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Abstract: High-pressure axial piston pumps operate in high-speed and high-pressure environments. The 

contact state of the slipper against the swashplate can easily change from an oil film lubrication to a mixed oil 

film/asperity contact, or even dry friction. To improve the dry friction performance of slipper pairs and to avoid 

their potentially rapid failure, this study examined the effects of material matching on the dry friction 

performance of the slipper pair for high-pressure axial piston pumps. A FAIAX6 friction and wear tester was 

developed, and the dry friction coefficients of the slipper pairs matched with different materials were studied 

using this tester. Based on the thermo-mechanical coupling of the slipper pair with the working process, the 

contact surface temperatures of the slipper pairs matched with different materials were calculated and analyzed 

for the same working conditions. Following this, the effects of the material properties on the temperature 

increase at the slipper sliding contact surfaces were revealed. The reliabilities of the temperature calculations 

and analysis results were verified through orthogonal tests of slipper pairs matched with different materials. 

The results indicate that the influence of the material density on the friction coefficient is greater than that of 

the Poisson’s ratio or the elastic modulus, and that the slipper material chosen should have a high thermal 

conductivity, low density, and low specific heat, whereas the swashplate material should be high in specific heat, 

density, and thermal conductivity; in addition, the slipper pair should be a type of hard material to match the 

type of soft material applied; that is, the hardness of the swashplate material should be greater than that of the 

slipper material. 
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1  Introduction 

With the rapid development of the large aircraft 

industry, the demand for high-pressure axial piston 

pumps is increasing. The hydraulic systems used in 

large aircraft are 35 MPa pressure systems, whereas 

the hydraulic systems of midsized and small aircraft 

are 21 MPa pressure systems. To improve the reliability 

of the power supply for large aircraft hydraulic systems, 

it is necessary to further improve the technical 

performance of 35 MPa high-pressure axial piston 

pumps. Slipper pairs are the main force transfer com-

ponents in such pumps. Compared with other friction 

pairs of components, slipper pairs are special because 

they are the direct carrier of the piston cavity pressure, 

and therefore directly restrict the necessary high 

speed and high pressure of these pumps. Premature 

wear of the slipper pairs is one of the main factors 

affecting the service life of a piston pump [1–3]. Under 

challenging conditions such as high speed and high  
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Nomenclature 

μ Friction factor 

Ps The slipper oil chamber pressure (Pa) 

N The spindle speed (rpm) 

Pm The allowable material pressure (Pa) 

q The total friction heat flux (J/(m2·s)) 

F The axial positive pressure (N) 

v The rotational linear velocity (m/s) 

ГT The boundary conditions for the entire region  

T0 The ambient temperature (°C) 

σ Stefan–Boltzmann coefficient (MPa) 

  
 
pressure, the friction state of the contact surface of 

the slipper pair can easily change from oil-lubricated 

to mixed or dry friction. The performance of a dry 

friction surface can be effectively improved by selecting 

suitably matched materials, and the slipper pair can 

be prevented from failing too quickly [4]. During   

a dry friction operation, the frictional heat causes 

the slipper pair to thermally deform, and the contact 

pressure on the bearing surface can then increase, 

directly increasing the heat from friction, leading to 

hot extrusion deformation on the contact surface of 

the slipper. Therefore, the dry friction behavior of the 

slipper pair is the coupled problem of a temperature 

field and a thermally induced stress field, and the 

coupling relationship between heat and stress on the 

friction surfaces is an important basis for the material 

selection of a slipper pair. 

The service life and working performance of axial 

piston pumps are closely related to the friction pairs 

[5–8]. Scholars all over the world have carried out 

numerous studies over the years on the thermal and 

dry friction characteristics of axial piston pump slipper 

pairs. The dynamic characteristics of oil films and the 

energy dissipation of these friction pairs of axial piston 

pumps were studied by Wieczorek and Ivantysynova 

[9], and the transient thermoelastic problem involving 

the viscous friction heat dissipation in an oil film was 

solved. Considering the thermal effects of oil viscosity, 

Kazama [10] established a non-isothermal oil clearance 

model for slipper pairs, the results of which showed 

that the compression force and the rotation speed of 

the slippers are the main factors affecting the increase 

in the oil film temperature. The friction and wear of 

the friction pairs for axial piston pumps were studied 

by Canbulut et al. [4], whose results showed that the 

premature wear of this key friction pair was one of 

the main causes of the reduced service life of axial 

piston pumps, and the dry friction performance can  

be effectively improved by selecting suitably matched 

materials. To improve the wear resistance of slipper 

pairs for axial piston pumps, a thermal-structural 

coupling model of a friction pair, composed of slippers 

and a swashplate under lubrication conditions, was 

established by Hashemi et al. [11], who analyzed the 

heat generation mechanism of the slipper pair. Their 

results indicate that the slipper boot temperature is 

mainly affected by the input heat flux and the heat 

conduction. To date, most studies have focused on 

the thermal characteristics and friction performance 

of slipper pairs under oil film lubricating conditions 

[4, 12]. Although the effects of the physical property 

parameters of a friction pair on the temperature field 

of the friction surfaces under dry friction conditions 

have not been discussed, these parameters have a 

significant influence on the temperature increase of 

the friction surfaces and affect the bearing capacity of 

the slipper pairs. 

In this study, the FAIAX6 friction and wear tester was 

developed. Using this tester, orthogonal experimental 

studies were carried out on high-pressure axial piston 

pump slipper pairs with different material combinations 

under dry friction conditions. The corresponding 

coefficients of friction for the contact surfaces were 

calculated and analyzed. Based on the resulting 

experiment data for the friction coefficients, the dry 

friction performances of six groups of slipper pairs 

with different material matches were calculated and 

analyzed. The temperature distribution of the contact 

surfaces of the slipper pair were analyzed, and a rule 

regarding the influence of the material properties on 

the temperature increase of the contact surface at 

the bottom of the slipper was revealed. During the 

experiments, the temperature variation of the contact 

surface was analyzed, and the rule regarding the 

influence of the material properties on the temperature 

increase was verified. This study provides a theoretical 

basis for the selection of a slipper pair. 
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2 Research and development of a friction 

performance tester for slipper pairs 

To support the key technology of high-pressure axial 

piston pumps and enhance the bearing capacity of 

slipper pairs (avoiding a failure from an accident or 

use under a state of dry friction), a tester is needed to 

test the friction performance of the slipper pairs. A 

FAIAX6 slipper–swashplate friction and wear tester 

was designed and developed to simulate the working 

state of the slipper pairs. This tester emulates the 

experiment conditions needed for a study on the dry 

friction performance. 

A schematic of the tester for the friction performance 

of slipper pairs is shown in Fig. 1. The tester is mainly 

composed of a mechanical structure, a hydraulic system, 

and a control system. 

Based on the mechanical structure of the same type 

of equipment, a clamping device of the upper and 

lower test specimens was designed for dry friction 

tests of a slipper pair. Optimizations of the spindle 

and clamping device of the upper test specimen were 

carried out, which made their structure more reasonable 

and increased their matching precision, thereby 

ensuring the measurement accuracy of the tester. An 

assembly diagram of the key mechanical components 

of the tester is shown in Fig. 2. Power is transmitted 

from the motor, and the motor spindle drives the 

system rotation through the synchronous belt. The 

spindle system then drives the rotation of the upper 

 

Fig. 1 Block diagram of the tester for friction performance of 
slipper pairs. 

 
1 Spindle, 2 synchronous belt, 3 upper end cover of the crate, 4 outer case of 

the crate, 5 clamping device of the upper test specimen, 6 spindle cooling   

oil circuit, 7 lubricating oil container, 8 lower test specimen, 9 upper test 

specimen, 10 fixed support platform, 11 rotating support platform, 12 thrust 

piston, 13 lifting shaft, and 14 lower end cover of the crate 
 

Fig. 2 Assembly drawing showing the key components of the 
friction and wear tester. 

friction pair relative to the lower friction pair.  

The hydraulic loading device simulates the load 

along with the mechanical support platform. During 

friction performance tests of the slipper pairs, the 

hydraulic cylinder in the tester should ensure the 

stable pressure and position accuracy of the hydraulic 

rod to ensure that the pressure does not decrease, and 

the position accuracy does not change as the friction 

force increases. Therefore, the tester uses a closed-loop 

control system to monitor and modify the hydraulic 

flow and other parameters in real time. Signals 

from this control system act on the hydraulic system   

(Fig. 3) and the motor. The motor and hydraulic system 

drive the mechanical components. The displacement,  
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1 Tank, 2 filter, 3 level gauge, 4 air filter, 5 motor, 6 coupling, 7 hydraulic pump, 

8 high-pressure filter, 9 pressure gauge, 10 relief valve, 11 relief valve, 12 speed 

control valve, 13 cooling device, 14 three-position four-way electro-hydraulic 

proportional reversing valve, 15 amplifier, 16 pilot-controlled check valve,  

17 pressure relay, 18 hydraulic cylinder, and 19 displacement sensor 
 

Fig. 3 Hydraulic system principle diagram of the tester. 

temperature, and speed signals from the mechanical 

and hydraulic systems are fed back to the electrical 

control system. The control system simulates the speed 

of the slipper pairs under different working conditions 

by controlling the speed of the servo motor. In this way, 

the tester is used to test the dry friction performance 

parameters of the slipper pairs under different speeds 

and loads through a cooperation of the mechanical, 

hydraulic, and electrical control systems. 

The FAIAX6 slipper–swashplate friction and wear 

tester, shown in Fig. 4(a), was designed and developed. 

The loading device of the tester is shown in Fig. 4(b).  

3 Experiment study on dry friction 

coefficient of slipper pair  

The dry friction coefficient of the contact surface of a 

slipper pair is one of the important factors in analyzing 

 

 
Fig. 4 High-speed and high-pressure friction and wear tester and 
its loading device. 

the dry friction performance of a slipper pair. At the 

same time, the dry friction coefficient is also a necessary 

parameter for the theoretical modeling of the tem-

perature field of a dry friction contact surface. 

According to the actual application of the materials 

of the slipper pair in a high-pressure axial piston 

pump for civil use, three types of slipper materials 

(1Cr18Ni9Ti, ZQSn10-1, and ZQAl10-4-4) and two 

types of swashplate materials (38CrMoAlA and 45 steel) 

were chosen for the orthogonal experiments on the 

FAIAX6 friction and wear tester. Because the test 

specimen was used for dry friction and wear tests, the 

structure of the slipper diversion groove was simplified 

for convenient processing, and the sizes of the slipper 

and swashplate were reduced. The contact surface 

roughness of all slipper and swashplate test specimens 

is 0.8 μm. 
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The performance parameters of the selected slipper 

and swashplate materials are shown in Table 1. 

3.1 Test scheme 

The experiment was carried out using first-order 

loading. The swashplate test specimen was fixed using 

a pin and hole assembly as the lower friction pair on 

the platform. The slipper test specimen was an upper 

friction pair, fixed to the rotary shaft using a clamping 

device. At the beginning of the experiment, the upper 

friction pair remained stationary and the hydraulic 

system slowly increased the pressure, which made 

the lower friction pair rise. After the two friction pairs 

came into contact, the hydraulic system maintained 

the contact pressure near the set value. The torque 

measurement device was fixed at this time, and the 

speed control was applied. Based on the force analysis 

of the slipper pair, pressure of the contact surface 

was calculated as 250 N. When the sliding velocity is 

sufficient, a steady state heat transfer can be reached 

after a period of time, and the temperature of the 

entire interface remains unchanged [8]. Therefore, for 

easier measurements, the test time was set to 30 s, 

and the experiment speed was set to 400 rpm. The 

data and friction force curves were obtained directly 

from the output equipment of the tester. The friction 

coefficient was calculated by measuring the torque 

of the lower friction pair. The experiment data were 

recorded once per second for 30 s for each group under 

constant pressure. 

The matched slipper pairs are shown in Table 2. 

3.2 Experiment results and data analysis 

3.2.1 Analysis of the influence of slipper material on the 

friction coefficient 

The friction coefficients of the three groups (ZQSn10- 

1/45 steel, ZQAl10-4-4/45 steel, and 1Cr18Ni9Ti/45 steel) 

were obtained experimentally, as shown in Fig. 6. 

It can be seen from Fig. 6 that the friction coefficients 

of the contact surfaces increase and fluctuate with 

time when each material is matched with 45 steel. This 

is due to the large wear rate of the contact surfaces 

during the running-in process, and the local wear is 

intensified by the abrasive dust produced by the friction. 

This leads to the formation of surface protrusions, 

and increases friction coefficients. In addition, the 

bottom surface of the slipper specimen held by the 

clamping device cannot be accurately held horizontally. 

According to Fig. 6, the friction coefficient of the 

ZQSn10-1/45 steel group varied the most smoothly 

over time, with an average friction coefficient of 0.136. 

The average friction coefficient of the ZQAl10-4-4/45 

steel group was 0.213, and the amplitude of the 

increase was insignificant. The average value of the 

friction coefficient for the 1Cr18Ni9Ti/45 steel group 

was 0.170, and the friction coefficient clearly increased 

over time. The average value of the friction coefficient  

Table 1 Material parameters of slipper pair. 

Alloy 
Density 
(g/mm3) 

Linear expansion 
coefficient  
(10−6/K−1) 

Thermal 
conductivity 
(W/(m·k)) 

Specific heat 
(J/(kg·°C)) 

Poisson’s  
ratio 

Young’s modulus 
(Gpa) 

1Cr18Ni9Ti 7.92 16.7 16.1 510 0.25 194 

ZQAl10-4-4 7.5 16 41.9 418.7 0.3 90.2 

ZQSn10-1 8.76 18.5 49 396.1 0.3 102 

38CrMoAlA 7.86 12.3 37.67 510 0.3 202 

45 steel 7.89 11.59 52.34 468 0.269 209 

Table 2 Matching slipper pairs. 

Number A-1 A-2 A-3 

Slipper material/swashplate material 1Cr18Ni9Ti/38CrMoAlA 1Cr18Ni9Ti/45 steel ZQAl10-4-4/38CrMoAlA 

Number A-4 A-5 A-6 

slipper material/swashplate material ZQAl10-4-4/45 steel ZQSn10-1/38CrMoAlA ZQSn10-1/45 steel 
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Fig. 5 Photograph of slipper and swashplate test specimens. 

 

Fig. 6 Variation of friction coefficient on the surface of 
ZQSn10-1/45 steel, ZQAl10-4-4/45 steel, and 1Cr18Ni9Ti/45 steel. 

for ZQSn10-1/45 steel was observed to be the smallest 

and its variation was the most stable (the best). The 

1Cr18Ni9Ti/45 steel group was observed to be the 

second-best, and the ZQAl10-4-4/45 steel group was 

the worst. It was found that the density and Poisson’s 

ratio of ZQSn10-1 were both the largest, whereas  

the elastic modulus was slightly higher than that  

of ZQAl10-4-4. Although the Poisson’s ratio was the 

same for both ZQAl10-4-4 and ZQSn10-1, the density 

of ZQAl10-4-4 was the lowest. Therefore, it was 

concluded that the influence of density on the friction 

coefficient is greater than that of the Poisson’s ratio or 

elastic modulus. The influence of the materials on the 

stress distribution of the contact surface of the slipper 

pair was analyzed earlier, and the results indicate that 

a good contact stress distribution can be acquired 

when selecting a slipper material with an appropriate  

high elasticity modulus, high density, and low Poisson’s 

ratio to match the same swashplate material. Because 

ZQSn10-1 has the highest density and a slightly higher 

elastic modulus, the contact stress distribution of the 

ZQSn10-1/45 steel group is the most uniform, and its 

friction coefficient is the best. Although the Poisson’s 

ratio of ZQSn10-1 is high, its effect on the stress 

distribution is relatively small, and thus its effect on 

the friction coefficient is also small. It is possible 

that the ZQSn10-1/ 45 steel group has a lower friction 

coefficient when ZQSn10-1 acts as swashplate material 

and 45 steel operates as a slipper material, which is 

contrary to the test scheme described herein. 

3.2.2 Analysis of the influence of the swashplate material 

on the friction coefficient 

It was found that the ZQSn10-1 contact surface 

achieved the best performance among the slipper 

materials tested. Therefore, the influence of the 

swashplate material on the friction coefficient was 

analyzed by comparing the matching of ZQSn10-1 

with 45 steel and 38CrMoAlA. The variations of the 

friction coefficient over time for ZQSn10-1/45 steel and 

the ZQSn10-1/38CrMoAlA groups are shown in Fig. 7. 

The friction coefficients for ZQSn10-1/38CrMoAlA 

and ZQSn10-1/45 steel are shown in Table 3. Compared 

with the latter, the average and amplitude range of 

the friction coefficient of the former was observed to 

be larger. In general, the latter was observed to be 

better than the former. By comparing the physical 

properties of the two materials, the density and elastic   

 
Fig. 7 Variations of the friction coefficient for ZQSn10-1/45 
steel and ZQSn10-1/38CrMoAlA. 
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Table 3 Friction coefficients for ZQSn10-1/38CrMoAlA and 
ZQSn10-1/45 steel. 

Slipper pair 
Average 
friction  

coefficient 

Maximum 
friction 

coefficient 

Minimum 
friction 

coefficient 

ZQSn10-1/ 
38CrMoAlA 0.161 0.239 0.105 

ZQSn10-1/ 
45 steel 0.136 0.167 0.114 

 

modulus of 38CrMoAlA and 45 steel are similar, and 

the Poisson’s ratio of 38CrMoAlA is slightly higher 

than that of 45 steel. The reasons for this result were 

analyzed, and it was found that the two materials 

have different hardnesses, and the higher hardness of 

38CrMoAlA makes the ZQSn10-1/38CrMoAlA group 

more prone to wear. 

4 Establishment of thermo-mechanical cou-

pling calculation model for dry fiction 

contact surfaces on slipper pairs 

4.1 Calculation of material characteristics and  

heat flux  

Temperature and stress fields have a significant 

influence on the heat dissipation and wear resistance 

of slipper pairs during an axial piston pump operation. 

Therefore, the coupling relationship between the 

temperature and stress fields is an important basis for 

the structural design and material selection for slipper 

pairs [13]. During the operation of a high-pressure 

axial piston pump, its slipper bears a periodic load, 

thus the friction heat continuously increases, which 

will worsen the friction and wear properties of the 

slipper; in addition, the temperature increase will cause 

a local thermal deformation to occur in the slipper. 

The force on the bearing surface of the slipper is 

changed by the thermal deformation. The friction 

heating is directly related to the contact pressure, and 

an excessive contact pressure leads to a hot extrusion 

deformation on the surface of the slipper. This hot 

extrusion deformation affects the friction state of the 

contact surface. Therefore, the dry friction behavior 

of a slipper pair is a coupling problem between a 

temperature field and a stress field. 

Assuming that all friction between the slipper and 

swashplate is converted into heat, and the input heat 

flux density of the slipper and swashplate is taken as 

the boundary condition, the input heat flux equation 

and the equation used to check the friction surface are 

as follows [13, 14]: 

     , , , , , ,q x y t P x y t v x y t         (1) 

 
        

2 1
1 2 2

1 1

2π
π

60π
s m m

NR
Pv R P P v

R r
      (2) 

where q(x,y,t) is the input heat flux (J/(m2·s)); t is the 

working time, p(x,y,t) denotes the contact pressure 

(Pa); μ is the friction factor, v(x,y,t) denotes the sliding 

speed (m/s); Ps is the slipper oil chamber pressure 

[Pa]; N is the spindle speed (rpm); R1 and r1 denote the 

external and inner radii of the slipper, respectively 

(mm); Pm is the allowable material pressure (Pa); and 

vm represents the allowable sliding velocity (m/s). 

If the average temperatures of the contact surface 

are equal and the heat flux varies continuously, the 

distribution ratio of the friction heat at the interface is 

related to the thermal resistance of the two friction 

surfaces. However, it is difficult to quantitatively 

determine the thermal resistance between two surfaces 

in frictional contact. As the boundary condition, the 

temperature of each pair of contact points must be 

equal over the real contact area for the slipper pair 

with the contact friction between the profile peaks. 

However, outside the real contact area, the surface 

temperature is not necessarily equal [15]. The boundary 

condition is expressed as follows: 

* * 


 
1 2

1 2

T T

q q q
                (3) 

where T1

 and T2


 represent the characteristic tem-

peratures at the contact areas between the slipper 

and the swashplate or at the two sides of the contact 

point (°C), q1 and q2 are the heat fluxes at the slipper 

and swashplate contact surfaces (J/(m2·s)), and q is 

the total friction heat flux (J/(m2·s)). 

The heat generated by the sliding friction between 

the slipper and swashplate is related to the thermal 

distribution coefficient K [16]: 

 

 
  1 1 11

2 2 2 2

cq
K

q c
             (4) 
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where 
1

 and 
2
 are the material density (g/mm3), c1 

and c2 are the specific heat (J/(kg·°C)), and λ1 and λ2 

denote the thermal conductivities of the slipper and 

swashplate (W/(m·K)), respectively. 

The input heat fluxes at the contact surface of the 

slipper and the swashplate are as follows: 

   
1

, , , ,
1

K
q P x y t v x y t

K
        (5) 

   
2

1
, , , ,

1
q P x y t v x y t

K
        (6) 

For a simplified model of the slipper friction pair, the 

friction heat at the contact surface can be calculated 

according to Eqs. (7) and (8): 

Q Fv                   (7) 




π

1000 60

dn
v                  (8) 

where μ is the friction coefficient, F is the axial positive 

pressure (N), v is the rotational linear velocity (m/s), 

d is the average of the external and inner diameters of 

the contact surface (m), and n is the relative rotation 

speed (rpm). 

4.2  Temperature field model for slipper pair 

contact surfaces 

Solving for the temperature field of the slipper pair 

contact surfaces is a complex problem, which includes 

the heat conduction in the slipper pair and various 

boundary conditions. Therefore, a suitable three- 

dimensional transient temperature field model is 

needed. A differential equation of the three-dimensional 

transient heat conduction expresses the relationships 

among the temperature, space, and time, and the 

temperature distribution of the body can be obtained by 

solving the differential equation of the heat conduction. 

The three-dimensional transient heat conduction 

equation of friction pair can be expressed as follows: 





  


2

i

c T
T

t
             (9) 

where Ti is the transient temperature of the three- 

dimensional structure of the slipper pair (°C), and t is 

the time of the rotary friction (s). 

During rotary friction, the temperature is constantly 

changing in the slipper pair. There are frictional heat  

inputs, and heat dissipation paths such as convective 

heat loss and radiated heat. The boundary condition 

of the 3D transient temperature field model is the 

heat transfer condition for the surface around the 

temperature field, which reflects the characteristics of 

the heat exchange process between the contact surfaces 

of the slipper pair. The boundary conditions for the 

entire region can be represented by ГT. 

   
1 2 3 4

ГT Г Г Г Г           (10) 

where Г1 represents the first type of boundary 

conditions: T(i, 0) = T0. Here, T0 denotes the ambient 

temperature (°C). Variable Г2 denotes the second type 

of boundary condition, and λT/n = q. Here, λ denotes 

the thermal conductivity of the surface (W/(m·K)), 

and n represents the normal boundary. Variable  

Г3 denotes the third type of boundary condition,  

and λT/n = –h (TA–TB). The surface heat transfer 

coefficient is h, TA is the temperature of the surrounding 

medium (°C), and TB is the temperature of the contact 

surface (°C). Variable Г4 represents the thermal radiation 

boundary conditions, and λT/n = σA (T14–T24), where 

σ is the Stefan–Boltzmann coefficient (MPa), A is the 

area of the radiating surface (mm2), T1 is the radiating 

temperature of the slipper bottom (°C), and T2 is the 

radiating temperature of the upper surface of the 

swashplate (°C). 

5 Calculation and analysis of the effect of 

material matching on dry friction surface 

temperatures of slipper pair 

A simplified thermal-structural coupling model for 

the dry friction of a slipper pair was established, as 

shown in Fig. 8. There is normal pressure on the 

contact surface of the slipper pair. The contact surface 

rotates around the central axis. The swashplate acts 

as a static component to support the slipper within the 

entire system. Therefore, the swashplate was fixed in 

place, the two axes of the slipper and the swashplate 

were coincided with each other, and the equivalent 

stress was applied to the ball head of the slipper. 

The rotational speed around the axis was applied to 

the slipper. The slipper was constrained in the other 

directions. 
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Fig. 8 Simplified model of slipper pair. 

 

Fig. 9 Slipper mesh division. 

Slipper pair matches are shown in Table 2. The dry 

friction of the slipper contact surface was simulated 

and analyzed under an oil supply of 35 MPa and a 

rotational speed of 2,000 rpm. 

The temperature distributions at the bottoms of 

the slippers in A-1, A-3, and A-5 are shown in Fig. 10. 

According to Fig. 10, the maximum temperature at 

the bottom of the slippers appeared near the outer 

diameter of the sealing belt. The highest temperature 

increase was found in A-1, and the maximum tem-

peratures of all three groups were above 300 °C. If 

these temperatures are maintained, a rapid wear will 

occur, leading to a failure of the slipper pair within a 

short period of time. It was found that the lowest 

temperature of A-5 was 110.32 °C, and the maximum 

temperature of 339.27 °C was lower than that of the 

other two groups. 

The contact surface temperature curves for the A-1, 

A-3, and A-5 slipper pairs are shown in Fig. 11.  

 

Fig. 10 Temperature distribution at the bottom of slippers 
matched with 38CrMoAlA. 
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Fig. 11 Temperature curves of contact surfaces. 

According to Fig. 11, the maximum temperatures of 

the A-3 and A-5 contact surfaces were slightly higher 

than those of A-1 near the center of the contact 

surface. Far from the center of the contact, the highest 

temperatures of A-1 and A-3 were observed to be 

higher than that of A-5, and the highest temperature 

of A-1 was observed to be the highest in the three 

groups. The temperature gradient of A-5 was observed 

to be the smallest. Considering Figs. 10 and 11, it can 

be concluded that the A-5 pairing was optimal when 

the friction heat loss caused by a leakage and thermal 

radiation is ignored, and the heat taken away by 

grinding is not considered. By comparing the physical 

parameters of the three types of slipper materials, it 

was found that the density and thermal conductivity 

of ZQSn10-1 are the highest, whereas its specific heat 

was the lowest. The thermal conductivity of 1Cr18Ni9Ti 

is the lowest of the three, whereas the specific heat is 

the largest. The reasons for a good or poor matching 

were analyzed, and it was determined that, although 

the specific heat of 1Cr18Ni9Ti is high and the material 

can store more heat per unit mass, under high speed 

and high pressure, the heat produced by dry friction 

is far greater than the heat absorbed by the material. 

The temperature of the A-1 contact surface was 

observed to be the highest because the thermal con-

ductivity of 1Cr18Ni9Ti is the smallest of the three, 

and the excess heat cannot be transferred to the 

outside quickly. Moreover, the thermal conductivity 

of ZQSn10-1 is the largest; therefore, its thermal 

distribution coefficient is the largest, and more heat 

was distributed at the bottom of the slipper. When 

the temperature difference between the slipper and the 

surrounding medium gradually increased, a higher 

thermal conductivity enabled the slipper to dissipate 

the accumulated heat more quickly, decreasing the 

contact surface temperature. Thermal conductivity 

played a decisive role in heat absorption and heat 

dissipation, and the effect of the thermal conductivity 

on the heat transfer was greater than that of the specific 

heat and density under the condition in which the 

specific heat and density of the two types of slipper 

materials are similar. Therefore, when matching the 

slipper pairs, a slipper material with a high thermal 

conductivity, low density, and low specific heat should 

be chosen. 

The contact surface temperature curves of the A-5 

and A-6 slipper pairs are shown in Fig. 12. According 

to Fig. 12, when the slipper material was invariant, 

the temperature increase of the contact surface was 

observed to be higher when the slipper was matched 

with a swashplate made of 45 steel. Therefore, it can 

be concluded that 38CrMoAlA is a better swashplate 

material than 45 steel. One reason for this is that, 

although the thermal conductivity of 45 steel is greater 

than 38CrMoAlA, and the specific heat is less than 

38CrMoAlA, the physical properties of 45 steel are more 

favorable for heat dissipation; however, the contact 

area between the swashplate and the surrounding 

media is not large owing to the structural factors  

of the swashplate, and the accumulated heat at the  

 

Fig. 12 Temperature curves of contact surfaces with 38CrMoAlA 
matched with ZQSn10-1. 
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contact surface cannot be transferred to the external 

medium quickly. Therefore, the thermal conductivity 

of the swashplate material had little effect on the 

temperature of the contact surfaces. Another important 

reason is that, at high speed and high pressure, the 

friction component pairs of ZQSn10-1 and 45 steel 

are all soft materials, and the increase in the contact 

surface temperature led to adhesive wear. Most of 

the energy consumed through a deformation or 

fracture of the surface material during adhesive wear 

was converted into frictional heat, which caused the 

temperature of the friction surfaces to increase. The 

friction pair of ZQSn10-1 and 38CrMoAlA is a soft-hard 

pair with a good ability to resist adhesive wear:  

The amount of friction heat was smaller, and the 

temperature of the friction surfaces was lower. It can 

be concluded that slipper pairs should be matched 

with hard and soft materials, and that the swashplate 

material should have a high specific heat, density, and 

high thermal conductivity to reduce the temperature 

of the contact surface and prolong the service life of 

the slipper.  

6 Experiment studies on the effect of 

material matching on the dry friction 

performance of slipper pairs 

To verify the rules obtained through an analysis 

described in this paper, the effects of the material 

matching on the temperature increase of surfaces under 

dry friction contact were studied experimentally. 

6.1 Experimental scheme 

Slippers of three different materials (1Cr18Ni9Ti, 

ZQSn10-1, and ZQAl10-4-4) and swashplates of two 

different materials (38CrMoAlA and 45 steel) were 

tested using the FAIAX6 friction and wear tester. The 

loading mode and installation method of the friction 

pairs were shown to be consistent with those of the 

dry friction coefficient experiment. The temperature 

of the room during the experiment was 3 °C. During 

each experiment, the temperature measurement began 

when the temperature was reduced to 12 °C, and the 

experimental data were recorded once per second for 

30 s at a constant pressure. 

6.2 Experiment results and data analysis 

6.2.1 Analysis of influence of slipper material on 

temperature 

The curves of the temperature increase of the three 

slipper pairs (ZQSn10-1/45 steel, ZQAl10-4-4/45 steel, 

and 1Cr18Ni9Ti/45 steel) are shown in Fig. 13. As 

can be seen from Fig. 13, the temperatures of the 

1Cr18Ni9Ti/45 steel group remained constant at 12 °C 

during the initial stage, and then increased gradually, 

and the rate of increase over time was observed  

to be higher than that of the other two groups.   

The temperature of the ZQSn10-1/45 steel group 

was observed to increase earlier than that of the 

1Cr18Ni9Ti/45 steel group; however, after 30 s the 

temperature of this group was observed to be the 

lowest among the three groups at 12.6 °C. It can be 

predicted that if the test length were to be prolonged, 

the temperature of the 1Cr18Ni9Ti/45 steel group 

would be much higher than that of the other two 

groups, and that the temperature of the ZQSn10-1/45 

steel group would be observed to be the lowest of the 

three groups. Slipper material ZQSn10-1 with a high 

thermal conductivity is optimal, which agrees with 

the results of the simulation analysis. 

6.2.2 Analysis of the influence of swashplate material on 

temperature 

ZQSn10-1 was found to be the best slipper material 

when comparing the temperature increase of the slipper 

materials. For this reason, ZQSn10-1 was used as the 

slipper material to analyze the effect of the swashplate  

 

Fig. 13 Temperature increase curves for the three slipper pairs. 
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Fig. 14 Curves of temperature increase of ZQSn10-1 matched 
with 45 steel and 38CrMoAlA. 

materials on temperature. The curves showing the 

temperature increase of ZQSn10-1 matched with those 

for 45 steel and 38CrMoAlA are shown in Fig. 14.  

It can be seen that the matching of the ZQSn10-1/  

38CrMoAlA group with hard and soft materials  

was slightly better than that of the ZQSn10-1/45 steel 

group, which is consistent between the results of the 

calculation and the analysis, verifying the reliability 

of the results of the temperature field analysis. 

7 Conclusions 

By studying the influence of the physical characteristics 

of the material on the friction coefficients and 

temperature increase on the dry friction surfaces of 

slipper pairs, the following conclusions were drawn. 

(1) Regarding the influence of the slipper materials 

on the friction coefficient, the order of the slipper 

material from good to bad was ZQSn10-1, 1Cr18Ni9Ti, 

and ZQAl10-4-4. The influence of density on the friction 

coefficient was greater than that of the Poisson’s ratio 

or elastic modulus. 

(2) The influence of the slipper material on the 

temperature increase of the contact surface was 

analyzed, and the order of the slipper materials 

from good to bad was ZQSn10-1, ZQAl10-4-4, and 

1Cr18Ni9Ti. The effect of the thermal conductivity on 

the heat transfer was greater than that of the specific 

heat. A slipper material with the highest thermal con-

ductivity, the lowest density, and the lowest specific 

heat should be selected. 

(3) The swashplate material 38CrMoAlA was 

observed to be better than 45 steel. A slipper pair should 

be a soft-hard material pair, and the swashplate material 

with a high specific heat, high density, and high thermal 

conductivity should be selected to the degree that is 

most practical. 
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