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Abstract

Particle flow lubrication is a promising choice for extreme working conditions. Lubricated by dense dry particles between
parallel plates, clarifying the sliding friction characteristics are significant to the design and parameter selection of particle-
lubricated warm forming die, which is not well studied yet through the experimental methods. A self-developed testing
apparatus was used to study the sliding tribological characteristics of parallel plates under dense particle lubrication. The
experimental results showed that the dry particle lubrication between parallel-plates behaves excellent lubrication charac-
teristics on sliding friction. The average coefficient of friction between the upper palate and particles increases rapidly with
the increase of pressure load while corresponding to the change of average coefficient of friction, the average friction force
increases linearly with the increase of pressure load. The force chain line between the upper plate and the particle lubrication
media becomes thicker with the increase of pressure load, indicating that the contact force and contact stress are increasing.
The average coefficient of friction and average friction force decrease with the increase of sliding velocity. The force chain
line between the upper plate and the particle lubrication media becomes thinner with the increase of the sliding velocity,
indicating that the contact force and contact stress are decreasing. The greater the contact stress is, the greater the average
coefficient of friction will be. This study provides a deep understanding of the sliding tribological behaviors of the warm-
forming die lubricated by the particle media.
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1 Introduction

For the friction pairs, adding suitable lubricating media is
one of the key technologies to ensure their safe, reliable and
efficient operation. With the development of industry and
aerospace technology, extreme working conditions such
as high temperature, high vacuum and so on have emerged
[1-4]. Therefore, in the field of lubrication, it is necessary to
constantly find new lubrication methods to meet the require-
ments of these extreme working conditions. Wornyoh et al.
[5] believed that dry particulate matter can be used as an
effective material for lubrication under extreme working
conditions (i.e., high temperature and/or high load), where
the traditional lubricants could not play the role of lubrica-
tion. For example, an increase in the capacity of turbine
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engines would produce a high temperature of more than the
order of 800 °C inside the engine. In the warm forming die
manufacturing process, high temperature and high-pressure
conditions were also inevitable [6]. At the temperature was
higher than 500 °C or under high loads, the traditional liquid
lubricants could not bear the loads, therefore, a new technol-
ogy of solid/particle lubrication was used.

The particle flow lubrication is to use solid particles
as lubrication media to reduce the contact between two
surfaces in relative motion by using the contact, friction,
collision and extrusion of particles in the friction gap, so
as to protect the surface from damage [7-9]. It has good
environmental adaptability and can carry static load [10].
It overcomes the problems of poor adaptability of liquid
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Fig. 1 The photographs of the
experimental materials. a The
upper and lower plates, and b
graphite particle lubrication
media
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Fig.2 The upper and lower plates used in this study. a Surface topography of the upper plate, b the height value indicated by the surface rough-
ness of the upper plate, ¢ surface topography of the lower plate, and d the height value indicated by the surface roughness of the lower plate

lubrication temperature, limited wear life of solid lubrica-
tion coating and bonding strength of the solid coating. At the
same time, the particle system also has the characteristics of
dissipation and the influence of temperature on the move-
ment of the system can be ignored [11]. Therefore, particle
flow lubrication is especially suitable for some special work-
ing conditions, such as space field [12]. It is a brand-new,
innovative and challenging work to study the phenomena,
laws and characteristics of particle flow lubrication and the

influence of particle characteristics on lubrication [13, 14].
It is of great significance if we can establish the theory and
method of particle flow lubrication which can give full atten-
tion to the characteristics of particulate matter and guide the
application through systematic tribological research.

In the field of tribology, based on the multi-body interac-
tion theory [15], particle flow lubrication has attracted schol-
ar’s attention, and some research attempts have been carried
out. Heshmat and Brewe [16, 17] carried out a particle flow
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lubrication experiments for the first time by adding titanium
dioxide powder into thrust bearing; their results showed that
a familiar hydrodynamic pressure curve could be generated
by the particle flow lubrication method, and an empirical
hydrodynamics theoretical model was established. Elkholy
et al. [18, 19] used the stainless steel ball with a diameter of
about 3 mm as particle lubrication media to study the shear
expansion and stick—slip motion of particles; their results
showed that the stick—slip occurred when particles inside
granular materials began to roll and slid at the same time.
The force of each particle was uneven, and the external force
was supported by the force chain structure formed between
the particles. When the force chain became unstable, the
spatial position of some particles would change, so the force
acting on some particles decreased sharply, and the decrease
of the force directly leaded to the sharp decrease of the inter-
nal stress of the granular material. Rao et al. [20, 21] used a
“Rambaudi CNC milling machine” to study the role of the
solid lubricants on the surface roughness, specific energy
and cutting forces while grinding SiC as well as AIST 1045
steel materials; the purpose of their study was to improve the
surface roughness and the dimensional accuracy of products
in ending milling. Iordanoff et al. [22] designed and devel-
oped an experimental apparatus to study the granular flow
regimes between two parallel plates that lubricated by the
granular media; further, the pressure load, the restitution
coefficient as well as the shear velocity were considered in
the experiments to reveal the influence of these input param-
eters on their dynamic behaviors. Kinura et al. [23] analyzed
the lubricating and insulating ability influenced by the com-
ponents of powder lubricants; their results showed that the

Fig.3 Three-dimensional
schematic diagram of this
experimental apparatus: 1-Base
of apparatus; 2-Ball screw
connecting seat; 3-Ball screw;
3’-Moving platform; 4-Upper
plate; 5-Lower plate; 6-Side col-
umn; 7-Grating ruler connecting
plate; 8-Grating ruler; 9-Rotary
stepper motor; 10-Z-direction
sensor connecting plate;
11-Z-direction pressure sensor;
12-X-direction tension pressure
sensor; 13-Cantilever beam;
14-Sensor fixed base; 15-Upper
plate clamp (gland is arranged
from top to bottom on the
screw, spring and adjusting nut)
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composition change of the powder lubricants had a signifi-
cant effect on the ejection force of the ejector pin in the die
casting. Recently, Wang et al. [24—-27] used the DEM and the
FEM-DEM coupling method to explore the nonlinear phe-
nomena, force chains in the frictional interface, multi-scale
mechanical characteristics, and the startup dynamic pro-
cess of the friction pairs lubricated by granular media; their
research results further clarified the dynamic characteristics
of particle flow lubrication and provided the corresponding
basis for the application of particle flow lubrication.

Solid particle lubrication media itself is a discrete body,
which has the characteristics of discontinuity and anisot-
ropy [28]. Particle flow lubrication system is a complex and
enormous system with many unique dynamic behaviors [29].
Many scholars have studied the characteristics of particle
flow lubrication through theoretical and numerical meth-
ods from different aspects. However, the related research
works through the experimental methods are still very lack-
ing, which leads to the failure to fully understand the tribo-
logical characteristics of particle flow lubrication, and also
hinders the application and promotion of this technology in
the industry. In this study, a self-developed experimental
device was used to study the sliding tribological character-
istics of parallel plates under dense particle lubrication, the
friction behaviors of particle flow lubrication was observed
under the influence of the pressure load as well as the sliding
velocity, aiming to provide the basis for the application of
particle flow lubrication. The rest of this study is arranged as
follows. Section 2 briefly introduces the material properties
and the experimental apparatus. Section 3 is composed of
three parts: part 1 is the comparative study of particle flow

l Force sensor controller
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Table 1 The meaning of all lubrication methods

Lubrication methods Lubricant Weight (g)
Grease lubrication Grease 2.135
Dry friction No lubricant 0
Dry graphite lubrication Dry graphite powder 3.825
Graphite coating lubrica-  Dry film lubricant- 1.723

tion graphite
Graphite coating +dry Film lubricant, and dry 1.723, 3.825

graphite lubrication graphite powder

lubrication with the other typical lubrication methods, part 2
observe the influence of pressure load on sliding friction, the
influence of sliding velocity on sliding friction is analyzed
in part 3. Section 4 summarizes this study.

2 Experimental

2.1 Material Properties of the Upper Plate, Lower
Plate and Particle Lubrication Media

As shown in Fig. la, the upper plate was made of car-
bon steel, and the dimension of its contact surface was
40x 20 mm. The material of the lower plate was H62 brass,
and its dimension was 130X 100 X4 mm. The graphite pow-
der used in this study was shown in Fig. 1b, with a weight
of about 3.825 g. The diameter size of the graphite pow-
der was about 25.6-38.4 pm, and its average diameter was
about 30 pm. In this study, the diameter of graphite powder
was measured by a GXL-202i Centrifugal Sedimentation

. 1 . . . . 1 . 1
| —=— Dry graphite —— Dry friction —— Dry graphite+coating
42 4 —— Graphite coating —s— Grease lubrication

Friction force/N

Sliding distance/mm

()

Granulometer, which was based on Stokes theory of the
sedimentation method. In the process of measurement, the
sedimentation velocity of particles was proportional to the
square of particle diameter.

As shown in Fig. 2, the roughness average (Ra) of the
lower and upper plate was 737.100 nm and 1.51389 pm,
respectively, which was measured by a RTEC-UP 3D pro-
filometer. The length of the measuring line was defined
as L and the height represented by the measured surface
roughness was specified as y. The hardness of the upper
plate was HRC52 measured by a Rockwell hardness tester
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Fig.5 Effect of pressure load on the coefficient of friction under
grease lubrication
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Fig.4 The tribological characteristics of parallel plates with typical lubrication methods. a Variations of the friction forces, and b variations of

the coefficients of friction
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(Jitaike Instrument Hr-150a series), and the hardness of
the lower plate was HV110 measured by a Vickers hard-
ness tester (DECCA-HVS-100Z series). The elastic mod-
ulus of the upper and lower plates were 206 and 90 Gpa,
respectively, measured by the microcomputer controlled
electro hydraulic servo universal testing machine (WA-
600KE series), and their Poisson’s ratios were 0.26 and
0.34, respectively, measured by the force & strain com-
prehensive parameter tester (XL2118 series). Before the
experiment, the upper and lower plates were cleaned with
acetone. The graphite powder with the purity of 99.98%,
density of 1.78 g/cm?, elastic modulus of 9.8 GPa and
Poisson’s ratio of 0.301 were used in this study.
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2.2 Experimental Apparatus

In order to study the sliding tribological characteristics of
parallel plates under dense particle flow lubrication, an
experimental system as shown in Fig. 3 was developed. Fig-
ure 3 was the three-dimensional schematic diagram of this
experimental apparatus. A threaded hole was machined in
the middle of the upper plate, which was connected with the
screw in the upper plate clamp, and the height was adjusted
by the screw and the adjusting nut arranged on the screw.
The moving platform was arranged above the ball screw,
and the middle position of this moving platform was pro-
cessed with a threaded hole. The lower plate was fixedly
connected with this moving platform through the threaded
hole and can move parallel along the Y direction of the
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Fig. 6 Variation of the coefficient of friction with sliding distance under different pressure load. a 25,000 N/m?, b 50,000 N/m?, ¢ 87,500 N/m?,

and d 112,500 N/m?
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Fig. 7 Variation of the friction force with sliding distance under different pressure load. a 25,000 N/m?, b 50,000 N/m?, ¢ 87,500 N/m?, and d

112,500 N/m?

coordinate axis driven by the ball screw, and the ball screw
was driven by a rotary stepper motor. A spring and a gland
were arranged on the top of the upper plate clamp, and a
pressure sensor (RTEC Instruments, FZMA-200N-931)
was arranged right above the gland to measure the positive
pressure along the Z direction of the coordinate axis. This
pressure sensor was connected with the Z-direction sensor
connecting the plate. Before the experiment, driven by the
rotary stepper motor and ball screw, this pressure sensor
contacted with the gland and gradually pressed down to a
set initial pressure value. A pressure sensor (RTEC Instru-
ments, FXM-200N-ARM-934) was arranged on the right
side column, which can measure the tension force along the
X direction of the coordinate axis. The left side of this sensor
was connected with a cantilever beam, and the end of this

cantilever beam was connected with the upper plate clamp.
The force measured by the Z-direction sensor was defined
as the positive pressure F,, and the force measured by the
X-direction sensor was defined as the friction force Fy. The
coefficient of friction in the measurement process could be
expressed as COF=F,/F .
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3 Results and Discussion

3.1 Comparative Study with Typical Lubrication
Methods

In order to better understand the tribological characteris-
tics of parallel plates under dense particle flow lubrica-
tion, the following comparative tests are carried out. The

sliding velocity and pressure load are set as 2 mm/s and
62,500 N/m?, respectively. The lubrication methods select
in the comparative test included: dry friction, dry graphite,
graphite coating, graphite coating 4+ dry graphite and grease
(Changcheng Shangbo General Grease, China) lubrication.
The graphite coating materials use in this test included
10-20% propane, 10-20% butane, 40-50% heptane, < 2%
toluene, 20-30% 2-propanol and < 2% graphite. The mean-
ing of all lubrication methods are presented in Table 1.

At the same time, to ensure the accuracy of the compari-
son test results, the test under each lubrication condition is
repeated for 10 times, and each data point in the graph is
the average value of 10 measurement results. Figure 4a and
b show the variation of friction force and the coefficient of
friction with sliding distance.

The experimental results show that the tribological char-
acteristics of graphite coating 4+ dry graphite and dry graph-
ite are better, the average friction force is 1.338 and 5.139 N,
and the average coefficient of friction is 0.044 and 0.106,
respectively.

The tribological characteristic of graphite coating is
slightly worse than that of graphite lubrication, the aver-
age friction force and the average coefficient of friction is
6.517 N and 0.130, respectively. The tribological character-
istic of dry friction is poor, the average friction and coeffi-
cient of friction increases to 8.944 N and 0.179, respectively.
When the high pressure of 62,500 N/m? is applied to the

7 ':‘5'0 0
SR AB) s Aol AB S I AS AN

Fig.9 Particle flow lubrication model and the graph of force chain network between upper plate and particle lubrication media under different
pressure loads. a Discrete element model of the particle flow lubrication, b 25,000 N/m2, ¢ 50,000 N/m2, and d 87500 N/m?
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upper plate and grease lubrication is used, the tribological
test results are similar to those of dry friction, the average
friction force and average coefficient of friction is 9.210 N
and 0.183, respectively. The reason for this phenomenon is:
in the process of high-pressure shear movement, the lubri-
cating grease layer covering the lower plate breaks due to
high pressure, which makes the upper and lower plates con-
tact directly to form dry friction. Thus, the friction interface
is operating under a boundary type regime, and this grease-
lubricated case does not improve the performance. Beside,
the viscosity of lubricating grease hinders the movement of
the lower plate, which makes the measured average friction
force and the average coefficient of friction slightly increase
compared with dry friction. This can be explained by the
comparison test results shown in Fig. 5.

As shown in Fig. 5, under the condition of applying
low pressure of 6250 N/m? to the upper plate and adopt-
ing grease lubrication, a good lubricating oil film can be
formed between the upper and lower plates, thus signifi-
cantly reducing the average friction coefficient measured
in the test. Moreover, the substantial increase in load will
drastically destroy the lubrication layer and increase the
interface friction.

3.2 Influence of Pressure Load on Sliding Friction

In this study, the coefficient of friction and friction force
between the upper plate and the particle lubrication media
are measured by a self-developed experimental apparatus.
During the measurement, the sliding distance of the lower
plate is 60 mm, the sliding velocity is 2 mm/s, and the pres-
sure loads applied on the upper plate are 25,000, 31,250,
37,500, 50,000, 87,500 and 112,500 N/mz, respectively.
To ensure the accuracy of the measurement results, the test
under the same pressure load condition is repeated for ten
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times, and each data point in the graph is the average value
of the 10 measurement results. Figure 6 shows the variation
law of coefficient of friction between upper plate and particle
lubrication media under different pressure loading condi-
tions. The average coefficient of friction is shown by dotted
line, and its specific value is indicated on the right side of
the figure. Figure 7 shows the variation law of friction force
between the upper plate and particle lubrication media under
different pressure load conditions during the sliding process
of the lower plate. The average friction force in the figure
is shown by a dotted line, and its value is also shown on the
right side of the figure.

As shown in Figs. 6 and 7, the coefficient of friction and
friction force increase rapidly to a certain peak value with
the increase of sliding distance, and then gradually decrease,
reaching a certain trough value when the sliding distance
is about 33 mm. After that, the coefficient of friction and
friction force increase with the increase of sliding distance.
Under the pressure load of 25,000, 50,000, 87,500 and
112,500 N/m?, the values of average coefficient of friction
are 0.060, 0.106, 0.111 and 0.115, and the values of corre-
sponding average friction force are 1.179, 4.226, 7.716 and
10.285 N, respectively.

Figure 8 shows the variation of the average coefficient
of friction and average friction force with pressure load.
As shown in Fig. 8, the average coefficient of friction
increases rapidly with the increase of pressure load. When
the pressure load is 37,500 N/m?, the value of average
coefficient of friction increases to 0.106, then, with the
continuous increase of pressure load, the average coef-
ficient of friction continues to increase, but the increase
range becomes very small. Finally, the value of the average
coefficient of friction remains at the level of 0.114. Cor-
responding to the change of average coefficient of fric-
tion, the average friction force increases linearly with the
increase of pressure load. Those results show that the pres-
sure load has a significant effect on the average coefficient
of friction and the average friction force.

As shown in Fig. 6, the average coefficient of friction first
increases rapidly with the increase of pressure load, and then
the increasing trend becomes smooth. The reason for the vari-
ation of the average coefficient of friction is closely related
to the measurement of the maximum contact stress between
the upper plate and the single particle. The maximum contact
stress can be calculated by Hertz theory [30], as shown in

Eq. (1).

—

TR 1)

OHmax = ;
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Fig. 11 Variation of the coefficient of friction with sliding distance under different sliding velocity. a 1 mm/s, b 2 mm/s, ¢ 4 mm/s, and d 5 mm/s

where p, is the curvature radius parameter of the upper plate,
and p, denotes the curvature radius parameter of the parti-
cle. The parameters of y; and u, denote Poisson’s ratio of
the upper plate and particle, respectively. The parameters of
E, and E, denote the elastic modulus of the upper plate and
particle. F'is the pressure of contact zone between the upper
plate and particle, and 6y, is the maximum contact stress.

Meantime, the change of the maximum contact stress can
be reflected by the force chain network [31, 32] as shown in
Fig. 9. In the particle flow lubrication system, because the
particle media is dispersed, the force of each particle media
is not uniform. The contact force is formed by the contact
between the particles, and the contact force forms a force
chain with different strength, which plays a role in support-
ing the external force in the particle flow lubrication system.
When the force chain becomes unstable, the spatial position
of some particle media will change, hence, lift-off occurs

@ Springer

[33]. The large noise event of particle lubricated bearing is
also closely related to the stability of the force chain struc-
ture between particles. Through the action of a shear force,
the force chain structure between particles is destroyed and
a new force chain structure is constantly formed so that the
internal stress of particles fluctuates. At early stages, the
force chain structure between particles is not stable, the
stress fluctuation range is large and frequent, and the noise
is large. When the particle media can play a good role in the
lubrication of the bearing, the force chain structure between
the particle media is relatively stable, the stress fluctuation
range is small, and the system becomes quiet [18, 19, 34,
35]. Figure 9a shows the numerical model established by
the discrete element method (PFC2D commercial software).

The length L and height H of the numerical model are 1.6
and 0.8 mm, respectively. The particle lubrication media in
the numerical model is composed of 1200 spherical particles
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with diameters ranging from 25.6 to 38.4 pm. Similar to
those in the experimental test, the diameters of all particles
are uniformly distributed, and the average diameter size is
30 pm.

The material properties and surface characteristics of
the upper plate, the lower plate and spherical particles are
consistent with the experimental tests. At the same time, to
reduce the number of particles in the numerical calculation
to reduce the calculation time, periodic space is set up in the
numerical model. P is the pressure load applied to the upper
plate, and its value is consistent with that in the experimen-
tal test. U is the sliding velocity of the lower plate, and its
value is 2 mm/s in this study. The reticular line structure in
Fig. 9b—d is the force chain network of this particle flow
lubrication system, which is formed by the contact forces
between particles as well as by the contact forces between
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Fig. 14 The graph of force
chain network between the
upper plate and particle lubrica-
tion media under different
sliding velocity. a 1 mm/s,

b 2 mm/s, ¢ 4 mm/s, and d

5 mm/s
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Fig. 15 Variation of contact stress with sliding velocity

particles and walls (the upper or lower plates). The thickness
of the lines can directly reflect the magnitude of the con-
tact force, and then influence the magnitude of the contact
stress. It can be seen from Fig. 9b—d that the force chain line
between the upper plate and the particle lubrication media
becomes thicker with the increase of pressure load, indicat-
ing that the contact force and contact stress are increasing.
Figure 10 shows the change law of contact stress with pres-
sure load. It can be seen from the figure that the change
trend of contact stress with pressure load is similar to that
of the average coefficient of friction, which indicates that
the change of contact stress directly influences the average
coefficient of friction. The greater the contact stress is, the
greater the average coefficient of friction will be.

@ Springer

3.3 The Influence of Sliding Velocity on Sliding
Friction

Figures 11 and 12 show the variation of coefficient of fric-
tion and friction force with a sliding velocity between the
upper plate and the particle lubricating media, respectively.
The average coefficient of friction and average friction force
are indicated by dotted lines in the figure, and the values
are given on the right side of the figures. During the meas-
urement, the pressure load applied to the upper plate is
37,500 N /m?, the sliding velocity of the lower plate is 1,
1.5,2,3,4,5, 8 and 10 mm/s respectively, and the sliding
distance of the lower plate is 60 mm. In order to ensure the
accuracy of the measurement results, the test is repeated 10
times under the same sliding velocity, and each data point in
the graph is the average value of the 10 measurement results.

It can be seen from Figs. 11 and 12 that the coefficient of
friction and friction force increase rapidly to a certain peak
value and then gradually decrease to the minimum value
with the increase of sliding distance, and then show a trend
of gradual increase with the increase of sliding distance.
When the sliding velocity is 1, 2, 4 and 5 mm/s, the values
of the average coefficient of friction are 0.154, 0.106, 0.089
and 0.059, and the values of corresponding average friction
are 4.565, 3.164, 2.629 and 1.751 N, respectively. Figure 13
shows the variation law of average coefficient of friction and
average friction force with sliding velocity.

As shown in Fig. 13, the average coefficient of friction
and average friction force decrease with the increase of
sliding velocity. The reason for this phenomenon is closely
related to the change of force chain and contact stress with
sliding velocity. Figure 14 shows the variation law of the
force chain network of the particle flow lubrication system
with the sliding velocity. The force chain line between the
upper plate and the particle lubrication media becomes
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thinner with the increase of the sliding velocity, indicating
that the contact force and contact stress are decreasing. Fig-
ure 15 shows the variation law of contact stress with slid-
ing velocity. It can be seen from this figure that the change
trend of contact stress with sliding velocity is similar to that
of the average coefficient of friction, and the contact stress
decreases with the increase of sliding velocity, which indi-
cates that the change of contact stress directly influences the
magnitude of the average coefficient of friction. The result
shows that the smaller the contact stress, the smaller the
average coefficient of friction.

Furthermore, it can be seen from Figs. 13 and 15 that
when the sliding velocity increases from 1 to 5 mm/s, the
average coefficient of friction, average friction force and
contact stress decrease greatly with the increase of sliding
velocity. However, when the sliding velocity increases fur-
ther, the average coefficient of friction, average friction force
and contact stress also decrease with the increase of slid-
ing velocity, but the decreasing range becomes very small.
The reason for this change is that when the sliding veloc-
ity increases from 1 to 10 mm/s, the dynamic behavior of
particles changes from the state of quasi-static flow to slow
flow [36]. When the sliding velocity increases from 1 to
5 mm/s, the dynamic behavior of particles can be classified
as quasi-static flow. In this state, the strength of the force
chain between particles is larger and relatively stable.

Meanwhile, with the increase of sliding velocity, the
strength of the force chain will be greatly reduced. When the
sliding speed increases to 8—10 mm/s, the dynamic behavior
of particles can be classified as the state of slow flow. In
this state, the flow state of particles is much faster than that
of quasi-static flow, the contact time between particles is
relatively short, and the strength of the force chain between
particles has been reduced to a lower level. Meanwhile, com-
pared with the quasi-static flow state, the decreasing range
of the strength of the force chain becomes smaller with the
increase of the sliding velocity.

4 Conclusions

In this study, a self-developed experimental system was
designed to investigate the friction behaviors of the parallel
plates under dry particle lubrication.

The sliding tribological behavior of particle flow lubrica-
tion is closely related to the measurement of the maximum
contact stress between the upper plate and the single particle.
Meantime, the change of the maximum contact stress can be
reflected by the force chain network. By experimental com-
parison, dry particle lubrication behaves excellent lubricity
on sliding friction.

The force chain line between the upper plate and the par-
ticle lubrication media becomes thicker with the increase of

pressure load, indicating that the contact force and contact
stress are increasing. These are the reasons for the follow-
ing experimental results: the average coefficient of friction
between the upper palate and particles increases rapidly with
the increase of pressure load, while the average friction force
increases linearly with the increase of pressure load.

The average coefficient of friction and average friction
force decrease with the increase of sliding velocity. The rea-
son for this phenomenon is also closely related to the change
of force chain and contact stress with sliding velocity. The
force chain line between the upper plate and the particle
lubrication media becomes thinner with the increase of the
sliding velocity, indicating that the contact force and contact
stress are decreasing. The greater the contact stress is, the
greater the average coefficient of friction will be.

The current experimental work provides useful informa-
tion for understanding the sliding tribological behavior of
particle flow lubrication. Meantime, it is an important step
to study the influence of external conditions (i.e., velocity,
load) on the sliding tribological characteristics of particle
flow lubrication, which can provide guidance and theo-
retical support for the selection of die parameters under
the condition of particle lubrication in warm forming die
manufacturing.
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