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Abstract: As an important part of transmission systems, coatings can improve the physical properties
of gear surface. It is meaningful to research the effect of coating on the transmission performance
of gears. In this paper, eight-degree-of-freedom dynamic response model of helical cylindrical
gear is established considering friction, and the influence of friction factors on dynamic response is
explored. The tribological properties and lubrication characteristics of the coating are investigated
and compared with uncoated. The transmission performances of manganese phosphate conversion
coated gears are studied experimentally. The results show that the coefficients of friction of Mn-P[C]
coatings are reduced by 19%, the average amplitude and root mean square of vibration acceleration
are obviously decreased, and the transmission efficiency is improved. The manganese phosphate
conversion coating is beneficial to the transmission performance of gears.

Keywords: manganese phosphate coating; tribological property; transmission performance;
vibration response

1. Introduction

Gear transmission systems are widely applied in the mechanical transmission field
of automobiles, rail transit, ships and aircrafts, owning to the advantages of excellent
transmission stability and efficiency [1,2]. With the development of new energy vehicles,
extra requirements are put forward for the gear transmission systems, such as heavy load,
high speed and light weight. The performance of the gear tooth surface has an important
influence on the improvement of gear transmission performance [3,4]. The research shows
that the tribological properties between gear surfaces can prolong the fatigue life and
improve the transmission efficiency of gears. Gear coating surface strengthening technology
is a feasible and effective solution [5-7].

The development of surface coating technology improves the friction and lubrication
environment between tooth surfaces, which also provides a new way to further extend the
service life and transmission performance of gears [8,9]. The coated gear can significantly
improve the load-carrying capacity of the tooth surface and fatigue life of gears, but the
research on the influence of the vibration characteristics of the transmission system is less.
The vibration mechanism of coated cylindrical helical gear is very complex, which is closely
related to the dynamic behavior of gear [10,11]. Therefore, it is meaningful to study the
transmission performance of coated gear in practical application environment.

The manganese phosphate conversion coatings have the function of wear resistance
and lubrication during gear meshing [12-14]. Coating characterization usually includes
microstructure, coating thickness, surface morphology, mechanical properties and bonding
strength. Manganese phosphate conversion coating on the surface of alloy steel substrate
can effectively reduce the friction coefficient [15,16]. In order to improve the fatigue life
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of gears, manganese phosphate conversion coating as a solid lubricating coating has been
applied to gear transmission, and excellent practice has been achieved [17]. Moreover,
experimental results show that manganese phosphate coating of different thickness also
have certain effects on the fatigue life of gears [18]. The engineering application test
research of the coating on the performance of gear transmission efficiency and vibration
response is worthy of further discussion.

The dynamic vibration characteristics are related to variable mesh stiffness, coefficient
of friction (COF), backlash and transmission error [19,20]. The time-varying mesh stiffness
is one of the key factors to study the dynamic response of coated gears. Finite element
method [21-23], analytical method [24,25] and software simulation method are applied
to calculate the mesh stiffness excitation [26]. There is few experimental study on the
transmission performance for the coated gears.

The dynamic model of multi degree of freedom (DOF) gear system considering multi
factors can effectively reflect the dynamic characteristics of gear. Xiao et al. [4] established
the dynamic model of 6-DOF coated spur gear, and analyzed the influence of coating
on the amplitudes of vibration displacements and velocities of gear transmission system.
Wang et al. [27] built an 8-DOF spur gear system, and the nonlinear characteristics of the
system were characterized by bifurcation diagram, Poincare map and spectrum diagram.
A 6-DOF dynamic model of helical gear is obtained [28], including torsional, bending
and axial coupling motion of helical gear system. Meanwhile, the influences of dynamic
transmission error of helical gear on vibration stability are analyzed. Jiang et al. [29]
presented a 6-DOF helical gear model considering time-varying sliding friction and mesh
stiffness, which was used to simulate the dynamic characteristics of spalling helical gear
pair. The results show that the sliding friction has an effect on the frequency domain
response of the helical gear, and increases the peak to peak value of the vibration response.

Reviewing amounts of related literature scholars and researchers mainly used dynamic
simulation methods to build dynamic model of gear system and analyze gear response
characteristics. Compared to the uncoated gear, the manganese phosphate coated gear
has an important influence on the friction characteristics and elastic modulus of the tooth
surface. Therefore, it is very important to study the influence of coating factors on the
transmission performance of helical gear in industrial application.

Driven by the motivation mentioned above, herein, a dynamic model of 8-DOF coated
helical cylindrical gear is established considering tooth surface friction, mesh stiffness,
transmission error and damping, and the influencing factors of gear dynamic response are
analyzed. The friction characteristics and elastic modulus of coated alloy steel were ob-
tained through experiments, and the appropriate coating thickness guides the preparation
of manganese phosphate conversion coated gear. The transmission performances including
running-in performance, efficiency, average amplitude and root mean square value of
vibration acceleration are compared and analyzed between uncoated and manganese phos-
phate coated transmission gears. The results show that the manganese phosphate thick
coating can reduce the vibration acceleration response and improve transmission efficiency.

2. Dynamic Model of Helical Gear

Sliding friction has been reported to be an important factor of gear vibration and noise.
As helical cylindrical gear rotating, the gear meshing will produce axial dynamic meshing
force due to the spiral angle. When analyzing tooth friction, the system should consider
the longitudinal vibration (X direction). Thus, the meshing bending-torsion—axial coupled
vibration model of gear system is established. A rigid body dynamics model with 8-DOF
for helical cylindrical gear considering tooth surface friction is shown in Figure 1.
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Figure 1. Nonlinear dynamic model of cylindrical helical gear transmission.

Ignoring the support of the bearing and the box, the helical gear transmission system
is simplified as a mass-spring damping system. Each gear contains one degree of freedom
rotating around the Z axis and three translational degrees of freedom along the X, Y, Z
direction, respectively. The system includes helical gear mass, rotational inertia, stiffness,
damping and base circle radius.

The generalized displacement array of vibration system in three-dimensional space is:

T
{6} = {xp yp 2p 0p x5 yg 25 05} (1)

where x;, y;, z;, 0; (i = p,g) is the vibration displacement in X, Y, Z direction and torsional
vibration displacement in Z direction at the midpoint Op and Og of the pinion and driven
gears, respectively.

The 8-DOF dynamic equation of cylindrical helical gear is expressed as the following:

MpXp + CpxXp + kpxXp = Fpx
mpj{p + pr]:/p +kpyyp = —Fpy
MpZp + CpzZp + kpzzp = —Fpz
1,0, + FyyRy — (Rytana — H)Fpy = —T,,
MgXg + CoxXg + kgxXg = —Fpx
Mgl + Cox¥g + Kgyyg = Fpy
) MeZg + Cq22g + kgz2g = Fp:
I;0, — FgyRg + (Rgtana + H)Fyy = — Ty

()

The meshing force between teeth includes elastic meshing force and viscous meshing
force, so the dynamic meshing force acting on the gear is expressed as:
The longitudinal dynamic meshing force Fy is given by:

F. = AfF, ®)

where A is directional coefficient of tooth friction. f is the equivalent friction coefficient.



Coatings 2021, 11, 1026 40f12

The circumferential dynamic meshing force Fy is given by:

Ey = kyy (7, — Ty —ey) +py (¥, — Vo — &) )

Axial dynamic meshing force F; is given by:

Taking the pinion as an example, the relationship between the vibration displacement
of point P and the generalized displacement is defined by:

Xp = xp +0pRy
Y, =Yp +0pRy (6)
Zp=zp —Y,tanp

where Rp is the radius of the base circle of the driving pinion. B is helical angle of heli-
cal gear.
Translational vibration mesh stiffness, damping and meshing error are expressed as:

kpy = ky cos B kpz = km sin B
Cpy = Cm COS B Cpz = Cyy Sin B )
ey =ecosP e; =esinf

where ky,, ¢, e are normal stiffness, normal damping and normal meshing error, respectively.
Therefore, the dynamic meshing forces in radial, circumferential and axial directions

can be obtained:
Fpx = AfFpy 8)

Fpy = cos Blkm (yp + 0pRp — yg — 0gRe — ) +Cm (¥, + épRp —Yg— égRg —é)] 9

Fp: = sinB{km[zp —z¢ — (y,., +0pRp —yg + 0sR,) tan f — e

. . . . . 10
+em|zp — zg — (yp +0,Rp — Yo+ GSRS) tanp —e; (10)

where m;, I; (i = p,g) are the mass and moment of inertia of the pinion and driven gears,
respectively. « is the engagement angle. H is the distance from the meshing point to
the node.

Based on the above analysis, the equation of torsional vibration degree of freedom of
pinion can be expressed:

I,6, = [Af(Rptana —H) — Rp]-cos Blkm(yp +0pRp — yg — 0 R —ey)

. : . - . (11)
e (i, + 6pRy i —6gRg =&y ) | = T,
The calculation formula of contact stiffness coefficient of gear is:
K= %R%E (12)

where R is the comprehensive radius of curvature, E is comprehensive elastic modulus.

It can be concluded from the formula that the variation of tooth surface COF and mesh
stiffness will affect the torsional vibration response of helical gear. Therefore, the friction
properties of manganese phosphate surface modified coating were tested to explore the
effect of coating on gear vibration response.
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3. Coating Characteristics
3.1. Coating Preparation

The surface particle size and coating thickness of manganese phosphate conversion
coatings prepared by different phosphating processes are also different. Different thick-
nesses of manganese phosphate conversion coatings can be obtained by controlling the
phosphating temperature and reaction time. Manganese phosphate conversion coating
was prepared on the surface of standard friction samples by chemical conversion plating
method according to the preparation process of reference [16]. Through the different
phosphating reaction time and temperature, three kinds of the coating are prepared on the
surface of standard friction samples ¢24 mm x 7.9 mm which material is AISI 52100 alloy
stell. Manganese phosphate conversion coatings disc specimens with different thicknesses
are shown in Figure 2.

Figure 2. Manganese phosphate conversion coating samples with different thickness. (a) Uncoated, (b) Mn-P[A], (c) Mn-P[B],

(d) Mn-P[C].

From the macro morphology of the coating, it can be seen that the color of manganese
phosphate coating is gradually deepened with the increase in coating thickness. The density
of the coating is an important parameter to characterize the thickness. The weight of the
coating is measured by the weighing method [30], and the average density of the coating is
obtained. The thickness of coatings is obtained through scanning electron microscopy [16].
The densities of three manganese phosphate conversion coatings with different thicknesses
are shown in Table 1.

Table 1. Sample density of manganese phosphate conversion coating.

Sample Coating Density (g/m?) Thickness (um) Label
Uncoated sample 0.0 - Steel
Coating sample 1 2.5 3~5 Mn-P[A]
Coating sample 2 6.1 6~8 Mn-P[B]
Coating sample 3 10.5 12~15 Mn-P[C]

3.2. Elastic Modulus

In order to obtain the parameter properties of the coating material, the transmission
gear material 20MnCrS5 was used as the base material, the same heat treatment process
was adopted for the transmission gear, and the nano indentation instrument was used to
test the surface elastic modulus of phosphating coating with different thickness. The data
of pressure displacement curve is processed according to the method of reference [31].

In order to reduce the error of test data, six points on the coating surface were randomly
selected for indentation test. Each experiment was repeated for five times. The loading
time is 10 s and the duration is 15 s. Figure 3a shows the average nanoindentation depth
curves and standard deviation of Mn-P[A], Mn-P[B] and Mn-P[C] coatings at 500 mN,
respectively. The results show that the average indentation depths of Mn-P[A], Mn-P[B]
and Mn-P[C] are 2170 nm, 3149 nm and 3794 nm, respectively.
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Figure 3. (a) The average nanoindentation depth; (b) The elastic modulus.

Based on the method established by Oliver, the elastic modulus of the coating was
obtained according to the displacement curve. Figure 3b shows the elastic modulus of
different coating thicknesses. With the increase in coating thickness, the elastic modulus
decreases gradually. Mn-P[A] with smaller thickness has the largest elastic modulus, which
is 165 Gpa. The elastic modulus of Mn-P[B] coating is 139 Gpa, and that of Mn-P[C] coating
with maximum coating thickness is 121 Gpa.

3.3. Coefficient of Friction

In order to simulate the friction condition of manganese phosphate conversion coating
in pure sliding contact of transmission system and obtain the COF under high load and
pure sliding condition, the “ball-disk” point contact method was adopted. Then, the COF of
different thickness coatings were obtained by Schwing-Reib—Verschleif$ rig (SRV-V, Optimal
Instruments, Munich, Germany) friction tester. During the test, the substrate material of
upper and lower sample is AISI 52100 steel, which performs reciprocating sliding friction
movement. The lower sample is three different thickness manganese phosphate conversion
coating discs, which are in fixed state. The test parameters refer to ASTM D7421-11 [32].
SRV-V test conditions are shown in Table 2. The specific parameters and steps of SRV-V
sliding friction test are detailed in reference [16]. When the normal load is 300 N, the
variation curve of COF with the time of different thickness coatings are obtained. Each set
of tests is performed three times and the average COF values are shown in Figure 4.

Table 2. Parameters of COF test.

Temperature Pressure Oil Volume Sliding Speed

o) Load (N) (GPa) (mL) (ms) Stroke (mm)
80 300 3.1 0.3 0.1 2
0.16 Mn-P[A]
Mn-P[B]
Mn-P[C]

Steel

0.10

Coefficient of friction

0 5 10 15 20 25 30 35 40
Time (min)

Figure 4. The curve of friction coefficient with different thickness coating.
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It can be seen from the curve that the COF curve of Mn-P[A] sample fluctuates greatly
at the initial stage. With the increase in test time, the COF shows a downward trend. After
35 min, the curve gradually flattens. The average sliding COF of the uncoated sample is
between 0.131 and 0.142. In the steady stage, the COF of Mn-P[A], Mn-P[B] and Mn-P[C]
are stable at 0.124, 0.107 and 0.096, respectively. Compared with the uncoated sample, the
COF of the thick coating is the lowest, which is reduced by about 19%.

4. Performance of Gear Transmission
4.1. Gear Performance Test Bench

Through the previous theoretical analysis and coating characteristics test, the Mn-P[C]
has a smaller elastic modulus and coefficient of friction. The solid lubrication coating can
improve the tribological characteristics, reduce the coefficient of friction, and improve the
gear transmission performance. According to the practical application support conditions
of the first speed gear of the seven-speed dual-clutch transmission, a double motor gear
transmission performance test bench was built, as is shown in Figure 5. The transmission
performance of high concentration carbonitriding heat-treated 20MnCrS5 helical gear
and thick-coated gear was evaluated. The influence of manganese phosphate conversion
coating on the transmission performance of gears was analyzed.

Speed&torque

sensor i Gearbox

Thick coating

Output shaft

Gear
(Bl [ubrication

O ; -

Uncoated p =

|- |
&
- ’ N | 0 S

Figure 5. Gear transmission performance test bench.

The test bench consists of a driving motor, load motor, torque and speed sensors,
gearbox, oil temperature control system and main console. There are two three-axis
vibration acceleration sensors on the rear end cover of the input shaft and the front-end
cover of the output shaft of the gearbox to monitor and collect the vibration data in
real-time. In order to meet the requirements of the actual operation condition of the
transmission gear, the technical parameters of the motor of the test bench are shown in
Table 3. The test conditions are 2500 r/min and 240 N-m, oil injection lubrication and
constant oil temperature of 80 °C. The uncoated and thick-coated gear pairs were installed,
respectively. The dynamic characteristics of the gears were compared under the same
operating environment.
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Table 3. Technical parameters of motor.

Technical Parameter Driving Motor Load Motor
Rated speed (r/min) 3000 1000
Maximum speed (r/min) 6000 2000
Maximum torque (N-m) 420 1260
maximum power (Kw) 132 132

4.2. Running-In Characteristic

In order to verify the effect of coating on the surface properties of gear after running-
in, the surface roughness Ra and Rq of uncoated and thick-coated pinion were measured
through Tokyo precision SURFCOM NEX 001SD-12 instrument (Tokyo, Japan). Measure
three different teeth are measured, and three times for each tooth surface. After two hours
of stable running, the tooth surface roughness of two pairs of pinions was measured again.
As shown in Figure 6, it shows the tooth surface roughness of uncoated and thick-coated
gears before and after running-in.

1.0

I Ra[ I Rq
0.8} .
2
g 0.6 ]
=
e
204t R
[
0.2 V ﬂ |

Steel-Before  Steel-After Coated-Before Coated-After

Figure 6. Roughness before and after running-in test.

Before running-in, the Ra value of manganese phosphate conversion thick coating is
26.5% higher than that of uncoated gear, and the Rq value is basically the same. The results
show that the manganese phosphate conversion coating can increase the gear tooth surface
roughness. After running-in, the tooth surface roughness of the two gears decreased.
The roughness Ra of uncoated gear decreased by 19.5% to 0.343 pym. Rq decreased by
37.4% to 0.353 pm. However, after running-in, the roughness of the thick coated gear
decreases by 77.6%, with an average of 0.121 um. Rq decreased 73.0% to 0.149 um. The
results indicate that the tooth surface roughness of the two pairs of gears is improved
and becomes smoother after running-in. After running-in, the tooth surface roughness
of the gear with thick coating is 35.3%~42.2% of that of the gear without coating. As
shown in Figure 3a, with the increase in the thickness of manganese phosphate conversion
coating, the nanoindentation depth increases. It indicates that the manganese phosphate
conversion coating belongs to soft coating. The initial roughness of the gear increases after
coating. However, after running-in, the initial roughness is removed and the tooth surface
roughness decreases obviously.

4.3. Transmission Efficiency

The factors that affect gear transmission efficiency include gear accuracy, lubricating
oil properties, bearing clearance, machining error, assembly error and so on. The gearbox
is tested by adopting the same type of lubricating oil and bearing, installed according to
the same assembly requirements. The transmission efficiency is obtained under the same
and stable lubricating oil temperature. The speed of the driving motor is 2500 r/min, and
the torque of the load motor is 240 N-m. Through the bench torque and speed sensors, the
speed and torque data of the input and output end of the transmission gear are collected,
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respectively. The transmission efficiency of the gear pair is calculated according to the
following formula:
P, J— 277-'Tin“in
m — — 60

60
Pout 727[%618”01” (13)

n = p= x 100%

o

where T}, and Ty, are the torque of driving motor and load motor, respectively. n;, and
1oyt are the speed of driving motor and load motor, respectively.

The data acquisition frequency of the speed and torque is 1 Hz, and the transmission
efficiency is calculated for 30 s continuously when the running condition is stable. As
shown in Figure 7, the average transmission efficiency of the thick-coated gear pair is
98.28%, which is 0.58% higher than that of the uncoated gear pair.

— 100 —— Uncoated
3\.0/ —=— Thick coating
z 99
=}
g S
15}
e 98
[}
g
£ 97t
2
5
§ 96 -
=
95 L L L L L L
0 5 10 15 20 25 30
Time(s)

Figure 7. Comparison of gear transmission efficiency.

4.4. Vibration Characteristics

After the gear running-in, the vibration acceleration signals at the input and output
ends are collected under the same working conditions. Sensor 1 is attached to the input
end bearing cover, and sensor 2 is attached to the output end bearing cover. The sampling
frequency is 12,000 Hz, and the data is collected for two seconds at an interval of two
minutes, which makeup a group. In total, 8640 data points are taken for each group of data,
and 20 groups of data are taken for comparative analysis of average vibration amplitude X
and root mean square value X;;s.

As shown in Figure 8, the average amplitude and standard deviation of vibration
acceleration of 6 channels are shown, and the calculation formula is as follows:

1
%= 1y (14
i
2.0 . -
Il Uncoated [ Thick coating
C
o 1.5+ ]
=]
=
E10f ]
15
I
o0
b=
T 0.5¢ i
>
<
0.0
1 X 1Y 1 Z 2 X 2Y 2 7

Figure 8. Average amplitude and standard deviation of vibration acceleration.

The average vibration amplitude of uncoated gear is 1.12 g~1.63 g, and that of thick
coated gear is 0.58 g~0.95 g. The vibration amplitude of uncoated gear is higher than that
of thick coated gear. Compared with uncoated gear, the average amplitude of the input
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end decreases by 34.29%, 40.56% and 41.55% in the X, Y and Z directions, respectively. The
average amplitude of the output end is reduced by 43.35%, 35.17% and 49.77%, respectively.
In the axial direction, the reduction in vibration amplitude is the most obvious.

The root mean square value is used to characterize the signal energy, which is ex-

pressed as the following:
1 n
Xoms = - Z xi2 (15)
V i3

The root mean square value of 6 channels of gear vibration signal is processed, and
the results are shown in Figure 9. The root mean square amplitude of uncoated gear is in
the range of 1.63 g~2.34 g, while the root mean square amplitude of the thick coated gear
is in the range of 0.88 g~1.47 g. In the X, Y and Z directions, the input end decreases by
35.49%, 41.29% and 37.1%, respectively. The output end decreases by 40.44%, 33.03% and
42.65%, respectively.

23 Il Uncoated [ ] Thick coating
I :
e
g
=151 1
wv
g
S1.0} i
=
5
& 0.5 1

0.0

1 X 1Y 1 7 2 X 2Y 2 7

Figure 9. Root mean square value and standard deviation of vibration acceleration.

From the above helical gear dynamic model, it can be seen that the coefficient of
friction and mesh stiffness have an influence on the torsional vibration response. After
the helical gear tooth surface is treated with manganese phosphate conversion coating,
due to the property of soft coating, the tooth surface roughness and coefficient of friction
are reduced. On the other hand, the elastic modulus of coated gear is greatly reduced,
resulting in the reduction in gear mesh stiffness and damping. According to the conclusion
of reference [4], the elastic modulus is reduced, the dynamic meshing force is increased,
and the torsional angle vibration acceleration amplitude is reduced in combination with
the torsional dynamic equation.

5. Conclusions

In this paper, the 8-DOF dynamic equation of helical gear considering friction factor is
established. The effect of the coating elastic modulus and COF on the dynamic response is
investigated. Through the sample test of manganese phosphate conversion coating, the
tribological properties of the coating are obtained. The gear transmission performance is
present through the bench test of the coated gear. The following conclusions are obtained.

1.  Manganese phosphate conversion coating can reduce the elastic modulus of materials.
By comparing three kinds of coating samples with different thicknesses, the elastic
modulu of Mn-P[C] sample is the least.

2. Through the SRV-V friction tester, the COF tends to decrease with the thickness of
the coating, and the COF of the thick coating decreases by 19%. After running-in,
the tooth surface of the coated gear become smoother and the roughness decreases
obviously.

3. The amplitude of average vibration acceleration and root mean square value of
gear with thick manganese phosphate conversion coating are reduced significantly.
Moreover, the transmission efficiency is improved by 0.58%. The coating is beneficial
to gear transmission performance.
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