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Abstract:The multi-field coupling mechanism of a continuously 
variable transmission (CVT) system has a greater impact on its 
overall friction loss. The friction loss of steel rings represents the 
internal loss of the metal belt occurring between the steel ring 
group and friction plate, and it is the main reason for the loss of 
CVT energy. This study is based on the dissipative wear model 
of the CVT steel ring friction pair, and it innovatively establishes 
a steel ring wear depth model that relates the wear depth to the 
macro- and micro-factors. Here, a mixed lubrication model 
between the friction pairs of steel rings is constructed, and the 
change law of oil film thickness, pressure, and temperature 
between the contacting bodies is obtained. On the basis of the 
wear depth model of the steel ring, the results of the wear depth 
of the steel ring are obtained via simulation using torque, speed, 
fretting frequency, and other operating parameters. The surface 
wear of the steel ring at different fretting frequencies is observed 
via SEM, and the simulation and test results are compared. 
Subsequently, the obtained results of the wear depth and oil film 
thickness tests are used to determine the safety margin of the 
application efficiency of the steel ring friction pair in the CVT 
working range via the interpolation processing method. 
According to the simulation results, the overall performance area 
of the safety margin of the application efficiency of the steel ring 
friction pair is between −1 and 1. When the torque is greater than 
130 N•m, the safety margin value decreases below 0, the safety 
failure probability of the steel ring increases significantly, and 
the safety margin decreases gradually. This research can provide 
new insights into solving the reliability and service life of CVTs. 
Keywords: Continuously variable speed • Fretting wear • 
Fretting frequency • Lubrication characteristics • Safety margin 

 

1   Introduction 
 

The metal belt-type continuously variable transmission (CVT), 
which is the core component of automobile transmission devices, 
allows the transmission power to function continuously at the 
optimal operating point; thus, it has been widely used in various 
types of automobiles [1-3]. However, transmission conditions of 
CVTs are complex and changeable, and the loss generated at this 
period cannot be ignored because it directly affects the 
transmission efficiency of the CVT and its service life [4-5]. The 
thermal–mechanical–hydraulic multi-field coupling of the CVT 
steel ring should also be considered because the contact 
characteristics and lubrication state of each steel ring layer under 
the relative movement of the friction plate gradually forms a 
surface damage with the regular distribution of stress, strain, and 
temperature [6-7]. Furthermore, as the load changes, fretting 
slippage and wear occur between the mating surfaces of the steel 

1ring [8-9]. The transmission through the friction plate will alter 
the contact characteristics and relative movement between the 
belt and pulley, further resulting in metal belt slippage, pulley 
deflection, and bearing creep while simultaneously generating 
noise [10-11]. Therefore, the effect of the micro-motion 
phenomenon of the steel ring and the lubrication state between 
the mating surfaces on the overall application efficiency of the 
transmission must be fully understood. The influence of service 
life under the multi-field coupling should also be determined. 

In recent years, the research on the improvement of 
automotive application efficiency has become increasingly 
mature, but the impact of micro-motion frequency and 
macro-parameters on the application efficiency and service life 
of mechanical systems is rarely investigated. Some scholars have 
studied the fretting corrosion effect of the 690TT alloy tube and 
405 stainless steel plate under high temperature and high 
pressure water [12-13] and found that the wear volume of the 
690TT tube first increases and then decreases with the increase 
in fretting frequency. As the wear volume of the 405 stainless 
steel plate accumulates, life prediction models have been 
proposed accordingly. The type of debris also has a certain effect 
on fretting wear [14-15]. Kirk et al. [16-17] offered new insights 
into the frequency effects by studying the influence of 
displacement amplitude on fretting wear within a frequency 
range. Their findings indicate that the increase in vibration 
frequency will alter the oxidation-based wear mechanism into 
one that cannot form an oxidized debris layer. Furthermore, the 
oxidized debris will isolate the direct contact of the contact 
surface and cause serious underground damage. Xin et al. [18-19] 
investigated the influence of frequency on the fretting corrosion 
behavior of the type 304 stainless steel and its mechanism under 
high temperature and high pressure water. Their results showed 
that the main sources of wear are delamination wear, material 
transfer wear, and oxidative wear. The increase in frequency 
accelerates the escape of wear debris, which is not only caused 
by the damage of the TTS layer but also by the fragmentation of 
oxidized particles between the contact surfaces. The effect of 
temperature on fretting wear cannot be ignored. Temperature not 
only will affect the change in geometric shape of the friction pair 
but also the contact characteristics between the friction surfaces 
[20-22]. Srivastava et al. [23] proposed a finite element-based 
fretting and fretting fatigue prediction method for compression 
shafts. This method combines the wear model with fretting 
fatigue analysis to quantitatively predict the effect of stress 
redistribution caused by fretting wear. Their results showed that 
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the contact edge stress is the most significant parameter. Fu Bing 
et al. [24] focused on the problem of low transmission efficiency 
of an existing CVT, constructed a steel ring friction loss 
calculation model by deriving the corresponding steel ring 
pressure model and steel ring kinematics model, and analyzed 
the torque, speed, and speed ratio. The steel ring and its influence 
on friction loss were explored, and the findings were verified 
through bench tests. Their metal belt structure was improved by 
implementing an optimization design for transmission efficiency. 
In summary, the input torque and rotating speed of CVTs and the 
fretting frequency of steel rings greatly affect fretting wear. 
Consequently, the relationships of the aforementioned aspects 
should be explored to improve the application efficiency and 
service life of CVTs. 

The lubrication state of mechanical systems and the 
corresponding service life has aroused widespread attention in 
the scientific research field, and scholars have increasingly 
studied the characteristics of lubricating oil films [25-27]. Wang 
[28-29] comprehensively studied the lubrication-dynamic contact 
oil film stiffness of point-contact spiral bevel gears under 
periodically fluctuating loads and speeds and found a 
competitive relationship between dynamic load and contact area. 
Positive or negative stiffness flipping, which caused either 
extremely low or high stiffness, were observed at certain 
fluctuation amplitudes. Wang [30], using the crowned 
double-helical gears in point-contact hybrid elastohydrodynamic 
lubrication (EHL), extended Archard theory to the lubrication 
situation. The wear rate of the point-contact hybrid EHL was 
evaluated, and the effect of surface roughness on wear life was 
obtained. A wear life prediction model was proposed to improve 
the wear life of the crown double-helical gears by reasonably 
matching the lubrication, dressing, and working parameters. 
Other scholars have studied the influence of torque, speed, 
roughness, and other factors on the transient mixed lubrication 
state of friction pair surfaces to explore their internal relationship. 
By optimizing and improving the existing methods, the stability 
and service life of mechanical systems can be improved [31-33]. 
Chun et al. [34-35] proposed a thermal hybrid lubrication model 
to investigate the effect of temperature on the mechanical 
properties and tribological properties of coating. In summary, 
scholars have applied many methods to study the lubrication 
characteristics of different mechanical systems. Here, the CVT 
steel ring is taken as the research object, and the film thickness, 
pressure, and temperature distribution of the lubricating oil film 
are simulated under specific working conditions. The results can 
lay the foundation for comprehensively understanding the safety 
margin of the friction pair of steel rings. 

In particular, this study explores the influence of CVT 
input torque, speed, and fretting frequency on the wear depth of 
the steel ring friction pair. By means of modeling and simulation, 
the lubrication relationship between the two friction pairs is 
explored, and the random oil film distribution between them is 
obtained. Moreover, the changes in lubricating oil film thickness, 
pressure, and temperature are determined. The rough 
morphology and wear state of the surface of the friction pair are 
observed via SEM, and the influence of the different fretting 
frequencies is analyzed. Finally, the CVT safety margin related 
to the wear depth and the oil film thickness is obtained. 
 

2   Theory 
 

The CVT metal belt is composed of hundreds of metal friction 
plates and 6 to 12 layers of steel rings. The transmission and 
structure diagrams are shown in the figure. The steel ring group 
is tensioned under the action of clamping force of the metal 
pulley to prop up the friction plate for torque transmission. When 
the CVT is in service, the relative sliding and vibration between 
the steel ring and another steel ring, between the steel ring and 

saddle surface of the friction lining, and other factors cause a 
wear between the steel rings. As the loss of the first-layer steel 
ring accounts for 70% of the total friction power loss of the steel 
ring, the loss of the second to ninth layer of steel ring is only 6% 
to 0.008% [24]. Thus, the loss ratio of the first-layer steel ring is 
much greater than that of other steel rings. The research object of 
this study comprises the first- and second-layer steel rings. The 
observation diagram of the surface wear of these steel rings and 
the diagram of the CVT and structure are shown in Figs. 1 and 2, 
respectively. 
 

 
 

 
Fig. 1. Observation diagram of the surface wear of steel ring 

 

 
Fig. 2 Continuously variable transmission transmission and 

structure diagram 

 

2.1   Wear modeling 
Many models can be used to calculate wear and tear, and the 
scope of their adaptation varies. At present, the most widely used 
wear model in engineering is the Archard-related adhesive wear 
model [36]. 
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where k  is the wear coefficient; P  is the contact normal 
load; S is the sliding distance; and H is the material hardness. 

When the Archard model calculates wear, it can only be 
applied when the friction factor is constant. Taking into account 
the complexity and variability of the surface material wear 
process of the friction pair of the CVT steel ring, friction and 
wear modeling under variable load conditions is required [37,38]. 
On the basis of the corresponding energy point, the 
aforementioned process can be regarded as the result of energy 
consumption and conversion. Moreover, the friction pair 
produces a material surface wear due to the energy consumption 
during the friction process. 

Dissipation theory [39] assumes a linear relationship between 
the amount of fretting wear and the dissipated energy as follows: 
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where   is the energy wear coefficient; iEd is the energy 
dissipation of a single micro-motion cycle under a given slip 
amplitude; and K  is the number of wear cycles. 
Dissipated energy, which is the friction work related to shear 
force, is expressed as  

  iSii dsFEd  (3) 

where 
is

F  is the total force of the i  fretting friction metal 

belt, and iS  is the relative sliding distance of the two steel ring 
friction pairs with i  fretting friction. 

In the research process, the contact area is set as the limit 
contact area dA , and the fretting wear depth dh  is given by 
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where is the local wear coefficient. 
According to Eq. (3), the i  local wear dissipation energy 

id
dE  at any x  of the steel ring arc can be obtained as 
follows: 

    xdsxFdE iSd ii
  (5) 

where )x(F
is

 is the total force at the local position of the 

first- and second-layer steel rings of the i  fretting friction, and 
 xdsi  is the relative sliding of the local position x  for the 

move distance of the first- and second-layer steel rings of the i  
fretting friction. 

From Eqs. (4) and (5), the wear depth of the contact position 
of the first- and second-layer steel rings of the i  fretting 
friction can be expressed as follows: 

    xdsxdh i
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  (6) 

where )x(i  is the friction shear stress at the local contact 

position x  of the first- and second-layer steel rings of thei  
fretting friction.  

Subsequently, the fretting depth can be obtained as follows: 

       xdsxxh iisi   (7) 

Assuming intK  incremental steps in the continuous fretting 
friction process, the wear depth denoted by 
 int，2，1 Kjj   can be linearly superimposed to 

obtain the local contact position of the first- and second-layer 
steel rings of the i  fretting friction. Thus, 
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where )x(j,i  is the shear stress of the j  wear increment 

under i  fretting friction, and  xds j,i  is the relative slip 

distance of the j  wear increment under i  fretting friction. 
The wear depth at the local contact position of the steel ring 

under K fretting friction can be expressed as 

      xdsxxh j,i
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In the actual fretting friction process, the number of frictions is 
quite large. Sequentially measuring the friction in the calculation 
process will increase the operation and time cost. However, as 
the amount of wear caused by each fretting friction is extremely 
small, the succeeding wear result will only be slightly affected. 
Therefore, the energy wear coefficient can be appropriately 
increased through the principle of similarity. At the same time, 
the fretting friction process can be substituted for K  friction 
processes, consequently greatly shortening the calculation time. 

Let the number of accelerations be K . The wear depth at 
the local position x of the steel ring during the entire fretting 
friction process can be expressed as  

      xdsxKxh j,i

KK

i

K

j
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int
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The metal surface in contact with air has a surface film that is 
naturally polluted. To resolve potential friction and sliding issues, 
the film needs to be cut. 

Let the shear strength of the film be  xj,i . If the metal 

shear strength b  is used as the unit to express  xj,i , then 

it can be written as 
bj,i C)x(   , where C  is a 

constant. 
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Eq. (11) summarizes the universality of various surface states, 
including adhesion friction and the friction of oxide film and 
other reactive films. 

The clamping force exerted on the steel ring in Eq. (11) can be 
expressed as 
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where fS  is the safety factor; pT is the input torque of the 

driven wheel;   is the cone angle of the pulley; f  is the 

friction factor; and pR  is the working radius of the driving 
wheel. 

The change in operating conditions during the transmission 
process of CVTs is variable and entails multi-excitation 
characteristics. Thus, the transmission load at this time is also 
changed. Assuming that the transmission load can be changed in 



 

 

the form of simple harmonics, then the torque transmitted by the 
steel ring friction pair can be expressed as follows: 

     tcosTkT mvt 1  (13) 

where vk  is the dynamic load coefficient related to speed; mT  
is the average input torque;   is the input torque amplitude 
fluctuation coefficient;   is the fretting frequency;   is the 
difference between the common tangent of the working circle of 
the master and driven wheel and connecting center line and the 
angle between them. 

On the basis of Eq. (13), the shear stress can be obtained as 
follows: 
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2.2   Lubrication model 
The metal belt transmits torque through thrust and friction, and 
the lubrication between the friction pairs conforms with the form 
of the thermal elastohydrodynamic point contact. In this regard, 
the Reynolds equation is considered. The Reynolds equation is 
given by 
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where x and y  are the directions of the coordinate system; 

h  is the thickness of the oil film; and   and   represent 
the influence of temperature on the density and viscosity of the 
lubricating oil, which can be obtained using the density, 
temperature, and pressure equation and the viscosity, temperature, 
and pressure equation [40]. 

When the outlet and inlet zone pressures are both 0 and the 
outlet zone pressure change rate is 0, the boundary conditions of 
the equation are as follows: 

Entrance: 01 )y,x(p  and 
 

Exit: 02 )y,x(p , 02 



x

)yx(p , 

where 1x  is the x  coordinate at the entrance, and 2x  is 
the x  coordinate at the exit. 

The point-contact film thickness equation that considers 
roughness can be expressed as follows: 
    y,xry,xh
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where 0h  is the central film thickness; xR  and 
yR  are the 

equivalent radius of curvature along the yx,  directions, 

respectively;  yxh ,  is the elastic deformation displacement 

caused by pressure;  yxr ,  is the surface roughness function; 
E is the comprehensive elastic modulus; s  and g  are the 
coordinates of the pressure point along the x  and y  

directions, respectively; 1E  and 1  represent the elastic 
modulus and Poisson’s ratio of the metal sheet, respectively, and 

2E  and 2  represent the elastic modulus and Poisson’s ratio 
of the pulley, respectively. 

The rough peaks between the steel rings are randomly 
distributed on the basis of the probability density function. 
Therefore, the number of contact peaks between them should 
also be calculated. The root mean-square values of surface 

roughness of the two friction pairs are denoted by 1  and 

2 , respectively. The contact between the steel rings can be 
converted into a contact between a smooth rigid surface and a 
rough elastic surface. The root mean-square value of the rough 

elastic surface is given by 2
2

2
1   . 

When the distance between the center lines of the rubbing 
pairs is l  and when the profile height z  is greater than the 
center line distance l , the surface of the steel ring will be in 
contact. In the probability density distribution curve, the area 
where two surfaces are in contact is the surface contact 
probability, which is given by 

    dzzxzP
l


   (20) 

If the number of peak points of the rough surface is n , then 
the number of peak points of the contact part m  can be 
expressed as

 
  




l
dzznm   (21) 

The normal deformation of the contact peak point is given by 
lz  . The actual contact area A  is expressed as 
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dzzlzRnlzRmA   (22) 
The total load W supported by the contact peak point is given 

by 
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Usually, the contour height of the actual surface is distributed 
according to Gauss. In Gauss distribution, the part near the larger 
z  value can be used to approximate the exponential 

distribution. Let     /exp zz  . Thus, 
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The heat transfer mode of the lubricating oil film is mainly 
convective heat dissipation. Furthermore, the heat transfer along 
the film thickness direction is negligible. The required energy 
equation can be expressed as 
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where pc  is the equal-pressure specific heat capacity of the 
lubricating oil; T is the lubricating oil temperature; and J is the 
thermal power equivalent. 

The degree of solution is from the inlet to the outlet along the 
direction of the oil film movement. Here, the x  direction is set 
as the lubricating oil flow direction, 0T  is the dimensionless 
initial temperature. The boundary conditions are set as follows: 

Along the x  direction:   01, TyxT  ; 

Along the x  direction: 0

0





z
y

T . 

 

2.3   Finite element model 
The CVT selected in this study is a nine-layer steel ring. 
Conceptually, the CVT separates the first-layer steel ring from 
the second-layer steel ring, and it facilitates the meshing and 
simulation of subsequent finite element calculations. ANSYS is 
used for the simulation calculation. In view of ensuring the 
accuracy of the calculation process, the minimum mesh length is 
set to 1 mm using the MultiZone method, and the element size is 
limited to 1 mm. The surface microstructure of the first- and 
second-layer steel rings are shown in Figs. 3(a) and (b), 
respectively. Fig. 3(c) shows the contact form of the friction pair. 
The friction pair is composed of two martensitic steel rings with 
a length of 20.0 mm and a thickness of 0.18 mm. 
 

 
Fig. 3.  The structure and contact model of the steel ring. (a) 
The surface morphology of the first layer of steel ring. (b) The 

surface morphology of the second layer of steel ring. (c) Contact 
form diagram of steel ring friction pair. 

 

After setting the boundary conditions by using the established 
model, the temperature distribution of the steel ring as a whole 
under 3000 cycles is obtained via numerical methods. Fig. 4 
shows the temperature distribution results. The rise in 
temperature is mainly concentrated in the area near the contact 
surface between the friction plate and the steel ring. When the 
CVT is in service, the internal measurement of the friction plate 
comes in contact with the steel ring side and produces relative 
sliding. The friction work causes the temperature to be relatively 
high with an obvious change. In addition, the saddle surface and 
the contact surface of the steel ring have a lubricating oil in 
between them. The heat dissipation between the saddle surface 
and the steel ring usually manifests in the form of heat 

dissipation that causes the temperature to be transmitted to the 
edge of the steel ring. In this case, the decrease is relatively fast, 
and the temperature rises but is not obvious. 
 

 
Fig. 4. Simulation diagram of the steel ring structure temperature 

 

3   Results 
 

3.1   Determine the cycle time 
By taking the CVT as the research object, the relationship of 
fretting wear and fretting parameters between the first- and 
second-layer steel rings is calculated according to the 
abovementioned model. Prior to performing a simulation 
analysis of the interference section of the steel ring, the 
frequency of the micro-motion cycle K should be initially 
determined. 
 

 
Fig. 5 Simulation results of steel ring mating surface profile 

 

Fig. 5 shows the simulation results of the mating surface 
profile of the steel ring at different cycles. The abscissa 
represents the distance between any position of the steel ring and 
the center of the steel ring. Here, as the contour of the mating 
surface of the steel ring has the most apparent change at the edge 
of the plot, the contour within the range of 0–1.0 mm from the 
center of the steel ring is selected. The position at 0.9 mm 
represents the edge of the interference fit, while the left side 
represents the location of the interference fit. Fig. 6 shows that, 
in the same cycle, when the wear depth of the mating surface 
reaches the maximum at the extreme edge of the interference fit, 
it gradually decreases towards the center line of the steel ring. 
With the continuous increase in cycle time, the wear depth of the 
edge of the steel ring towards the centerline constantly increases, 
and the wear width also increases. In view of ensuring the 
accuracy of the results, as the roughness amplitude between the 
first- and second-layer steel rings is maintained close to 1 and the 
oscillation amplitude does not exceed 1, the smallest cycle of 
3000 is selected in this study. In this manner, the degree of 
accuracy the contour wear of the mating surface can be 
guaranteed. 
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3.2   Influence of torque 

Different mT  input torque values are selected for the simulation 
to explore the wear depth between the first- and second-layer 
steel rings by the transmitted torque. Fig. 6 shows the changes in 
wear depth of the steel ring surface along the axial direction of 
the transmission after the load cycle of the two friction pairs is 
set to 30, 90, and 150 N•m. Fig. 6(a) shows the wear depth 
distribution on the outer side of the first-layer steel ring friction 
pair. The wear depth from the inner side of the steel ring 
 0/ LX  to the outer side  1/ LX  decreases first and then 
increases. Then, the wear depth increases rapidly at 

83.0/ LX  and reaches the maximum at 0.1/ LX . 
When the torque is mNTm ·150 , the maximum wear depth 
is 1.54 m . Fig.6 (b) shows the distribution of the inner wear 
depth of the first-layer steel ring friction pair. The change trend is 
roughly the same as that of the tight edge of the steel ring, but 
the change trend is slower. Fig. 6(c) shows the wear depth 
distribution of the outer side of the second-layer steel ring 
friction pair. From the inner side of the steel ring  0/ LX  to 
the outer side  1/ LX , the wear depth first decreases and 
then increases. The wear depth increases rapidly at 

86.0/ LX  and reaches the maximum at 0.1/ LX . 
At mNTm ·150 , the maximum wear depth is 3.1 m . This 
finding can be attributed to the metal sheet that transmits the 
torque through the thrust force at the interference of the friction 
pair. Furthermore, the pressure on the steel ring increases, which 
causes the contact pressure and shear force of the fretting surface 
to increase, further causing the wear depth in this area to increase. 
Due to the pressure accumulation, the contact pressure and shear 
force manifest a stress concentration, and the wear depth of the 
interference area increases sharply. 
 

 

 
Fig. 6. Wear depths at different positions of the steel ring under 

varying torques: (a) outer side of the first-layer steel ring friction 
pair; (b) first-layer steel ring friction pair; and (c) outer side of 

the second-layer steel ring friction pair. 
 

3.3   Influence of speed 
Transmission speed is an important factor affecting the wear 
depth of steel rings. Here, the speed input values are set to 1400, 
2100, and 2800 min/r  to avoid reaching the maximum or 
minimum speed of the transmission during simulation. Fig. 7 
shows the variation in wear depth of the friction pair at the tight, 
loose, and interference parts of the steel ring with the input speed. 
As shown in Fig.7 (a), the wear depth of the steel ring along the 
axial direction decreases first and then increases. The greater the 
speed, the greater the wear depth. The wear depth increases 
rapidly at 9.0/ LX  because this area corresponds to the 
wear edge. The squeezing force of the transmission metal sheet 
on the steel ring is relatively large, resulting in a change in wear 
depth. As for the loose edge of the steel ring, its change in wear 
depth is similar to that of the tight edge; however, as the pushing 
force onto the steel ring by the metal sheet is smaller than that of 
the tight edge, the wear depth and the corresponding amplitude 
change are smaller. Fig. 7(c) shows the change in wear depth of 
the outer side of the second-layer steel ring. The change trend 
first decreases and then rapidly increases at approximately 

5.0/ LX , and the increase is even faster at approximately 
9.0/ LX . This trend can be attributed to the two positions 

where the metal sheet enters and leaves the metal pulley. Owing 
to the pushing force of the metal sheet, the steel ring entrains the 
metal sheet to move together, and a relative position is achieved 
when entering and leaving the metal pulley. Given the relatively 
high pressure in this area, the wear frequency is relatively fast, 
resulting in a much faster increase in the wear depth of the steel 
ring. 
 



 

 

 

 
Fig. 7. Wear depths at different positions of the steel ring under 
varying speeds: (a) outer side of the first-layer steel ring friction 
pair; (b) first-layer steel ring friction pair; and (c) outer side of 

the second-layer steel ring friction pair. 
 

3.4   Influence of fretting frequency 
The material of the transmission steel ring friction pair used in 
this study is a maraging rigidity with a yield limit of 175 of 18% 
Ni, and various age-hardening alloy elements are added to its 
composition. Table 1 shows the chemical composition of the 
martensitic steel ring. The elastic modulus is 192 GPa, the 
Poisson’s ratio is 0.30, and the density is 7800 kg/m3. The 
specimens are cleaned in ethanol and processed in a dryer prior 
to the test. 
 

Table 1   Maraging rigid composition table 
Sample Ingredients 

Ni 17–19 
Co 7–8.5 
Mo 4.6–5.2 
Ti 0.3–0.5 
Al 0.05–0.15 
Nb - 
C <0.03 
Si <0.1 

Mn <0.1 
B (Adding amount) 0.003 

 

When the CVT is in service, the micro-vibration causes a 
tight-fitting structure of the metal strip steel ring, further 
resulting in fretting wear. The fretting frequency will affect the 
change in surface roughness between the friction pairs of the 
steel ring. When assessing the influence of surface roughness on 
wear depth, the effect of fretting frequency on surface roughness 
must first be determined. Here, the influence of fretting 
frequency on surface roughness is observed using an electron 
microscope for the scanning test. In particular, a HITACHI 
Regulus 8100 cold field emission scanning electron microscope 
is used in this study. This electron microscope can retain the 

advantages of the SU8100’s easy maintenance and easy 
operation while further improving the test performance. The 
picture shows the physical picture of the instrument. 
 

 
Fig. 8. Physical image of HITACHI Regulus8100 cold field 

emission scanning electron microscope 

 

By using a vibration test bench, the fretting frequencies are 
gradually set to 30, 60, 90, and 120 Hz, and then the steel ring 
samples are tested in 3000 cycles. Electron microscopes can be 
used to select the images with good surface results. As shown in 
Fig. 9, with the increase in fretting frequency, the surface 
roughness of the friction pair also increases. Fretting frequency 
not only increases the amount of wear but also accelerates the 
mechanical fragmentation of the friction surface, promotes the 
removal of surface debris, and reduces the protection effect of 
wear debris. When the fretting frequency is adjusted from 30 to 
90 Hz, the roughness and the amount of wear are both increased. 
However, beyond 90 Hz, the surface roughness and amount of 
wear both decrease.  

 

 
Fig. 9. Surface roughness observation diagram at different 

frequencies 

 

This trend can be explained by excessive frequency, which can 



 

 

greatly affect the crack growth rate on the surface of the steel 
ring. The crack initiation depth is shallow, and its generation rate 
is slow, resulting in a reduction in the delamination efficiency 
between the friction pairs. The surface roughness increases with 
the increase and decrease in frequency. 

With the change in the fretting frequency, the wear depth 
between the friction pairs of the steel ring also undergoes a 
significant change. Fig. 10 shows the changes in surface wear 
depth of the steel ring friction pair on the outer side of the first 
layer, the inner part of the first layer, and the outer steel ring of 
the second layer with respect to fretting frequency. The wear 
depth generally increases and then decreases along the axial 
direction. This trend can be attributed to the increase in fretting 
frequency. The increase in the amount of wear accelerates the 
mechanical crushing rate of the friction surface. The faster 
removal rate of the surface debris, the more apparent the wear 
depth increases. When the frequency exceeds 90 Hz, the 
delamination efficiency between the friction pairs decreases; 
then, the wear depth decreases as the frequency further increases. 
As shown in Fig. 10(a), when the frequency is adjusted from 30 
to 90 Hz, the maximum wear depth of the steel ring friction pair 
increases from 0.72 to 1.44 m . As for the at the loose edge, 
when the frequency increases from 30 to 90 Hz, the maximum 
wear depth of the steel ring friction pair increases from 0.78 to 
1.18 m . As shown in Fig. 10(c), when the frequency is varied 
from 30, 60, 90, and 120 Hz, the wear depth at 80.0/ LX , 

72.0/ LX , 52.0/ LX , and  also 
increases rapidly. At the interface, when the frequency is varied 
from 30 to 90 Hz, the maximum wear depth of the steel ring 
friction pair increases from 1.24 to 1.73 . 
 

 

 
Fig. 10. Wear depths at different positions of the steel ring under 
varying fretting frequencies: (a) outer side of the first-layer steel 
ring friction pair; (b) first-layer steel ring friction pair; and (c) 

second-layer steel ring friction pair. 
 

3.5   Lubrication characteristics 
On the basis of the above modeling of the lubrication between 
the first- and second-layer steel rings, the lubrication 
characteristics between the two friction pairs are analyzed. The 
commonly used solution method for point-contact hybrid 
lubrication is the Newton–Raphson algorithm. This method 
entails a faster convergence speed and more accurate calculation 
results. However, this solution process needs to decompose the 
Jacobian matrix of the equation for one-dimensional linear 
analysis, rendering the calculation process to be more 
complicated. Therefore, this simulation process using the 
Newton iterative algorithm is the best choice. 

The array ROU space is initially provided in the calculation 
process. Moreover, the number of arrays is consistent with the 
number of nodes. The rough conditions are calculated in advance 
under the program directory and saved in the corresponding 
subroutine as a means of facilitating the calculation process. The 
roughness function is added to the film thickness equation to 
calculate the change in oil film thickness under the influence of 
roughness. Finally, as the random roughness is asymmetrical, the 
Y-direction calculation process is fully executed during the 
calculation process, and no symmetry processing is performed. 

This study attempts to solve the dimensional results of the 
distribution of film thickness, pressure, and temperature rise 
between the steel ring friction pairs under the transmission 
conditions of input torque of mNTp ·150 , driving wheel 
speed of min/rnp 5500 , slip rate of %3 , and speed 
ratio of 1i , as shown in the figure. X is the movement 
direction of the friction plate, while Y is the dimensionless 
coordinate in the normal direction of the steel ring. Fig. 12 shows 
the results of the lubrication characteristics between the two 
friction pairs. 

Fig. 11 shows the three-dimensional surface roughness 
generated on the basis of the built model. The roughness peak of 
the generated surface does not exceed 1.0, and the roughness 
peak distribution is random. 
 

56.0/ LX

m



 

 

 
Fig. 11. Three-dimensional roughness surface 

 

Under the influence of random rough peaks, the oil film 
distribution between the friction pairs is also random. A sharper 
rough peak implies that a pressure peak will be generated at this 
time. As shown in Fig. 12(a), the peak pressure at a certain 
period can reach 1.77 GPa. With the increase in torque and speed, 
the pressure also increases sharply, and the surrounding 
lubrication changes into a mixed lubrication, suggesting a danger 
of oil film rupture. 

Fig. 12(b) shows the changes in oil film thickness between the 
steel ring friction pairs. Oil film thickness can be attributed to the 
influence of surface roughness. As the wear between the friction 
pairs gradually increases, the lubricating oil penetrates between 
the two surfaces of the steel ring. At this time, a comprehensive 
performance of various lubricating film composition 
characteristics can be observed between the two friction pairs, 
and the oil film pressure manifests a rapid change, as depicted by 
the rough peak. With an ascending trend, the oil film is 
ultimately elastically deformed due to the pressure exerted by the 
friction pair on both sides of the oil film, and the first pressure 
extreme of the oil film appears. At this time, the film thickness 
also decreases rapidly, i.e., the oil film thickness is 0.3 m . 
When the lubricating oil passes through the rough peak, the oil 
film pressure drops. When the lubricating oil reaches the 
adjacent rough peak, a necking phenomenon develops, and the 
oil film pressure again attains an extreme value. At this time, the 
oil film thickness also reaches an extreme value, i.e., the film 
thickness is 0.37 m . 

Fig.12(c) presents a graph of the change in oil film 
temperature under the influence of surface roughness. The 
temperature change is similar to the pressure change, and the oil 
film temperature increases sharply at the sharper roughness peak. 
At the macroscopic level, the frictional force at the peak causes 
the mechanical energy to be converted into thermal energy, thus 
increasing the temperature. At the microscopic level, the increase 
in shear strain of the oil film with respect to the rough peak 
causes the shear force to further increase, and the oil film gains 
more shear work, thus causing the temperature to increase. 
Under the influence of different factors, such as torque, speed, 
and fretting frequency, the rise in temperature of the oil film with 
respect to the rough peak can reach approximately 48 °C. 
 

 
Fig. 12. Simulation diagram of CVT oil film characteristics: (a) 

pressure change graph; (b) thickness change graph; and (c) 
temperature rise graph. 

 

4 Safety margin solution 
 

When the CVT is in service, the random roughness and random 
oil film distribution between the steel ring friction pairs changes 
under the influence of different factors, such as torque, speed, 
and fretting frequency. The lubrication state between the friction 
pairs gradually shifts to mixed lubrication. The overall 
characteristics of the mixed lubrication represent the 
comprehensive performance of the composition characteristics of 
the various lubricating films, the proportion of the lubricating 
film on the contact surface of the friction pair, and the friction 
interface morphology and working conditions. During the 
friction process, the thickness, proportion, and distribution of the 
lubricating film are constantly changing. When the roughness 
peak height is greater than the thickness of the maximum 
lubricating film, a dry friction state is formed at this time, 
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resulting in surface damage. As the load fluctuates, the mating 
surface produces fretting slippage and wear. The contact 
characteristics and relative movement between the belt and 
pulley are also changed through the transmission of the friction 
plate. This phenomenon causes the metal belt to slip, the pulley 
to deflect, and the bearing to creep. In view of ensuring the 
reliability of the transmission and prolonging the CVT’s service 
life, the expression of the safety margin is obtained according to 
the previous research content as follows: 
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 (26) 

When the wear depth is greater than the thickness of the oil 
film, the safety margin is greater than 0, the wear of the steel ring 
is aggravated, and the probability of failure and life reduction is 
increased; thus, the performance is poor at this time. Otherwise, 
the CVT is in a good safety state. The RD150 CVT is selected as 
the research object to solve the safety margin. Table 2 shows the 
structure and working parameters of the selected CVT. 
 

Table 2  Structure and working parameters of CVT 

Parameter Value 

Steel ring thickness (mm) 0.18 

Modulus of elasticity of 
metal Steel Ring ( )(2 GPaE ) 192 

Poisson’s ratio of metal steel ring ( ) 0.30 

Modulus of elasticity 

of metal Sheet  
208 

Poisson’s ratio ( ) 0.31 

Input torque ( ) 30–150 

Slip rate ( ) 1–3 

Driving wheel speed ( ) 750–5500 

Speed ratio ( ) 0.5–2.5 

Output torque ( )·( mNTp
) 25–375 

 

First, the minimum value of the CVT working parameter range 
is set to the initial value, the step length of the driving wheel 
speed is set as 100 r/min, the step length of the slip rate is set as 
0.1%, the step length of the speed ratio is set as 0.2, and the step 
length of the torque is set as 10N •M. Then, the temperature 
change is integrated into the metal belt transmission process, and 
the safety margin of each operating point is calculated and 
interpolated. Finally, the corresponding safety margin surface 
diagram under the aforementioned working conditions is 
obtained. 
 

 
Fig. 13. Friction-pair safe working area of the CVT steel ring 

 

The red area at the bottom right of Fig. 13 indicates that the 
steel ring friction pair is in the non-safe range. At this time, the 
efficiency of CVT operation and the safety performance of the 
CVT is reduced. With the increase in input torque and fretting 
frequency, the mold back of the lubricating oil film decreases, 
and the wear depth increases, resulting in a decrease in the 
overall safety of the steel ring. When the transmitted torque is 
less than 130N•m, the safety margin exceeds the boundary of the 
safety zone, suggesting that its relative efficiency and safety 
performance are reliable, and it can maintain a high output 
performance. When the transmitted torque is in a non-safe area, a 
lubricant film is produced. Here, similar to the solid–plastic flow, 
a significant relative sliding is observed for the surface of the 
friction pair of the steel ring, and the probability of failure of the 
friction pair is increased. At this time, the relative sliding speed 
is reduced; moreover, the safety margin of the lubricating oil film 
is increased to a safe area, and the oil film is in a safe state 
during the transmission process. 
 

5   Conclusion 
 

This research focuses on the application efficiency and safety 
issues of CVT. On the basis of the dissipative wear model that 
conforms with the steel ring friction pair, a wear depth model 
related to the wear depth and its influencing variables are 
established. At the same time, a lubrication model that is 
consistent with the steel ring friction pair is built. On the basis of 
the built model, the simulation experiment is implemented under 
specific working conditions, and the corresponding wear depth 
and oil film characteristic results are obtained. Finally, the 
application efficiency and safety issues besides the 
macro-parameters and micro-lubrication are analyzed deeply. 
The main conclusions can be summarized as follows: 
1) The wear depth of the steel ring friction pair gradually 
increases with the increase in torque and speed. Along the axial 
direction, the wear depth increases rapidly at approximately 

80.L/X   and reaches the maximum at 01.L/X  . 
The wear depth changes with the fretting frequency along the 
axial direction as a whole to first increase and then decrease. The 
increase in fretting frequency can be explained by the increase in 
amount of wear, which leads to the increase in mechanical 
breakage rate of the friction surface. Subsequently, the removal 
rate of the surface debris is accelerated. When the frequency 
exceeds 90 Hz, the delamination efficiency between the friction 
pairs decreases, and the wear depth decreases as the frequency 
increases. 
2) When the CVT is in service, the heat generated by the friction 
of the metal belt dissipates through heat conduction. The inner 
surface of the friction plate is in contact with the side of the steel 
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ring, and relative sliding shall occur. Thus, the friction work 
causes a significant increase in the temperature of the contact 
part. In addition, the saddle surface and contact surface of the 
steel ring have a lubricating oil in between them, which causes 
the middle of the steel ring to cool rapidly. The temperature is 
obviously transferred to the edge of the steel ring. The oil film 
temperature is randomly distributed and appears in the shape of a 
peak due to the influence of the rough peak. In addition, a higher 
temperature peak is generated at the surface rough peak, and the 
maximum temperature reaches 48 °C. 
3) Under the influence of random rough peaks, the oil film 
distribution between the friction pairs is also random. A sharper 
rough peak indicates that a pressure peak is generated at this time, 
and the pressure peak generated during the period can reach 1.77 
GPa. Under the influence of the rough peak, the pressure of the 
oil film as depicted by the rough peak rises rapidly, and the oil 
film is elastically deformed due to the pressure exerted by the 
friction pair on both sides of the oil film. The film thickness 
appears to decrease initially, and the film thickness is 0.3 m . 
When the lubricating oil reaches the adjacent rough peak, a 
necking effect occurs. The oil film thickness decreases sharply, 
and the film thickness is 0.37 m . 
4) With the increase in torque and speed, the micro-vibration 
frequency increases gradually. Under the comprehensive 
consideration of application efficiency and safety, the safety 
margin decreases gradually with the decrease in 
macro-parameters. When the transmission torque is greater than 
130N• m and when the safety margin drops below 0, the safety 
margin is in the non-safe area at this time, the transmission 
efficiency is low, and the probability of safety failure is 
significantly increased. 
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