experiments
2.1. Preparation method

The substrate material selected for experimental purpose is
45# steel plate with the dimensions of ®30 x 10 mm. After being
ground to remove rust from the surface, it was subjected to shot
peening for enhancement treatment. Then, it was cleaned with
acetone to maintain surface cleanliness. Fig. 2 shows the sche-
matic diagram of coating preparation. In the selection of coating
materials, the main component is Ni based powder with excel-
lent mechanical properties. The coating made from this powder
performs well in wear resistance, hardness, toughness, impact
resistance and oxidation resistance, with a low cost incurred.
Ni60 powder possesses a spherical structure with a high degree
of spheroidization, and the powder has a diameter in the range of
50-80 pm. Ni (MoS,) powder is a core-shell composite material,
representing a novel type of composite material developed in
recent years, which is composed of core particles and surface
layer. The surface layer is composed of Ni elements, with MoS,
as the core particles. WC powder particles are spherical particles
with slight pits on the surface, exhibiting a honeycomb shape.
The powder dispersion is satisfactory, and the diameter is slightly
smaller compared to nickel- based powder particles, ranging
from 30-50 pm. The particles of TiO, powder are flocculent, and
there are polygonal particles in the Cr;C, powder. The powder
ratio of the coating is shown in TABLE 1. The well-proportioned
powder was placed in a planetary ball mill and then ball milled
for 2 hours at a speed of 200 r/min. Subsequently, the composite
powder was dried in an oven at 120°C for 2 hours to remove
moisture. This experiment was performed using the HV-8000
supersonic flame spraying equipment to prepare composite coat-
ings. The spraying distance was set to 120 mm and the maximum
flame temperature was set to 3000°C. The process parameters
are detailed in TABLE 2.



TABLE 1
Powder ratio of composite coating
Sample number Powder ratio
A Ni60+35 wt%Ni(MoS,)+15 wt%WC
B Ni60+35 wt%Ni(MoS,)+15 wt%TiO,
C Ni60+35 wt%Ni(MoS;)+15 wt%Cr;C,
Substrate
“
Oxygen and gas mixture Coating-_ |
Sey Injec}or . . “N"‘."‘I‘

Powder and carrier gas
e

Air and gas mixture

Fig. 2. Schematic diagram of Coating

2.2. Testing and Performance Characterization

The composition of the coating phases was examined with
Japanese Shimadzu X-ray diffractometer (model: XRD-7000)
for a Cu target, with the scanning angle set to 10-80° and the
scanning speed set to 8°/min. The field emission scanning
electron microscope (SEM, model: JEM-1200EX) produced in
the Czech Republic was used to examine the surface and cross-
sectional microstructure of the coating. A Rockwell hardness
tester was used to determine the hardness values in the upper,
middle, and lower areas of the coating by applying a load of
150 kg for 10 seconds.

3. Results and discussion
3.1. Phase analysis

Fig. 3 shows the results of phase analysis conducted by
using an X-ray diffractometer on three different composite coat-
ings. The main phases of the three coatings may be composed
of Ni, MoB, and Cr;3Ni,Si phases, with the highest peak value
shown by the Ni phase. The appearance of MoB phase peak value
is potentially attributed to the intervention of various impurities
such as dust and particles during the spraying process. Also, Mo
reacts with a small amount of B element in nickel-based powder
due to the high temperature of flame spraying. The reaction be-
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tween Ni element and Si element in Cr and nickel-based powder
is possibly one of the factors contributing to the appearance of
Cr3Ni,Si phase. In the coating, the content of TiO, and WC
particles is low, it is not appeared TiO,, WC, and W,C phase
peaks were detected in the coating.

o-Ni
A-MoB
v-Cr3sNi2Si

Intensity(a.u)

26(degree)

Fig. 3. Results of coating phase analysis

3.2. Microscopic morphology analysis of coatings
3.2.1. Microscopic morphology of coating surface

Fig. 4 shows the images of three coatings as captured
through scanning electron microscopy at 500x, 1000x, and
5000x magnifications. According to Fig. 4(a), the adhesion be-
tween powder particles is tight and the distribution is relatively
uniform, with the layered structure found more pronounced
than nickel-based powder. Fig. 4(b) shows that there remain
some circular unmelted particles on the surface of the coating.
As can be seen clearly from Fig. 4(c), the overall density of the
coating is high, despite a few pores remaining on the surface,
and the porosity of the coating is uneven. In Figs. 4(d-f), pores
and non-melted powder particles remain in the coating sprayed
with TiO, particles. The surface density of its coating is low,
cracks exist, and high-temperature oxides are formed. As shown
in Figs. 4(h, 1, g), the coating added with Cr;C, powder particles
has high density, and the coating possesses a layered structure
with non-melted powder particles and pores.

The presence of unmelted particles and pores in all three
coatings results mainly from the application of thermal spraying
technology. Due to the uneven heating or insufficient heating
temperature during spraying, there may be non-melted materials.

TABLE 2
Spraying process parameters
Spray current Spray voltage | Argon gas flow rate | Hydrogen flow rate | Nitrogen flow rate | Powder delivery speed
(A) V) (m*/h) (m*/h) (m*/h) (g/min)
Process 360 120 3.6 0.25 0.6 35
parameters
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10 pm
[

Fig. 4. Cross-sectional morphology of the three coatings; (a-c) Cross section of coating A; (d-f) Cross section of coating B; (h-g) Cross section

of coating C

The appearance of pores and voids is attributed to the uneven
melting of the sprayed powder, the uneven diffusion of spray
gun pressure, and the presence of gas hindering the bonding of
a small amount of sprayed material during the spraying process.

The Property of the coating added with TiO, powder par-
ticles is not as excellent as that of added with WC powder and
Cr;C, powder. Besides, there are obvious cracks. However,
the uniformity of the coating is improved, and the surface of
the coating added with WC is dense. The porosity and surface
roughness of the coating added with Cr;C, are slightly higher
compared to the other two powder particles, with no obvious
cracks present in the coating.

3.2.2. Analysis of cross-sectional morphology
in the coating

Figs. 5(a-c) show the cross-sectional microstructure of
coatings A, B, and C, respectively, with (c-f) illustrating the en-
larged local images. From Fig. 5(a), it can be seen that coating A
fails to completely cover the surface of the substrate, with weak
adhesion between the substrate and the coating. There remains
a large gap, which may cause the coating to peel off in later use,
leading to performance failure of the parts. In addition, there are
two obvious pores in the coating, with a diameter of 70 pm for
pore 1 um and a diameter of 100 um for pore 2 um. This can also

lead to low density of the coating. The development of pores may
result from the uneven diffusion of spray gun pressure and the
gas hindering the bonding of a small amount of sprayed material
during the spraying process. Also, there are non-melted powder
particles around the pores. A possible reason for this finding
is that some powder particles are not uniformly heated, or the
heating temperature does not meet the requirements during the
spraying process.

Compared to coating B, the adhesion of coating A is slightly
tighter. However, there are also some areas between coating B
and the substrate that are not covered by the coating, with a small
amount of coating being found in the substrate. This may result
from the melting of the substrate surface, induced by the high
flame temperature during the spraying process, which causes
some coatings to penetrate into the substrate. As revealed clearly
by magnification, there are also pores and cracks in the coating.

There are still pores between coating C and the substrate.
However, compared to the other two composite coatings, this
coating is superior in the adhesion between these three coatings
and the substrate, with no microcracks formed on its surface.
By examining the enlarged cross-sectional morphology, it can be
found out that there are very few pores in this coating, indicating
its high density.

Through a comparative analysis of the cross-sectional
morphology and microstructure among the three different com-
posite coatings, it can be discovered that the coating with Cr;C,
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Fig.5. Cross-sectional morphology and local magnification of the three coatings; (a-c) Cross-sectional morphology of coatings A, B and C;

(d-f) Partial magnification of the coating

powder performs best in adhesion rate, adhesion, density, and
other properties, followed by the coating with TiO, powder that
exhibits the highest adhesion strength. Conversely, the coating
added with WC performs worst in adhesion strength.

3.3. Hardness analysis

Fig. 6 shows the cross-sectional hardness distribution of
these three coatings. The average Rockwell hardness values are
72.57 HRC, 73.10 HRC and 74.50 HRC for coatings A, B and
C, respectively. The overall hardness of coating C is higher com-
pared to the other two, but the hardness distribution is uniform.
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Fig. 6. Distribution of coating hardness with distance

The microhardness of coating C is the highest for two reasons.
On the one hand, the crystal structure of Cr;C, particles is rhom-
bic, which leads to high hardness and effectively increases the
hardness of the coating. On the other hand, the addition of Cr;C,
promotes an increase in the density of the coating.

4. Simulation analysis
4.1. Model establishment

A tooth profile was established above a circle with a di-
ameter of 46 mm such that the contact points between the tooth
profile and the circle forms a 10° angle. By drawing a concentric
circle with a diameter of 20 mm inside the large circle to serve as
the inner ring gear, the surface of the circle was evenly divided
into 18 tooth profiles, with a gear thickness of 10 mm. Then,
a sketch was drawn, as shown in Fig. 7. The material properties
of the gear are defined as 45 steel. According to the previous
analysis, the performance of coating added with WC is poor.
Therefore, the simulation focuses on the coating added with TiO,
and Cr;C,. The material properties of the coating are detailed in
TABLE 3, with the coating thickness set to 1 mm.

TABLE 3
Properties of coating materials
. Poisson’s | Young’s modulus | Density | Temperature
Coatings |~ tio (GPa) (g/cm’) ©C)
B 0.27 230 4.23 18
C 0.23 610 6.68 18
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\ T\ /\L 4.2. Static analysis
> V-

\/ z To perform static structural analysis on the gear tooth profile
( ? after meshing, a vertical force of 100 N was applied from top
X to bottom on the surface of the tooth profile, with the gear ring

§ \ surface fixed for total deformation calculation. The calculation
/ results are shown in Fig. 8. It can be seen from the figure that
- P the tooth profile undergoes deformation under pressure. There
( are variations in the severity of bending deformation, with the
D S maximum extent of deformation found at the tooth end. The
‘ ‘ . . j deformation of the gear tooth profile with coating protection
~/\ f B is less severe compared to that without added powder, indicat-
Fig. 7. Gear model ing that the tooth profile with coating protection has a higher

(a) Results of tooth profile equivalent stress calculation
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(b) Calculation results of tooth profile equivalent stress
after the addition of TiO, ceramic powder
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(c) Calculation results of tooth profile equivalent stress
after the addition of Cr3C2 ceramic powder

1500 4500

Fig. 8. Cloud image of gear deformation



surface hardness and can withstand greater working pressure.
Furthermore, the coating added with Cr;C, powder exhibits less
severe deformation than that added with TiO, powder, suggesting
a better performance of the coating added with Cr;C, powder.

5. Conclusion

This paper investigates the performance of three particle-
reinforced coatings, namely WC, TiO,, and Cr;C,, added with
Ni60+Ni (MoS,) powder. The experimental results are consistent
with the simulation results. Through simulation analysis, it pro-
vides a reference for improving the performance of automotive
gears in withstanding deformation. The conclusions are drawn
as follows:

(1) The uniformity of the coating added with ceramic powder
is improved, with the porosity and surface roughness of the
coating containing Cr;C, being slightly higher compared to
the other two composite coatings. The addition of WC and
Cr;C, powder particles improves the density of the coating,
with no cracks present.

The hardness of the coating prepared by adding Cr;C,
particles to Ni60+Ni (MoS,) powder is higher than that of
WC and TiO, coatings.

According to the static simulation analysis, the Ni60+Ni
(MoS,)+Cr;C, coating performs best in withstanding de-
formation.

Plasma spraying technology is also constantly innovating
and developing with the continuous advancement of science and
technology. The emergence of new materials and processes has
significantly improved the efficiency and performance of plasma
spraying. Meanwhile, the combination with other technologies,
such as plasma spraying and 3D printing, provides more pos-
sibilities for surface treatment of complex shaped parts. These
technological innovations will further broaden the applica-
tion areas and enhance market prospects of plasma spraying
technology.
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