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Abstract: Because of the low viscosity of high-water-based fluids, the intense wear and leakage of
key friction pairs represent a bottleneck to the wide application of the high-water-based hydraulic
motor in engineering machinery. In this work, based on the common characteristics of plane friction
pairs, the friction experiments of a 316L stainless steel (316L)—polytetrafluoroethylene (PTFE) friction
pair under various working condition were carried out by a self-designed friction experimental
system with fluid lubrication. The influence of lubrication pressure and surface morphology on the
316L-PTEFE friction pair was investigated both experimentally and theoretically. The experimental
and numerical results indicated that increasing lubrication pressure reduced the surface wear of PTFE
sample, but the leakage of 316L-PTFE friction pair also increased. It could not form an effective fluid
lubrication film in the 316L-PTFE friction pair under low lubrication pressure, which caused the
severe wear in friction pair interface. The smooth 316L surface could be conducive to the formation
of high-water-based fluid lubrication film in 316L-PTFE friction interface. The pressure distribution
of high-water-based fluid lubrication film in 316L-PTFE friction pair was also obtained in fluent.
The PTFE surface was easily worn when the lubrication film in the friction pair was too thin or uneven.
The friction and wear were obviously improved when the normal load was balanced by the bearing
capacity of the high-water-based fluid lubrication film.

Keywords: high-water-based fluid; morphology; lubrication film; wear

1. Introduction

Because of the special physical and chemistry properties of high-water-based fluids, the lubrication
of the key friction pair was the most important technology in the development of the high-water-based
hydraulic motor/pump, which significantly affected its work efficiency, performance, and service life.
The poor lubrication, intense wear, and large leakage of key friction pairs in the high-water-based
fluid were the bottleneck of high-water-based hydraulic motor/pump’s wider application in mining
engineering, ocean engineering, and other industries [1,2]. Due to the cleanness, fire resistance,
and great potential industrial application of high-water-based hydraulic motor/pump, many scholars
have carried out relative research on the key friction pairs of high-water-based hydraulic motor/pump
from different aspects.

In order to obtain appropriate materials matching of friction pair in water pump, Liu et al.
carried out the friction experiments of slipper—swash pair with different materials on a self-designed
slipper—swash plate friction system, which provided suggestions for design of friction pair with
the condition of water lubrication [1]. Nie et al. studied the friction and wear behavior of the
slipper-swash plate in a water axial piston motor and comprehensively analyzed the influence of
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swash plate angle, damping length, load carrying capacity on the lubrication, and by an experimental
system of slipper—swash plate friction pair, the friction experiments of slipper-swash plate fabricated
with different materials were carried out [3]. To design the piston and cylinder in water hydraulic
axial piston pump, Yang et al. researched the matching of 940 stainless steel-F102 engineering
plastics and 940 stainless steel-Al,O3 ceramic by experimental and theoretical analysis, which found
that the ceramic and engineering plastics had excellent lubrication performance in water hydraulic
transmission [4]. Strm¢nik et al. studied the lubrication behavior of AISI 440C stainless steel and
diamond-like carbon DLC coating for an orbital water hydraulic motor application, which significantly
decreased the friction coefficient and wear of the DLC coating [5]. The lubrication of a new-type slipper
friction pair in water hydraulic axial pump was analyzed by numerical simulation and theoretical
analysis, which obtained the lubrication characteristics of the slipper friction pair [6]. To improve
the lubrication of the sliding bearing pair in water, Yin et al. investigated the water film pressure
distribution, load carrying capacity changing with radial clearance, and width-radius ratio of piston
sliding bearing pair in MATLAB [7]. A piston pair with a hydrostatic bearing was presented to study
the anti-sticking ability of the piston-cylinder in a water hydraulic axial pump, which improved
the anti-sticking ability of the friction pair [8]. A new high-water-based radial piston motor with
distribution valve groups was introduced by Qiu et al., and the friction mechanism and materials
matching the slipper-crankshaft pair were investigated in a high-water-based fluid, which observed the
matching of GIC coating and PEEK-30CF with more stable tribological properties [2,9]. For obtaining
the suitable material matching of flow distribution plate and rotor in low-speed inner curve water
hydraulic motor, Wang et al. investigated the tribological behavior of various materials (including
composite materials and corrosion resistant alloy) in a seawater environment by a ring-on-disc test
rig, but the lubrication film pressure in the friction interface was not taken into consideration in the
experiments [10,11]. The lubrication of composite slippers in a water-based axial piston pump/motor
was also investigated by a self-designed test system, and the results indicated the slipper surface
polishing was necessary in pump/motor [12].

Furthermore, Olsson et al. investigated the effect of different hydraulic fluids on wear protection
and friction in an inner curve radial piston hydraulic motor. They found that the wear of friction pair
was increased in water with hydraulic motors operating in a low-speed application [13]. Considering
the roughness, elastic deformation of piston, and pressure—viscosity effect, a numerical simulation
model was established to analyze the influence of radial micro-motion on pressure distribution and
abrasion, and the results indicated that the piston abrasion mainly concentrated on the hand close to
piston ball [14]. The surface textures were used to improve the friction in hydraulic oil motor at low
speed and high pressure, which the friction variation was significantly reduced by the surface mesh
patterned textures [15]. For the wear and fatigue of friction pair in water-lubricated environment, the
tribological behaviors and lubrication state were also analyzed and some effective suggestions were
provided [16]. The tribological behaviors of polyethylene, synthetic rubber, and fiber resin composite
polymer materials with ZCuSn10Zn2 plates were also investigated under water-lubricated conditions,
which concluded the relationship between lubrication properties of polymers and their frictional noise
performance [17]. The various metallic and ceramics coatings (MoS,, SiC, Si3Ny, Al,Os, and ZrOs,
etc.) sliding against a polyetheretherketone composite were also used to manufacture friction pair in
water or oil, which provided some helpful references for the design of high-water-based hydraulic
motor [18,19]. The tribological properties of a DLC coating on SU]J2 bearing steel balls in running-in
process were studied by a ball-on-disk tribometer. The polishing effectively reduced the friction
coefficient and inhibited the delamination of DLC coatings in water [20].

When PTFE rubbed or slid against a hard friction interface, PTFE exhibited a low coefficient of
friction but a high rate of wear. The tribological behaviors of PTFE parts were closely related to the
friction surface morphology [21,22]. In the high-water-based hydraulic motor/pump, the key friction
pairs mainly included flow distribution plate friction pair, crankshaft-slipper pair, slipper-swash
plate pair, and plunger—cylinder pair, and because of the low viscosity of water, the key friction pairs
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were more prone to wear and leak. Figure 1 shows the schematic of main key friction pairs in water
pump/motor. As show in Figure 1a, the slipper rotated around the axis of the swash plate and produced
sliding friction in the axial water-based pump/motor, in which the wear in the slipper seal area would
cause components failure in hydraulic system. In Figure 1b, the slipper pushed the crankshaft to
rotate and output torque in water-based radial piston motor. In low-speed conditions, the lubrication
water film was more difficult to form at the slipper sliding around crankshaft outer circle. The flow
distribution plate-rotor friction pair was flat on flat friction in radial inner curve low-speed motor,
which was not easy to form a uniform lubricating water film. This caused more serious wear and
leakage in the flow distribution plate. Taking the movement behavior of key friction pairs and the
low-speed working condition into consideration in high-water-based hydraulic motor, we set up
a flatflat friction pair experimental system that can adjust the lubrication pressure in the friction
interface and simulate the friction behavior of the sliding friction pair.
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Figure 1. The schematic of key friction pairs in water-based motor/pump: (a) slipper—swash plate; (b)
slipper crankshaft friction pair; (c) the flow distribution of the plate-rotor friction pair.

Although extensive researches have been conducted on the lubrication characteristics and materials
matching about the key friction pairs of high-water-based hydraulic pump/motor, the pressure of the
lubricating water film depended on a damping hole or immersion in liquid. In the paper, we proposed
a new experimental method to simulate the key friction pair of high-water-based hydraulic motor
which the lubrication pressure of water film could be adjusted freely. The influence of lubrication
pressure and surface roughness on water-lubricated friction pair was studied by material matching of
316L and PTFE, and the pressure distribution and wear mechanism of 316L-PTFE friction pair were
described by a FEM model.

2. Experimental Works and Principles

The current fluid lubricated piston-roller friction pair of the inner curve hydraulic motor with
hydrostatic support structure required surface fine grinding. The surface roughness had a great
influence on the leakage and service life of these friction pairs. The friction pair of the flow distribution
plate mostly adopted the PTFE or polymer materials (soft) and high strength alloy (hard) to ensure the
friction service life and realize wear compensation. In order to study the influence of the interface
roughness and lubrication pressure on the tribological behaviors of 316L-PTFE, we set up a self-designed
friction experiment system. The schematic of friction pair experimental system in the paper is shown
in Figure 2a. The upper sample was fixed on the piston rod and the bottom sample was fixed on the
rotating plate. Under the effect of normal load, the friction surfaces of upper sample and bottom sample
were pressed together. The normal load on piston rod was achieved by a gear pump (HGP-1A-FIR,
Xinhong hydraulic Co., Ltd., Ningbo, China). The rotation between bottom sample and upper sample
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in the friction was realized by the variable frequency motor. To simulate the wear behavior of friction
pair in water hydraulic motor/pump operating at low speed condition, the rotation speed of bottom
sample was set to 15 r/min. The high-water-based fluid with pressure entered into the friction pair
interface through the flow path on piston rod, which the lubrication pressure of high-water-based fluid
was controlled by the overflow valve of water hydraulic pump (JBZ720, Suzhou Jiebao Machinery Co.,
Ltd., Suzhou, China). In the friction process of 316L-PTFE, the leakage of the friction pair flowed into
the circular groove in the rotating disk. To record the leakage of different friction pair experiments,
the leaked high-water-based fluid was collected into a measuring cup synchronously by a siphon.
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Figure 2. (a) The schematic of flat-flat friction pair experimental system; (b) the image of friction pair

experimental system; (c) the 3D model and sizes of upper sample and bottom sample.

The upper sample was black PTFE and the bottom sample was 316L stainless steel. The 3D model
and size of 316L sample and PTFE sample are shown in Figure 2c. The diameter of the upper sample
and bottom sample was 30 mm and the diameter of the hole in PTFE was 12 mm. The friction surfaces
of the PTFE samples were polished by 2000# abrasive paper in all experiments. The friction surface
of 316L sample was turned by a lathe (turning speed 800 r/min, feed rate 0.05 mm/r). In order to
obtain various rough morphologies of friction surface in the 316L-PTFE friction pair experiments, the
1204, 4004, 800#, and 2000# abrasive papers were used to polish the friction surfaces of 316L samples
(all 316L samples were polished for 10 min). The effects of interface lubrication pressure and roughness
on the wear behavior of 316L-PTFE friction pairs were studied under room temperature (~20 °C).
The experimental time of all 316L-PTFE friction pairs was half an hour. The interface morphology
of the 316L-PTFE friction pair was observed by a Leica optical microscope (Leica DM4M, Leica
Co., Ltd., Solms, Germany) and 3D profilometer (THINKFOCUS, SM-1000, THINKFOCUS Co., Ltd.,
Shanghai, China).

In Figure 3a, the 3D morphology and profile curve of the turned 316L sample are presented.
The profile fluctuation of the turned 316L sample was ~4-5 pm, which was the height of turning
stripes. In addition, the clear turning stripes were also observed in optical microscope (OM) image and
3D morphology. The surface morphology of PTFE sample after being polished with 2000# abrasive
paper was shown in Figure 3b. The surface of PTFE sample was smooth, which the profile fluctuation
(1.5 pm) was far less than that of the turned 316L sample. The high-water-based fluid in the study
was fully emulsified with 95% pure water and 5% mineral hydraulic oil. To remove the stain and
residues in the experiments, the holes in the piston rod and all samples were cleaned with alcohol by
an ultrasonic method.
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Figure 3. The morphology and profile curves of turned 316L and PTFE: (a) turned 316L sample,
(b) PTFE sample.

3. Results and Discussion

3.1. The Influence of Lubrication Pressure on the Tribological Behaviors of the 316L-PTFE Friction Pair

In the water-lubricated sliding friction pair, the pressure of the fluid lubrication film was an
important factor affecting the lubrication performance of the friction pair. The inlet pressure of
the fluid lubrication film in a commonly used slipper friction pair was obtained by damping hole.
The diameter and length of damping hole determined the lubrication behavior of fluid lubrication
film in the hydrostatic bearing slipper. In order to study the influence of the lubrication pressure
of the fluid lubrication film on the wear behavior of the sliding friction pair, we carried out the
friction experiment of 316L-PTFE with different pressures in a high-water-based environment. In the
experiments, all bottom samples were 316L turning with same parameter, and the upper samples were
the PTFE polishing with 2000# abrasive paper.

As shown in Figure 4a, the normal load acting on piston rod was the load on 316L-PTFE friction
pair, and the pressure in cylinder was 1.5 MPa (the diameter of piston rod was 50 mm; the normal load
was ~2700 N). Because of structural characteristics of gear pump, the pressure in the cylinder had a
fluctuation of ~0.15 MPa. The different lubrication pressure curves of the high-water-based fluid in the
friction pair interface are presented in Figure 4b. The friction experiments were divided into five groups
with lubrication pressure ranging from 4 to 12 MPa. Because of the characteristics of the triplex piston
water pump, there were some fluctuations in the lubrication pressure of the high-water-based fluid.
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Figure 4. (a) The normal load on piston rod; (b) the lubrication pressure curves of high-water-based
fluid in friction pairs.

The friction morphology of the 316L sample after friction with the PTFE sample is presented in
Figure 5 when the lubrication pressure of high-water-based fluid was 4 MPa. The original turning
patterns of 316L sample were basically unchanged in the OM images, which indicated that the surface
wear of 316L sample was small. However, the black materials were observed in turning grooves in
the high-magnification OM images. Compared with the micrographs of original 316L surface, it was
known that the turning patterns on original 316L surface were clean, whereas black materials were
found in the turning grooves after friction. We deduced that the black material that filled in the turning
grooves of the 316L sample was ground from the PTFE surface during friction process.

Figure 5. The surface morphology of 316L after friction with lubrication pressure of 4 MPa: (a) the
morphology of the 316L sample after friction; (b) the original morphology of the 316L sample; (c,d) the
morphology of the 316L sample in different magnification after friction.

Figure 6 shows the OM images and 3D morphology of the PTFE sample after friction with the
316L sample. Many deep circular wear marks were directly observed in the PTFE sample surface.
Under the effect of normal load on friction pair, the PTFE surface generated the plough friction, which
caused the original PTFE surface to be severely damaged. In Figure 6a, the wear debris of 316L
embedded in PTFE surface are also observed, as well as the deep and large wear marks formed on PTFE
sample surface in the 3D morphology. The wear morphology of the friction interface indicated that the
high-water-based lubrication film was not formed in 316L-PTFE friction pair effectively. The turning
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surface of 316L sample directly produced sliding friction on PTFE surface, because of the small yield
stress of PTFE (26 MPa), which caused PTFE material to fall off upper sample surface in friction process.
The morphology of worn PTFE surface was corresponding to the morphology of 316L sample in
Figure 5.

316L debris

Figure 6. (a) The optical microscope (OM) morphology of the PTFE sample after friction with lubrication
pressure of 4 MPa; (b) the 3D morphology of the PTFE sample after friction with lubrication pressure of
4 MPa.

The friction morphology of 316L-PTFE friction pair under the lubrication pressure of 12 MPa is
provided in Figure 7. Compared with the original turning surface of the 316L sample, the original
morphology and turning grooves of the 316L sample still remained unchanged after the friction
experiment. Meanwhile, the black PTFE wear debris was not found in the 316L turning grooves.
Figure 7c—e shows the corresponding OM images and 3D morphology of the PTFE sample after the
friction experiment. It found that no obvious large and deep wear marks appeared in friction interface
and the morphology of PTFE sample remained unchanged after friction. The friction morphology
of 316L-PTEFE friction pair indicated that, under the lubrication pressure of 12 MPa, an effective
high-water-based lubrication film formed in the friction interface which avoided the sliding friction
contact between 316L and PTFE.

Figure 7. Cont.
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Figure 7. (a,b) The OM morphology of the 316L sample after friction with lubrication pressure of
12 MPa; (c-e) the OM images and 3D morphology of worn PTFE after friction with lubrication pressure
of 12 MPa.

Figure 8 shows the surface profile curves of PTFE and 316L after friction with different lubrication
pressures. The friction and wear behaviors of the 316L-PTFE friction pair under different lubrication
pressures were analyzed by profile curves and roughness of friction interface. As shown in Figure 8a,
the profile curves of turned 316L sample and the PTFE sample polished by 2000# abrasive paper were
provided. The profile of original 316L surface fluctuated periodically due to turning pattern, while the
PTFE sample surface was smooth. In Figure 8b, the profile curve of 316L surface did not change much
under lubrication pressure of 4 MPa, but the profile of PTFE surface changed greatly. The PTFE sample
surface formed a deep wear mark with depth ~10 um and the profile fluctuation was far greater than
the original PTFE surface, which was consistent with the wear morphology in Figure 6. In Figure 8c,
under the lubrication pressure of 6 MPa in friction pair, the profile curve of PTFE surface reflected that
friction surface of PTFE sample also generated great wear after friction pair experiment. In Figure 8d,
with the increasing of lubrication pressure, the profile fluctuation of PTFE sample was decreased at
lubrication pressure of 8 MPa, but the PTFE surface still produced a certain wear. Because of high
yield stress and hardness of 316L, the wear mainly generated on PTFE surface in friction process while
the surface morphology of 316L still remained original morphology. The profile curves of PTFE and
316L after friction under lubrication pressures of 10 and 12 MPa are shown in Figure 8e f. The profile
curve of the frictional PTFE sample was similar to that of the original PTFE sample, and the obvious
wear marks did not observed. The profile curves and morphology of friction pair under lubrication
pressure of 10 and 12 MPa indicated that the high-water-based lubrication film effectively avoided
severe friction and wear in 316L-PTFE friction interface.
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Figure 8. The profile curves of 316L sample and PTFE sample after friction experiments: (a) the original
profile curves; (b) the lubrication pressure of 4 MPa; (c) the lubrication pressure of 6MPa; (d) the
lubrication pressure of 8 MPa; (e) the lubrication pressure of 10 MPa; (f) the lubrication pressure of
12 MPa.

The surface roughness and leakage of 316L-PTFE friction pair after friction experiment were given
in Figure 9. Under the lubrication pressure of 4 MPa, the roughness of PTFE surface was the largest
(Ra = 1.85 um) after friction experiment, while the roughness of the 316L sample had a slight reduction.
The PTFE surface was severely worn at lubrication pressure of 4 MPa. The wear debris of PTFE was
embedded into turning grooves in friction process which caused the reduction in the roughness of
316L. In addition, the leakage of the 316L-PTFE friction pair was almost zero, which indicated that
no high-water-based film was formed in the friction pair. The surface wear of PTFE sample was still
serious when the lubrication pressure was 6 MPa in friction interface. The roughness of PTFE friction
surface was increased from R, 0.2 pm to R, 1.3 um. The leakage of the 316L-PTFE friction pair in half
an hour was only ~103 mL, which indicated that the extreme thin and uneven lubrication film formed
in 316L-PTFE friction interface. However, the uneven high-water-based lubrication film was not
enough to support the normal load acting on friction pair. The direct contact between 316L and PTFE
in sliding friction would damage the friction interface. With the increasing of lubrication pressure, the
surface roughness of PTFE decreased after friction experiment which demonstrated that the lubrication
effect in friction pair was improved, but the leakage of 316L-PTFE friction pair also increased.

When the lubrication pressure in friction interface was 8 MPa, the friction and wear of PTFE
sample were relieved. The surface roughness of PTFE and leakage were R, = 1.5 pm and 2.6 L,
respectively. The friction pair interface formed fluid lubrication film, but the micro structures on 316L
and PTFE would penetrate the lubrication film and produce sliding friction. The roughness and surface
morphology of friction pair basically changed little, and no obvious wear marks were observed under
lubrication pressure of 10 and 12 MPa. The roughness of the PTFE sample was consistent with the
morphology observed in Figure 7. The high-water-based lubrication film was effective in the friction
interface when the lubrication pressure was high enough. However, the large leakage in 316L-PTFE
friction pair at high lubrication pressure was also an unavoidable problem.
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Figure 9. (a) The average roughness (Ra) of 316L and PTFE after friction experiments; (b) the leakages
of the friction pairs with different lubrication pressures.

3.2. The Influence of Surface Roughness on Tribological Behavior of 316L-PTFE Friction Pair

Because of the very thin fluid lubrication film, the roughness and morphology of the friction
surface had a great influence on pressure distribution and lubrication performance. In order to
investigate the influence of interface roughness on friction and wear behavior of 316L-PTFE friction
pair, we carried out the friction experiments of 316L (with different surface roughness) and PTFE
(polished by 2000# abrasive paper) under the same load and lubrication pressure.

In Figure 10a, the load pressure on piston rod during the experiment was 1.5 MPa, and the
lubrication pressure of high-water-based fluid in 316L-PTFE friction interface was 8 MPa. The average
roughness of 316L after polishing with different abrasive papers was shown in Figure 10b. The 316L
sample had the minimum roughness (R, = ~0.2 pm) after polishing with 2000# abrasive paper.
The roughness of 316L sample polished with 120# abrasive paper was R, = ~0.9 pm, and the roughness
of original turning 316L sample surface was R, = 1.1 pm. The effect of roughness on friction behavior
of 316L-PTEFE friction pair was studied in the self-designed experimental system.

147 Lubrication pressure 8 MPa -] 6000
Load pressure 1.2 4
12 4 Load
- < 5000 ]
1.0 4
104
‘s 4 4000 ~
s 81 2 _os- T
2 ] 43000 8 g
5 64 N 0.6
72 @ 0.6 7
2 o
£ 44 2000
1 0.4 4
21 1000
] 0.2 4
] 40
0 200 400 600 800 1000 1200 1400 1600 1800 0.0 - . i . .
Time (s) Ibfhlb ; B A 2
2 O 0 O,
(a) surge, O (p) 0 005

Figure 10. (a) The load curve and lubrication pressure of 316L-PTFE friction pair; (b) the average
roughness (R;) of polished 316L surface with various abrasive papers.

The friction morphologies of the 316L sample polished by 120# abrasive paper and the PTFE
sample are shown in Figure 11. Figure 11a showed the original morphology of the 316L sample polished
by 120# abrasive paper, which distributed many rough stripes on 316L sample surface. In Figure 11b,
the friction morphology of the 316L sample indicated that the obvious circle friction area was generated
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on friction surface. The 316L sample friction surface became dark, which seemed to cover a layer of
black material. We deduced that the material on PTFE sample surface was ground down by the rough
structures of 316L in friction process. In Figure 11c, the 3D morphology of 316L friction surface also
proved the surface morphology change and the similar circle wear area on friction surface was also
observed. Figure 11d,e shows the OM images and 3D morphology of the PTFE sample friction with
316L sample (polished by 120# abrasive paper). The deep wear marks and 316L wear debris on PTFE
surface indicated that the water lubrication film cannot support the load on friction pair well. Both
friction surfaces were in direct contact and the sliding friction of 316L-PTFE friction pair occurred.
Because of the lower hardness and yield stress of PTFE, the microstructure on the 316L sample surface
easily penetrated into the soft PTFE surface in the sliding process, which generated plough friction
and formed deep wear marks. The inhomogeneous of high-water-based lubrication film in thickness
caused local wear in PTFE sample.
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Figure 11. (a) The original morphology of the 316L sample polished by 120# abrasive paper; (b,c) the

OM images and 3D morphology of 316L sample after friction experiment; (d,e) the OM images and 3D
morphology of the PTFE sample after friction experiment.
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The OM images and 3D morphology of 316L sample (polished by 2000# abrasive paper) and PTFE
sample were shown in Figure 12. Figure 12a—c shows the OM images and 3D morphology of 316L
surface after friction pair experiment. The PTFE debris was not observed on 316L surface and the 3D
morphology of 316L sample was still smooth. Comparing to the original morphology of PTFE sample,
the friction morphology of PTFE in Figure 12d—f indicated that the friction interface was basically not
damaged in friction process. The PTFE surface only generated some shallow wear marks. With the
increasing of surface smoothness of the 316L sample, the surface wear of PTFE sample was greatly
improved. It summarized that the lower roughness of friction interface could effectively reduce the
wear in 316L-PTFE friction interface. The smooth friction surface was good for the lubrication film
forming in friction pair which avoided the direct contact and sliding friction between 316L and PTFE.
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Figure 12. (a—c) The morphology of 316L sample (polished by 2000# abrasive paper) after friction
experiment; (d—f) the OM images and 3D morphology of PTFE sample after friction experiment.
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The profile curves of the 316L-PTFE friction pairs after friction experiments under different
roughness are given in Figure 13. The profile curves of PTFE sample surface had great fluctuation
when the 316L samples were polished by 120# and 400# abrasive paper, which produced wear marks
on PTFE surface. However, after polishing the friction surface of the 316L samples with 800# and
2000# abrasive paper, the profile curves of PTFE were stable and without high fluctuation after friction.
Especially, in the PTFE sample surface friction with the 316L sample polished by 2000# abrasive paper,
the friction profile of PTFE sample was basically similar to the original surface morphology in Figure 3.
The results showed that the lower surface roughness was beneficial to forming lubrication film in
friction interface under same lubrication pressure of 8 MPa. The high-water-based lubrication film
effectively reduced the wear in friction pair when the friction interface was smooth.
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Figure 13. The profile curves of 316L sample and PTFE sample after friction experiments under
lubrication pressure of 8 MPa: (a) the 316L sample polished by 120# abrasive paper; (b) the 316L sample
polished by 400# abrasive paper; (c) the 316L sample polished by 800# abrasive paper; (d) the 316L
sample polished by 2000# abrasive paper.

The surface roughness and leakage of the 316L-PTFE friction pair after the friction experiment
with different interface morphologies are shown in Figure 14. The surface roughness of 316L sample
did not change much after friction with PTFE sample. The 316L sample polished by 2000# abrasive
paper was R; = ~0.32 pm after friction. Compared with the 316L (turning surface)-PTFE friction
pair, the roughness of PTFE sample (friction with the 316L sample polished by 120# abrasive paper)
was decreased to R, 0.79 um. With the decreasing of 316L surface roughness, the R, of PTFE sample
surface was also decreased after friction experiment, which indicated the smooth friction interface was
more conducive to form lubrication film. Under the same load and lubrication pressure on 316L-PTFE
friction pair, the rough friction surface caused more leakage in friction pair. The leakage of turning
316L-PTFE friction pair was 4.06 L and the leakage of 316L (polished by 2000# abrasive paper)-PTFE
friction pair was 1.76 L in half an hour. The rough surface not only caused more leakage of the friction
pair, but also led to wear in the friction interface.
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Figure 14. (a) The average roughness (R,) of 316L-PTFE friction pairs after friction experiments;
(b) the leakages of 316L-PTFE friction pairs with different interface roughness.

3.3. The Lubrication Mechanism and Wear Behavior of the 316L-PTFE Friction Pair

In order to investigate the pressure-flow characteristics, pressure distribution, and bearing capacity
of high-water-based lubrication film, we analyzed the mechanical model of the 316L-PTFE friction
pair. In fluid simulation software FLUENT, a fluid simulation model of the 316L-PTFE friction pair
was established to describe the pressure distribution, bearing capacity, and lubrication characteristics.
The friction contact model of 316L-PTFE in friction process was analyzed by a FEM model in ANSYS
which calculated the contact stress and plastic strain in friction interface.

The schematic of 316L-PTFE friction pair (parallel disk damper) in the paper was shown in
Figure 15. The high-water-based fluid entered from the hole and flowed through the damper interface
of two parallel disks to form a lubrication film, which the direct contact and sliding friction between
316L sample and PTFE sample were avoided. The relationship between pressure and flow characteristic
(flow Q) of parallel disk friction pair (316L-PTFE friction pair) was described as the following formula,

1 mh3

Q= onma) ™Y g

where the Ap denotes pressure between the inlet and outlet of parallel disk damper. Ce denotes the
correction coefficient, and & denotes the thickness of lubrication film in friction interface. D denotes the
outer diameter of friction pair and d denotes the inner diameter of friction pair. u denotes the kinetic
viscosity of the high-water-based fluid.

This formula was used to deduce the pressure distribution in the radial direction of damper:

_6uQ. D
P= T @
The bearing capacity of fluid lubrication film Wj:

D

Wy = ﬁ i p2mrdr @)

2

Taking Equation (2) into the above formula to calculate the Wy:

nf D2 -d? 42
)Ps 4)

Wi = g(ln(D/d) 2
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The all bearing capacity (W) of 316L-PTFE friction pair:
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Figure 15. The schematic of 316L- PTFE friction pair (parallel disk damper).

According to the leakages of the 316L-PTFE friction pair recorded in Figure 9b, the thickness of
fluid lubrication film could be calculated by taking the leakage into the Equation (1). We simulated the
pressure distribution of high-water-based fluid lubrication film under different lubrication pressures
(8, 10, 12 MPa) in Fluent software, which the pressure distribution images of lubrication film in
316L-PTFE friction pair interface were shown in Figure 16. In Figure 16a, it could be seen that the
pressure distribution of lubrication film decreased along the radial direction of friction pair. The data of
different lubricating film pressures along the radial distribution hole were extracted and displayed in
Figure 16b. With the increasing of lubrication pressure, the pressure decayed rapidly in radial direction
of the damping gap. The bearing capacity of the high-water-based lubrication film was calculated by
the Equation (5). The bearing capacity of high-water-based lubrication film was ~1300 N when the
lubrication pressure was 4 MPa, which could not support the normal load on friction pair (~2700 N).
With the increasing of lubrication pressure, the bearing capacity of the high-water-based lubrication
film reached about 2600 N at lubrication pressure of 8§ MPa. When the load on the 316L-PTFE friction
pair was balanced by the bearing capacity of high-water-based lubrication film, the effective lubrication
film could form in 316L-PTFE friction pair.
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Figure 16. (a) The pressure distribution image of high-water-based lubrication film in friction pair,
(b) the pressure distribution on the radial direction.
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In order to study the influence of surface morphology on the friction and wear behavior of
316L-PTEFE friction pair, we simulated the pressure distribution and plastic strain of lubrication film
between the smooth PTFE and rough turning 316L. Figure 17 showed the pressure distribution images
of lubrication film in rough friction interface and smooth friction interface. It can be seen from the
Figure 17a that the pressure distribution in the direction of lubrication film thickness conformed to
laminar flow characteristics. In Figure 17b, the turning surface with periodic bulge had significant
influence on the thickness of lubrication film. The pressure distribution and flow field near the turning
surface was uneven and unstable. Therefore, the flow field of lubrication film on the smooth interface
of friction pair was more stable which was easier to form the fluid lubrication film. The rough turning
profile on 316L generates greater resistance and fluctuation to form high-water-based lubrication film.
Under the same load and lubrication condition, the wear of PTFE sample in smooth friction pair
interface was far smaller than that of the rough friction pair.
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5.85e+06
5.73¢+08
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ANSY'S Flusrd 15.0 (24, gons, k)

Figure 17. (a) The pressure distribution on smooth parallel disk damping gap, (b) the pressure
distribution on turning parallel disk damping gap.

In the FEM analysis software ANSYS, we established the contact model of PTFE and 316L to
simulate the friction process. The turning patterns of the 316L sample were simplified into round
fringe bulges. The stress and plastic strain distribution in the friction pair interface were obtained.
The materials properties of PTFE and 316L in the FEM simulation were given in Table 1.
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Table 1. The material properties of 316L stainless steel and PTFE.

. Density p Young’'s Modulus . , . Yield Strength
Sample Material (Kg/m®) EX (Pa) Poisson’s Ratio A (MPa)
316L stainless steel 8.3 x 10° 2 x 101 03 269
PTFE 29 %103 2% 108 0.4 27.6

The lubrication pressure could not support the load on friction pair when the high-water-based
fluid was 4 MPa. There was no lubrication film formed on the friction interface. Under the effect
of normal load (~2700 N) on friction pair, the PTFE sample was pressed on the turned 316L sample
surface, which produced sliding friction and wear in friction pair. Figure 18 showed the stress and
plastic strain distribution results of friction pair in sliding process. According to the stress distribution
image of PTFE-316L, the maximum contact stress of the friction pair was 167 MPa (less than the yield
strength of 316L). The stress distribution state of the PTFE sample in Figure 18b indicated that the
maximum surface stress of the PTFE sample in friction process was about 31 MPa, which exceeded the
yield strength of PTFE. In Figure 18¢,d, it can be seen that the equivalent plastic strain was mainly
concentrated on the PTFE friction surface. The equivalent plastic strain of 316L sample was very
small and the maximum equivalent plastic strain (0.64) located in PTFE sample surface. Actually, the
micro-turning patterns on 316L surface were not regular arc-shaped bulge, as the turning 316L profile
curve shown in Figure 3a, the real surface profile had many sharp corners. In the actual friction process
of 316L and PTFE, the contact stress was far greater than that of calculated in Figure 18. Therefore, the
friction surface of the PTFE sample would generate severely damage and wear after friction experiment.

-

33340 596997 T49E407 144E+08 213E+08 202K+08
“0aEs0? 1098408 1788408 2078408 s1eze08
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Figure 18. (a) The pressure distribution of 316L-PTFE friction pair in friction process; (b) the pressure

distribution in PTFE friction surface; (c) the equivalent plastic strain distribution of 316L-PTFE friction
pair; (d) the equivalent plastic strain distribution in the PTFE friction surface.



Coatings 2020, 10, 405 18 of 19

4. Conclusions

In this work, the tribological behaviors of the 316L-PTFE friction interface were investigated
on a friction experimental system with fluid lubrication. The influence of lubrication pressure and
interface roughness on the wear of friction surface was studied by experimental method. By use of
FEM analysis softwares FLUENT and ANSYS, the pressure distribution of the fluid lubrication film
and the wear mechanism in friction interface were also investigated. Combining experiments and
theoretical analysis, we obtained the following important conclusions from this work:

e In turned 316L friction with PTFE sample, the higher lubrication pressure in friction interface
reduced surface wear of PTFE sample, but the leakage of 316L-PTFE friction pair increased with
the lubrication pressure. The friction pair interface could not form high-water-based lubrication
film at the lubrication pressure of 4 and 6 MPa, which led to serious wear on PTFE sample surface.

e  With the decreasing of roughness in the friction interface, the wear of PTFE surface was greatly
relieved in the same lubrication and load condition. The leakage of 316L-PTFE friction pair was
also reduced when the friction interface was smooth.

e The leakage model of 316L-PTFE friction pair was analyzed by numerical simulation.
The increasing of lubrication pressure would enhance the bearing capacity of high-water-based
lubrication film. The pressure was decreasing in radial direction of friction pair, and the distribution
rule of lubrication pressure was obtained. The friction interface directly produced sliding friction
and generated great contact stress when the lubrication film could not support the load on
friction pair. The micro-morphology of the friction interface had a great influence on the pressure
distribution and flow field in the direction of lubrication film thickness.
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