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Abstract: In this study, the tapered roller bearing was adopted to explore the effect of the man-
ganese phosphate coating on the friction, wear, and lifespan of bearings. Line friction samples
with and without a manganese phosphate coating were prepared. The White Light Interferom-
etry was used to analyze the three-dimensional morphology and roughness, and the Optimal
Schwing—Reib—Verschleiss-5 multifunctional friction and wear tester was applied to obtain the
tribological parameters before and after the application of the manganese phosphate coating. A
scanning electron microscopy and energy dispersive spectrometry were used to characterize the
microstructure and element composition of the worn surfaces of the manganese phosphate coating.
The influence of the manganese phosphate coating on the contact stress was contrasted and examined
by establishing a finite element model of the tapered roller bearing. Finally, a life test of the tapered
roller bearings was performed before and after the application of the manganese phosphate coating.
The results demonstrate that manganese phosphate coating enhances wear resistance, lowers bearing
contact stress, and reduces the coefficient of friction. The fatigue life of the tapered roller bearing can
be significantly extended with a manganese phosphate coating. This is a new method that can be
used to improve the service life of bearings.

Keywords: manganese phosphate coating; line friction; micromorphology; finite element; coefficient
of friction

1. Introduction

Bearings are an essential part of many types of machinery, including modest domestic
items such as air conditioners and refrigerators, as well as vehicles, ships, and airplanes [1].
Bearings are commonly referred to as “meals for the equipment industry”, because they are
utilized extensively in numerous mechanical components. Many types of bearings are ap-
plied. Among them, rolling bearings are suitable for many different working environments
and they have fewer restriction conditions than others. As a result, it is crucial to study the
fatigue life of rolling bearings used in machinery. Significant research effort has focused on
the development of approaches to prolong the service life of rolling bearings [2,3].

Due to the presence of constant friction during bearing operations, a significant
quantity of heat is produced, which increases the temperature of bearings [4]. Previous
studies have shown that a significant portion of the failure and destruction of bearing
parts occurs on the surface. The processing and manufacturing precision of bearings,
the composition of the bearing material, and the heat treatment technology used must
all be improved to enhance the performance of bearings. In order to increase the wear
resistance of bearings and assure their long-term stable operation, it is necessary to improve
the surface qualities of the bearings” component surfaces. In mechanical parts, coating
technologies are widely employed to reduce surface friction and improve performance [5].

The reaction principles of phosphating treatment are shown in Figure 1. Eight stages
are needed to prepare the manganese phosphate coating. Firstly, the test piece surfaces
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are pretreated by degreasing in an alkaline solution at 80-90 °C; secondly, the test pieces
are washed with water; thirdly, further treatment is carried out at 50 °C; and finally,
phosphating treatment is performed at 90 °C for 10-15 min while maintaining an acid ratio
of 5.6-6.2. The following chemical reactions take place during the creation of manganese
phosphate coating;:

MH(H2PO)4 = MnHPO, + H3PO4 1
Fe(H,PO), = FeHPO, + H3PO, ?)
3(Mn, Fe) (HaPOy), = (Mn, Fe)5(POy), + 4H3PO, 3)

= 1)
~ Fe(H,PO), =

== —========- Mn(H,PO,), =

Fe— FeX+2e 2H™2e _’@

‘n‘ode

Figure 1. Simplified diagram of phosphating treatment.

After being rinsed with clean water at 20-25 °C, the pieces are dried at room tem-
perature and are then exposed to an oil bath at 20-25 °C, followed by a final 12 h bake in
nitrogen at 50 °C.

A manganese phosphate coating was first applied by Koyo Seiko of Japan to improve
the lifespan of bearings. The results showed that the ability of bearings with a manganese
phosphate coating to form oil film was significantly higher than that of uncoated bearings.
The adsorption impact of the manganese phosphate coating structure and lubricating
oil layer was investigated by Ernens et al. [6]. The research showed that the manganese
phosphate coating forms a friction film during lubrication, which is due to the activation
of shear stress. Jia [7] analyzed the wear and friction characteristics of the manganese
phosphate coating’s gear surface and compared the coefficient of friction before and after
the application of the coating. The study confirmed that manganese phosphate coating
treatment can reduce the friction coefficient during gear meshing, thus reducing the heat
generated by friction during gear meshing. Shi et al. [8] applied a ferrous sulfide coating
and manganese phosphate coating to the surface of AISI 5120 steel and analyzed the
friction characteristics of the two coatings. The research proved that both coatings have
obvious antifriction and wear resistance characteristics; however, with an increase in load,
the effect of ferrous sulfide coating on antifriction and wear resistance is not obvious,
while the manganese phosphate coating has continuous antifriction and wear resistance
characteristics. Ball-disk contact was used by Ilaiyavel et al. [9] to analyze the friction
properties of manganese phosphate coatings. It was concluded that the friction coefficient
decreases with an increase in load, and the temperature of the manganese phosphate
coating is very low after annealing. Olofsson [10] applied an Me-C:H coating to the rollers
of tapered roller bearings and carried out a wear test. The results showed that the coating
has good wear resistance properties. Zang et al. [11] evaluated the tribological properties
of manganese phosphate coatings with a multifunctional friction and wear tester. The
results showed that manganese phosphate coating has good antifriction properties, and
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the strengthening mechanism of manganese phosphate coatings was investigated from a
microscopic perspective.

The lubricating and surface friction characteristics of manganese phosphate coatings
were investigated in the aforementioned studies. It has been shown that the application
of a manganese phosphate coating to gears can reduce the friction coefficient of the gears’
surface, and thus improve the antifriction performance of gears. However, there is a dearth
of studies on the effect of manganese phosphate coatings on the lifespan of bearings. In
this study, the effects of manganese phosphate on the surface characteristics and lifespan
of the tapered roller bearing were explored. The bearings’ inner and outer rings were
subjected to a manganese phosphate coating. First, the cylindrical and disc samples were
manufactured, and then the changes in the coefficient of friction were analyzed using the
line contact test. Then, the friction properties of the surface were analyzed before and after
manganese phosphate coating and compared by scanning electron microscopy (SEM) and
energy dispersive spectrometry (EDS). Finally, the bearing life test was carried out.

2. Materials
2.1. Disk and Cylinder Substrates

Two sample types were used: A disc with a diameter of 24 mm and a thickness of
7.9 mm and a cylinder with a diameter of 6 mm and a length of 8 mm. The hardness of the
samples was 60-65 HRC, and the average roughness was Ra = 0.408.

2.2. Manganese Phosphate Coating Treatment

Manganese phosphate coating was applied to the surface of the base material AISI
52100 steel, and the samples exhibited less surface gloss after treatment with a darker color.
The rolling parts of the tapered roller bearings were untreated, but the inner and outer
rings were coated with manganese phosphate. When the samples were utilized for friction
and wear tests, only the discs were coated. The film thickness of the manganese phosphate
coating was about 4.2-5.2 um, as measured by a high-precision film thickness detector.
According to previous research by the current research group, the surface hardness of
the thin manganese phosphate coating was determined by the nanoindentation test to be
4.015 GPa. The average surface roughness of the coating sample was Ra = 0.408.

2.3. Lubrication

The lubricating oils used in the SRV test and the tapered roller bearing test were
identical to ensure more accurate test results. The lubricating oil parameters are displayed
in Table 1. For each set, new samples were used for the test, and before every test, new test
samples were added with the same volume of lubricating oil.

Table 1. Lubricating oil parameters.

Parameter L-HM 32
density, kg-m 3 at 20 °C 854.0
dynamic viscosity, mm?-s~! at 40 °C 32.11
dynamic viscosity, mm?2-s~! at 100 °C 5.580
viscosity index 112

2.4. Modeling of the Tapered Roller Bearing

In this paper, the tapered roller bearing was chosen as the research object, a three-
dimensional model was established in three-dimensional software named Solidworks 2021.
The parameters of the tapered roller bearings used in this study are described in Table 2.
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Table 2. Tapered roller bearing parameters.

Structural Parameters

Parameter Value

external dimensions (mm)

$50.8 x ©92.075 x 24.608

rolling body nominal diameter x length (mm) $9.23 x 18.07
number of rolling elements (pcs) 21
pitch diameter (mm) O71.724
limit speed (rpm) 5600
rated dynamic load Cr (kN) 83.4
rated static load Cor (kN) 115.5
inner ring raceway angle 11°4/
rolling body accuracy Level III
bearing accuracy Level PO
test radial load (kN) 12.03/19.5
test axial load (kN) 12.63/20

3. Methods
3.1. Line Contact Test

The Schwing—Reib—Verschleiss-5 (SRV-5, Optimol Instruments Prueftechnik GmbH,
Miinchen, Germany) testing machine is a physical performance testing instrument that
is used in the field of physics for the friction and wear test. The test device is shown in
Figure 2a, and the motion form is shown in Figure 2b. The line contact served as the test’s
motion form [12]. During the test, the lower sample (disk) is fixed while the upper sample
(cylinder) performs a reciprocating sliding friction movement. Before the test, lubricants
are injected once through a titration tube into the contact area between the upper and
bottom specimens. The load is applied vertically to the disk through the sensor. Taking
the bearing of automobile automatic transmission as the research object, the maximum
input torque is usually between 250 Nm and 350 Nm. The contact stress is 1000-2500 MPa,
taking the working conditions of the bearing test as a reference, combined with standard
D7421-11 of the American Society for Testing and Materials (ASTM). Thus, the test loads
used were 100 N, 200 N, and 300 N, and the test parameters are provided in Table 3. Each
set of testing was carried out three times under the same circumstances to verify the test’s
reproducibility, and the average coefficient of friction results were computed.

{} Load
Cylinder

Oscillating <= == Qscillating

Lubricating

WA |0
Heating

(a) (b)
Figure 2. Testing principle diagram: (a) testing machine. (b) Principle of motion.

3.2. Surface Morphology Analysis

The White Light Interferometry (Bruker Nano Surfaces, Beijing, China) was used to
analyze the three-dimensional (3D) morphology and roughness. SEM (JEOL, akishima,
Tokyo, Japan) and EDS (Oxford Instruments, Oxfordshire, England) were used to observe
the morphology and composition of the sample’s surface before and after the friction and
wear test [13].
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Table 3. Parameters used in the friction experiment.

Test Parameters Line Contact
load (N) 100, 200, and 300
test time (s) 3600
test temperature (°C) 80
frequency (Hz) 50
sliding speed (m-s~1) 0.1
oil volume (ml) 0.3

3.3. Calculation of the Contact Stress of the Tapered Roller Bearing

Two revolving bodies with different curvature radii in the main plane come into contact
with each other at a point when there is no load, where the upper object is designated as I,
and the lower object is designated as II [14].

The curvature sum calculation method is expressed by Equation (4):

Z — i 4 i 4 L 4 L 4)
P m 2 'm T2

where 7 is the radius of curvature of the raceway groove. Let v = Dcosa/dm, where dm is
the diameter of the pitch circle of the bearing and D is the diameter of the roller. When
the ball is in contact with the inner raceway, the sum of the curvatures can be obtained by
Equation (5):

where f = /D, the subscript i is the inner raceway, and the same is true for the subscript
i below.

Because the roller’s contour radius and the raceway groove’s radius of curvature are
nearly infinite in a tapered roller bearing, the inner raceway’s curvature can be calculated
by Equation (6):

1 2
= 6
The average diameter of the tapered roller can be obtained by Equation (7):
1
Dy, = E(Dmux + Dmin) (7)

where D, is the diameter of the large end of the tapered roller, and D,,;, is the diameter
of the small end of the tapered roller. The average diameter of the inner ring is taken as
the pitch diameter d,; of the bearing, «; is the contact angle of the inner raceway, and v; is

calculated by Equation (8):
_ Dycosa;

The radial load Qj acting on the bearing will generate loads, as shown in
Equations (9) and (10):

®)

Qi_&

 cosw; ©)
Qia = Qjrtana; (10)

where Q; is the normal load of the roller’s inner raceway, Q;, is the radial load of the roller’s
inner raceway, and Q;, is the axial load of the roller’s inner raceway.
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Hertz’s theory assumes that the deformed surface shape is an ellipse of revolution,
and an arbitrary function V is defined by Equation (11):

1 00(1* 2X22 - Y22 *Z*;)
vV — 7/ 2487 1482 ST/ e (11)
2 (2 +57)(1+87)
0

where x = a/b, a, and b are the major and minor semi-axes of the projected ellipse of the
contact area. For the elliptical contact area, the maximum compressive stress appears at the
geometric center, and the magnitude is calculated by Equation (12):

3Q

Tmax = 5 ab

(12)

When the compressive stress is distributed as an ideal line contact semi-elliptical
cylinder. At point x, it tends to infinity, and the stress is calculated by Equation (13):

2
Omax = 7_[7% (13)

For steel bearings, the half-width of the contact surface can be expressed by
Equation (14):
1
3, Q2
b=2335x10"(-= 14
() 19

3.4. Stress Simulation of the Tapered Roller Bearing

The bearing size barely changes after manganese phosphate treatment. The stress
calculated by the aforementioned formula is nearly identical to that of the bearing without
a coating; hence, a discernible stress difference between the coated and uncoated bearings
cannot be obtained. However, the bearing surface’s friction coefficient drastically reduces
after coating. In this study, we modified the friction coefficient based on a simulation of
the uncoated bearing and then ran the simulation once more to analyze the changes in the
stress field of the bearing after coating.

We imported the three-dimensional model into Abaqus 2020 software. We defined the
material parameters, and the tapered roller bearing’s material characteristics are displayed
in Table 4. Tetrahedral meshes were used to divide the components of the tapered roller
bearing. The element type was set to a 4-node linear tetrahedron, and the contact area was
set to a smaller mesh size. The geometric deviation factor of the mesh was checked and
found to be less than 0.2. Finally, 590,415 elements in total were divided [15]. During the
simulation, the convergence met the requirements.

Table 4. Material properties of the bearing components.

Bearing Elements

Material Density (kg-m—3) Elastic Modulus (GPa) Poisson Ratio

inner ring, outer ring, and
rolling element

GCr15 7830 219 0.3

Two reference points were selected to set the coupling of the inner ring and the cage,
respectively. The interference connections between the rolling elements and the inner
and outer ring surfaces, as well as the connections between the rolling elements and the
cage pocket surfaces, were established [16]. The surface—surface contact form was used in
the simulation analysis. Eighty-four pairs of contacts were established, and the friction
factor was set at 0.15. Using the explicit dynamics solver, a linear finite element simulation
analysis of a tapered roller bearing was performed.

Firstly, the boundary condition of the bearing outer ring was set to be completely fixed.
Next, the inner ring of the bearing was subjected to a speed of 3000 r-min~!, and then a
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radial load of 12.03 kN and an axial load of 12.63 kN were applied at the coupling point of
the inner ring.

The tapered roller bearings experienced a decrease in friction coefficient after being
coated with manganese phosphate. We reran the simulation with the friction factor set to
0.145 while maintaining the other conditions.

3.5. Life Test of the Tapered Roller Bearing

Structural fatigue characteristics are usually described by the stress-number of the
fatigue life cycle curve, as expressed by Equation (15) [17], where S is the stress, Sy is the
fatigue limit of the material, and C and m are the constants of the material.

IgN = 1gC —mlg(S — Sp) (15)

The bearing life test was conducted using type VI bearing life testing equipment.
The lubrication method used was oil lubrication. The equipment runs automatically
according to the main parameters, such as the preset test load, speed, and running time,
and automatically alarms and stops when the set vibration or temperature parameters are
reached. The hydraulic progressive loading method was used in this bearing life test to
gradually increase the test load. In order to effectively illustrate the influence of manganese
phosphate coating on the lifespan of tapered roller bearings and to improve the reliability
of the test, low load and high load test conditions were used for two control groups of
tapered roller bearings in the life test. The tapered roller bearing type was 28580, and the
bearing parameters were the same as those used in the three-dimensional model, as shown
in Table 2. The test conditions are shown in Table 5.

Table 5. Bearing life test conditions.

Test Conditions

Test Speed (rrmin~1)  Radial Load (kN)  Axial Load (kN)

Number of Bearings (pcs)

Uncoated Coated
low load 3000 12.03 12.63 2 2
high load 3000 19.5 20 2 2

A thermometer and vibration sensor were used to monitor the temperature and
vibration of the outside ring of the test products throughout the test. The vibration sensor
was situated between the two stations, and the outer ring of the bearing served as the
thermometer’s monitoring position. The test temperature was controlled at 70 £ 2 °C, and
the maximum test vibration value was twice the vibration value at the beginning of the test.
The test equipment was programmed to immediately cease working at a temperature of
greater than 95 °C or a vibration measurement that exceeded the maximum limit.

The standards used in this life test were GB/T6391-2010 Rolling Bearings—Rated
Dynamic Load and Rated Life and GB/T 24607-2009 Rolling Bearings—Life and Reliability
Test and Evaluation.

4. Results
4.1. Tribological Properties
4.1.1. Coefficient of Friction

The coefficient of friction is depicted in Figure 3a as a time-dependent curve of ordinary
heat-treated samples under three loads. During the running-in period, which lasted for the
first 300 s of the friction and wear test [18], the friction coefficient changed obviously and
started to decrease after a sudden increase. Later, a stable period of friction and wear was
reached, where the friction coefficient tended to remain stable. Additionally, the friction
coefficient decreased as the experimental load increased.
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Figure 3. The friction coefficients of samples: (a) uncoated; (b) manganese phosphate coating.

Figure 3b depicts the change curve of the friction coefficient for samples coated with
manganese phosphate over time and under various loads. When compared with uncoated
samples, those with a manganese phosphate coating exhibited more consistent changes
in the friction coefficient over time and under three test loads. The friction coefficient of
the uncoated sample finally stabilized at 0.150 under a load of 300 N, while the friction
coefficient of the sample coating with manganese phosphate stabilized at 0.145.

4.1.2. Surface Roughness

The roughness profile values are displayed in Figure 4a,b. In comparison to the
uncoated sample, the surface profile curves following the coating with manganese phos-
phate exhibited a greater degree of fluctuation. The uncoated sample had a roughness
value of Ra = 0.124, while the sample with coating had a roughness value of Ra = 0.408.
Thus, the roughness value increased. The three-dimensional surface topographies of the
uncoated and manganese phosphate coated samples are depicted in Figure 4c,d, respec-
tively. It can be seen that the undulations in the sample’s surface were more obvious
after coating treatment, indicating that the surface is rougher following treatment with a
manganese phosphate coating. This result is consistent with the roughness value shown in
the preceding two-dimensional map [19].

4.2. Analysis of the Surface Morphology and Elements

The machining traces on the surfaces of the uncoated samples are depicted in Figure 5a.
The sample materials contained high concentrations of C and Fe, as seen in Figure 5b.
The manganese phosphate coating’s particles are shown to be uniformly distributed in
Figure 5c¢, and the particle size of the coating surfaces indicates that phosphate compounds
accumulated on the substrate surfaces. The coating was mostly composed of manganese
phosphate compounds with minor amounts of the elements O, P, and Mn, in addition to the
components C and Fe, as shown by the energy spectrum analysis presented in Figure 5d.

The surface topography and energy spectrum analysis results of the coated samples
obtained after the friction and wear tests under three loads are displayed in Figure 6. It
can be seen from the SEM results that there were numerous pits on the surfaces of the
samples that can be used to store lubricating oil [20]. Moreover, the sample surfaces
were found to have slight scratches as a result of the test, indicating that the manganese
phosphate coating exhibits some antifriction activity [21]. Additionally, the worn area was
found to have a compacted portion, which implies that the manganese phosphate coating
becomes smoother after friction. The results of the energy spectrum analysis presented in
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Figure 6b,d,f reveal that the sample surfaces contained P, Mn, and O, suggesting that the
samples still had a manganese phosphate coating. The fact that the sample surfaces showed
slight signs of wear under the test load of 300 N shows that the manganese phosphate
coating continued to have a good solid lubricating effect under a high load.

B 2
g Ra=0.124 g
2 =

= =4
P [}
2 2

1

s =
—
= =
-1 2
= S
S o
o)

(©) (d)

Figure 4. Roughness profile values and 3D topography: (a) profile value of uncoated samples;
(b) profile value of coated samples; (c) 3D topography of the uncoated samples; and (d) 3D topography
of the coated samples.

El Wilght Atomic

%o

@) (b)

Figure 5. Cont.
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Figure 5. Surface topography and energy spectrum analysis before the wear test: (a) uncoated;
(b) EDS spectrum of the A region; (c) manganese phosphate coating; and (d) EDS spectrum of the
B region.
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Figure 6. Surface morphology and energy spectrum analysis of samples with manganese phosphate
coating after the wear test: (a) wear morphology under a load of 100 N; (b) EDS spectrum of the
A region; (c) wear morphology under a load of 200 N; (d) EDS spectrum of the B region; (e) wear
morphology under a load of 300 N; and (f) EDS spectrum of the C region.
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S, Mises

(Avg: 75%)
+1.407 x 103
+1.291 x 103
+1.176 x 103
+1.060 x 103
+9.444 x 102
+8.288 x 102
+7.131 x 102
+5.974 x 102
+4.817 x 102
+3.660 x 102
+2.503 x 102
+1.346 x 102
+1.895 x 10

S, Mises
(Avg: 75%)

+6.593 x 10%
+6.047 x 10*
+5.502 x 10%
+4.957 x 10*

+4.412 x 10*
+3.867 x 10*
+3.321 x 10%
+2.776 x 10%
+2.231 x 10*
+1.686 x 10*
+1.140 x 10*
+5.952 x 10
+4.996 x 10°

Surfaces with a manganese phosphate coating have a pit structure that gives them
the ability to store oil [22] and allows them to continuously supply lubricating oil between
the metals during friction processes. In doing so, wear between the surfaces of the parts is
reduced, as is the friction factor.

4.3. Finite Element Simulation

By substituting the test loads and bearing parameters into the above formula, the
stress value of bearings under a lower load was found to be 1327 MPa. The inner ring stress
of the bearings is demonstrated in Figure 7a and was found to have a size of 1407 MPa. As
can be observed from the results presented above, there was a 6.02% deviation between the
theoretical and finite element simulation stress values for the bearings. It can be said that
the outcome of the simulation is reasonable.

S, Mises
(Avg: 75%)

+3.852 x 102
+3.620 x 10%
+3.388 x 10*
+3.156 x 10%
+2.924 x 102
+2.692 x 102
+2.459 x 10%
+2.227 x 10%
+1.995 x 102
+1.763 x 10%
+1.531 x 102
+1.299 x 102
+1.067 x 102

=S

(b)

S, Mises
(Avg: 75%)
+1.358 x 10°
[ +1.249 x 10°
+1.141 x 103
+1.032 x 10%
+9.231 x 102
+8.144 x 102
+7.057 x 102
+5.970 x 102
+4.883 x 102
+3.796 x 102
+2.708 x 102
+1.621 x 102
+5.341 x 10

(c) (d)

Figure 7. Stress cloud diagrams of the tapered roller bearing: (a) inner ring; (b) outer ring; (c) rolling
element; and (d) inner ring stress after changing the friction coefficient.

The maximum stress value of the outer ring was 385.2 MPa, and the maximum stress
value of the rolling element was 659.3 MPa, as shown in Figure 7b,c, respectively. The stress
value of the outer surface of the outer ring was higher than that of the inner surface of the
outer ring, because the outer ring of the bearing dissipates heat more efficiently during
the operation.

The coated gear was simulated, and the maximum stress value of the inner ring was
found to be 1358 MPa, as shown in Figure 7d. Compared with the uncoated bearing
simulation, the maximum stress value decreased by 3.48%.

4.4. Life Test of the Tapered Roller Bearing

The failed bearings are shown in Figure 8a,b, respectively. The damaged regions were
large and of a bright metallic color. No evident damage was observed outside the damaged
areas. Under low-load conditions, uncoated tapered roller bearings one and two operated
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for 3.96 x 107 r and 5.94 x 107 1, respectively, with a pitting failure. After being used for
3.63 x 10® r and 3.45 x 10% , respectively, coated bearings one and two experienced pitting
failure. The results are shown in Figure 9a. Under high-load conditions, the uncoated
bearings ran for 5.76 x 10° r and 4.86 x 10° r, respectively, and then pitting failure occurred.
After being used for 3.20 x 107 r and 3.62 x 107 1, respectively, the coated bearings failed.
The lifespan results are shown in Figure 9b. The results suggest that tapered roller bearings
with a manganese phosphate coating have a lifespan that is six-seven times longer than
that of uncoated tapered roller bearings.

(a) (b)

Figure 8. Bearing samples and failed bearings: (a) uncoated invalid bearing; (b) coated invalid bearing.

4x108 4x107
3x10%[ 3x107[
= i
3 :
S2x108T §2x10’ i
= =
- )
1x10% [ 1x10” [
T
C =< -
Uncoated Beaings Coated Bearings 0 Uncoated Beaings Coated Bearings
(a) (b)

Figure 9. Tapered roller bearing lifespan: (a) bearing life under a low load; (b) bearing life under a
high load.

5. Discussion
5.1. Comparative Analysis of the Friction Coefficient

The comparison of the friction coefficients for test loads of 100 N, 200 N, and
300 N is shown in Figure 10. The friction coefficient decreased by 6.25%, 8.13%, and
3.33% under loads of 100 N, 200 N, and 300 N, respectively. The fact that the sample treated
with the manganese phosphate coating exhibited lower friction coefficients than those of
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the uncoated sample under the three loads indicates that the coating has a certain level of
antifriction activity. Additionally, the bearing lifespan is closely related to contact stress:
when the level of stress decreases, the bearing life will increase accordingly.
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Figure 10. Comparison of friction coefficients.

5.2. Wear Mechanism of Manganese Phosphate Coating

The electron micrographs of the uncoated and coated samples after exposure to the
300 N load friction and wear test are displayed in Figure 11a,b, respectively. The surfaces
of the uncoated samples in the friction and wear test region were found to have numerous
scratches and severe wear, as can be observed from the scanning electron microscope results.
However, the surfaces of the samples with the manganese phosphate coating were found
to be compacted with slight scratches. As shown in Figure 11c,d, the depth of the wear
scar following the friction and wear test of the uncoated sample under a load of 100 N was
0.176 pm. Under a load of 300 N, the scratch depth of the uncoated sample was 0.623 pm,
an increase of 0.447 um, and the rate of growth was 253.97%. The scratches used for the
comparison study are depicted in Figure 11e,f. The scratch depth of the coated sample after
the 300 N load friction and wear test was 1.12 um greater in comparison to the depth of the
wear mark after the 100 N load friction and wear test. The rate of growth was 18.58%.
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7
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Figure 11. Cont.



Lubricants 2023, 11, 99

14 of 17

10

%100
Y(nm)

(e) (f)

Figure 11. Comparison of the SEM and wear scar depth results between the uncoated and coated
samples after wear: (a) SEM morphology of the uncoated samples under a load of 300 N; (b) SEM
morphology of the coated samples under a load of 300 N; (c) wear scar depth of uncoated samples
under a load of 100 N; (d) wear scar depth of uncoated samples under a load of 300 N; (e) wear scar
depth of coated samples under a load of 100 N; and (f) wear scar depth of coated samples under a
load of 300 N.

In comparison to the uncoated sample blocks, the coated sample blocks exhibited a
significantly slower expansion of the wear scar depth. From the above results, it can be
concluded that the pits on the manganese phosphate coating’s surface can store lubricating
oil, minimizing wear and giving the coating a certain degree of abrasion resistance. The
wear quantity of the coated sample was greater than that of the uncoated sample, but the
growth rate of the wear scar depth was slower than that of the uncoated samples, according
to the three-dimensional surface morphology. The sample substrate and the hard layer of
the coating became well integrated as the soft layer on the surface wore down, increasing
the substrate’s ability to resist friction.

5.3. Comparative Analysis of Tested Bearings

The dimensions of the tapered roller bearings before and after coating with manganese
phosphate are shown in Table 6. The difference in the outer diameter before and after
coating was less than 0.01 mm, and the circularity and roughness changed significantly.
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Table 6. Bearing size changes before and after coating.
External Diameter (mm) Circularity (um) Roughness Ra (um)
Before Coating After Coating Before Coating After Coating Before Coating After Coating
292.097 292.101 1.11 2.79 0.124 0.408
The uncoated and coated bearings under normal load conditions were selected for a
comparative analysis, and the results are shown in Table 7.
Table 7. Comparative analysis of roughness (Ra) of tapered roller bearing.
Uncoated Bearing (um) Coated Bearing (um)
Before the Test After the Test Before the Test After the Test
0.124 0.117 0.408 0.128

It was discovered, through a comparison of the surface roughness of the coated and
uncoated tapered roller bearings before and after the test, that the surface roughness of
the coating parts was improved, indicating that the surface coating of bearings can fill
the majority of the concave and convex roughness ripples on the bearing surface, and
the coating can combine well with the uncoated parts. Moreover, the pit structure on the
coating surface can store lubricating oil to allow continuous lubrication during the bearing
operation, further reducing the friction coefficient of the bearing surface and promoting
the lubrication effect. The table demonstrates that the coated bearings’ roughness was still
greater than that of the uncoated bearings after the test, indicating that the bearing surface
still had a manganese phosphate coating. This is consistent with the SEM results of the
coating sample presented in Figure 6 above.

5.4. Scientific Significance and Engineering Value

Gears and bearings have certain similarities in terms of the application of coatings.
Firstly, the contact state of the gears and tapered roller bearings is line contact, and the SRV
test is line contact. Next, the results of the SRV test and the life test show that coating a
gear or bearing with manganese phosphate will reduce the surface friction coefficient and
increase the surface resistance to friction as well as the service life. The state of linear contact
is slightly different. Gear contact is a sliding motion, while bearing contact is between pure
rolling and sliding.

Previous research by scholars concluded that the manganese phosphate coating can
reduce the friction coefficient of the part’s surface and increase its friction resistance.
However, there is a lack of research on the specific effect of the application on bearings.
In this study, the characteristics of manganese phosphate coating are obtained by a line
contact friction test, which was applied to the bearings and a life test was carried out. This
study provides ideas for extending the service life of those parts that are in line contact
as well as certain reference values for the application of manganese phosphate coating in
line contact. Additionally, effectively prolonging the service life of tapered roller bearings
can reduce the operating cost of mechanical equipment. This is of great significance
as it could be used to improve the service life of bearings and thus the service life of
mechanical equipment.

More bearing samples will be tested in the future to increase the reliability of the
test results further, even though existing tests demonstrate that manganese phosphate
coating extends the service life of tapered roller bearings efficiently. In the aspect of finite
element simulations, it is a kind of exploration to use nonlinear spring elements to simulate
the combination of coating and tapered rollers and analyze the changes in the bearing
stress field.
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6. Conclusions

In this study, the effects of manganese phosphate coating on the surface characteristics
and lifespan of the tapered roller bearing were investigated. The main conclusions are
as follows:

1. Manganese phosphate coating exhibits certain wear resistance properties. The friction
characteristics of bearings are similar to those of gears. The surface coefficient of friction
can be decreased by coating the tapered roller bearing with manganese phosphate;

2. Manganese phosphate coating can combine well with the substrate. The manganese
phosphate coating becomes smoother after friction, as seen by the SEM and EDS
results following the line friction test. The pits on the surface of the manganese
phosphate coating can store oil to reduce friction;

3.  The stress values obtained by the finite element simulation of the tapered roller
bearings show that the contact stress decreases after the application of a manganese
phosphate coating;

4. The lifespan of the tapered roller bearing can be significantly increased with man-
ganese phosphate treatment, and the lifespan of tapered roller bearings with man-
ganese phosphate coating is six-seven times longer than that of uncoated bearings.
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