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In order to explore the tribological behavior of slipper/eccentric cam tribopairs under differ-
ent lubrication conditions at power ends of water hydraulic radial piston pumps, friction-wear
tests were carried out. It is found that tribopairs under water-based lubrication exhibited
better friction-reducing performances than those under water lubrication alone. The average
steady-state friction coefficient under water-based lubrication was between 0.17 and 0.23.
HMn62-3-3-0.7/17-4PH tribopair using water-based lubrication exhibited the lowest wear
rate of 1.1 · 10−12mm3/N·m. The findings of this study offer a reference for the identifica-
tion of potential material pairs for slipper/eccentric cam tribopairs.
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1. Introduction

Water hydraulic radial piston pumps (WHRPPs) are widely used in various industrial applica-
tions, such as seawater desalination, descaling, and coal mining high hydraulic power (Cotter,
2000; Li et al., 2023, 2024; Zhao et al., 2017). WHRPPs use water or seawater both as a working
medium at the liquid ends and as a lubrication medium at the power ends for low-speed and
low-pressure applications (Zhang et al., 2017). For high-speed and high-pressure applications,
mineral oils are generally used as lubrication media at the power ends of WHRPPs separated by
dynamic seals. Damage or failure of dynamic seals results in emulsification of the lubricating oil,
which may lead to possible failure of the components, such as slipper/eccentric cam tribopairs
at the power ends of the WHRPPs. Significant advancements have been achieved in the design
and application of WHRPPs in recent years owing to creation of novel lubricating media that
combine exceptional anti-corrosion, anti-wear, and environmentally friendly properties. There-
fore, it is important to understand and predict tribological behavior of slipper/eccentric cam
tribopairs under different lubrication conditions at the power ends of WHRPPs.
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Many studies have been conducted to investigate tribological or lubricating behavior of
slipper/swashplate tribopairs in piston pumps under water or seawater lubrication conditions
(Nie et al., 2006; Yinshui et al., 2009; Ma et al., 2015; Liang et al., 2023; Nie et al., 2019; Yin
et al., 2023; Kou et al., 2022; Wu et al., 2018). Recently, Wei et al. (2019) conducted frictional
corrosion tests on PEEK/AISI 630 tribopairs on representative slipper/swashplate tribopairs in
water hydraulic axial piston pumps under dry, pure water, and seawater lubrication conditions.
Wu et al. (2020) conducted comparative studies on wear tests for three types of slipper materials,
1Cr18Ni9Ti, ZQSn10-1, and ZQAl10-4-4, and two types of swashplate materials, 38CrMoAl and
45 steel, under dry sliding conditions. Despite the inherent safety and environmental protection
of water and seawater lubrication, their applications for long-term and high-efficiency operations
are still limited owing to insufficient lubrication performance and low viscosity. Therefore, the
addition of functional additives to water-based lubricants, such as water-glycol hydraulic fluids,
to improve their tribological and anticorrosive behavior is one of the focal points of research.
Zhou et al. (2010) studied friction and wear behavior of a-CNx/SiC tribopairs in an ethylene
glycol (EG) aqueous solution and found that the concentration of 10 vol.% EG gave the lowest
friction coefficient of 0.019. Espinosa et al. (2014) showed that an ultra-low minimum friction
coefficient of 0.0001 could be obtained for a sapphire/AISI 316 L contact lubricated by a water
+1wt% solution of bis(2-hydroxyethylammonium) succinate.

Several studies have been conducted to develop a novel WHRPP in the field of underground
coal mining using environmentally friendly and anticorrosion lubrication (Li et al., 2023, 2024). In
this study, friction and wear tests were conducted using pin-on-disk specimens to represent slip-
per/eccentric cam tribopairs in a WHRPP under various lubrication conditions. Three Cu-based
slipper materials and four types of eccentric cam materials/coatings were used. The material
and lubrication dependencies were determined and analyzed based on the friction coefficients
and wear rates for different pin-on-disk tribopairs. The wear mechanisms of the three Cu-based
pin specimens sliding against the 42CrMo4 lower specimens with quench polish quench (QPQ)
coatings, which are specialized types of nitrocarburizing case hardening that increases corrosion
resistance, were characterized using scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) analyses. The novel contribution of this study is the identification of
potential material pairs for application as slipper/eccentric cam tribopairs in water hydraulic
piston pumps under water-based lubrication.

2. Experiments

The effects of lubricants on the tribological behavior of slipper/eccentric cam tribopairs in the
WHRPPs were investigated by pin-on-disk wear tests using SRV IV friction tester shown in Fig. 1
(frequency= 50Hz, stroke= 1mm, test load= 100N, test duration= 1 h, and temperature=
50◦C). The pin-on-disc contact surfaces were wetted with 0.5mL lubricant before each test.

As shown in Fig. 2, the upper specimens were designed with a diameter of 9.3mm which
tapered to a diameter of 2mm at the contact surface, and a total height of 10mm. The diameter
and height of the lower specimens were 24.4mm and 7.9mm, respectively.

Three Cu-based materials were selected that were potentially suitable for slipper/eccentric
cam tribopairs, i.e., HMn62-3-3-0.7, QAL10-5-5 and ZCuPb15Sn8.

The lower specimens consisted of different steel: martensitic precipitation-hardening stainless
steel, 17-4PH, alloy steel, 42CrMo4; and nitriding steel 38CrMoAl. A QPQ coating was used to
increase the hardness and corrosion resistance of 42CrMo4 and 38CrMoAl lower specimens at a
low cost and with low part distortion. The 42CrMo4 lower specimen was also surface-treated with
15wt.% tungsten carbide (WC)-reinforced Ni-based coating to improve its wear and corrosion
resistance when subjected to water-based lubrication (Liu et al., 2001).
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Fig. 1. (a) Test chamber of SRV IV test apparatus; (b) schematic representation of SRV IV test
apparatus

Fig. 2. Representation of slipper/eccentric cam pin-on-disc tribopairs

3. Results and analysis

3.1. Coefficient of friction

The relationship between the friction coefficients and sliding time of HMn62-3-3-0.7 upper
specimens sliding against four types of lower specimens under different lubrication conditions:
distilled water, GL-5 85 W-90 oil, and 8 vol.% FF330 water-based lubrication, were determined
experimentally, as shown in Fig. 3. The friction coefficients for HMn62-3-3-0.7 sliding against the
four types of lower specimens under oil-lubricated conditions reached an approximately steady
state, with values in the range of 0.16-0.20. In the water-lubricated condition, the friction co-
efficients for HMn62-3-3-0.7 sliding against the lower specimens 17-4PH, 42CrMo4-QPQ, and
38CrMoAl-QPQ were in the range of 0.3-0.32, a factor of 1.6 times of those for the oil-lubricated
condition. A significant fluctuation in the friction coefficient for the HMn62-3-3-0.7/38CrMoAl-
-QPQ tribopair, with a peak value of approximately 0.80, indicated that severe wear may oc-
cur for each fluctuation. For a 8 vol.% FF330 water-based lubrication, the steady-state friction
coefficients for the HMn62-3-3-0.7 sliding against the four types of lower specimens were nearly
identical to those under the oil lubricating condition, except for a small amount of fluctuations
in the steady states.
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Fig. 3. Variation in friction coefficients of HMn62-3-3-0.7 upper specimens sliding against four types of
lower specimens under different lubricating conditions

Fig. 4. Variation in friction coefficients of QAL10-5-5 upper specimens sliding against four types of
lower specimens under different lubricating conditions

Figure 4 shows the relationship between friction coefficients and sliding time of QAL10-5-5
upper specimens sliding against the four types of lower specimens under three different lubri-
cation conditions. The trend of variation in friction coefficients for QAL10-5-5 upper specimens
under oil-lubricated conditions was comparable to that for HMn62-3-3-0.7 upper specimens,
which fluctuated greatly in the initial stage, then gradually increased, and finally reached an
approximate steady state. The friction coefficients for the oil-lubricated condition are in the
range of 0.14-0.17. For HMn62-3-3-0.7 tribopairs in the water-lubricated condition, the steady-
state friction coefficients are in the range of 0.35-0.41 for QAL10-5-5 upper specimens against
the four types of lower specimens, except for the occurrence of a peak fluctuation of a value of
0.537 for the QAL10-5-5/42CrMo4-QPQ. Numerous fluctuations in the steady-state friction co-
efficients were observed for the QAL10-5-5/17-4PH, QAL10-5-5/42CrMo4-QPQ, and QAL10-5-
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-5/42CrMo4-WC+Ni tribopairs under 8 vol.% FF330 lubrication. The 8 vol.% FF330 lubrication
provides good anti-wear behavior for the QAL10-5-5/38CrMoAl-QPQ tribopair, which gives a
steady state friction coefficient value of 0.22.
The ZCuPb15Sn8 upper specimens sliding against the four types of lower specimens under

water-lubricated conditions showed poor anti-wear behavior, and strong fluctuations occurred
during the test, as shown in Fig. 5. Fluctuations in the friction coefficient also occurred during the
tests of the 8 vol.% FF330 lubricated tribopairs, especially for the ZCuPb15Sn8/42CrMo4-QPQ
tribopair which showed strong fluctuations and a peak friction coefficient of 0.47. Oil lubrication
is the only method suitable for preventing the ZCuPb15Sn8 from wear for four types of eccentric
cam materials. The steady-state friction coefficients for the ZCuPb15Sn8 upper specimens under
oil-lubricated conditions are in the range of 0.16-0.21.

Fig. 5. Variation in friction coefficients of the ZCuPb15Sn8 upper specimens sliding against four types
of lower specimens under different lubricating conditions

3.2. Wear rate

The wear rate Ws [mm
3/Nm] of the materials is given by Eq. (3.1), as proposed in previous

studies (Zhang et al., 2015; Yin et al., 2021)

Ws =
∆m

ρNL
(3.1)

where ρ denotes density of the worn material, N the normal load, L the total sliding distance,
and ∆m the wear weight. The weight analysis method based on ISO-14242/2 (2016) was used
to measure the wear weights of the upper and lower specimens.
The wear rate comparisons among different tribopairs are shown in Fig. 6. Figures 6a-6c show

the wear rates of the HMn62-3-3-0.7, QAL10-5-5, and ZCuPb15Sn8 upper specimens against the
four types of lower specimens under oil, water, and 8 vol.% FF380 lubrication, respectively. For
the HMn62-3-3-0.7 material, it can be confirmed that lubrication with 8 vol.% FF330 results
in lower wear rates for all four types of lower specimens, especially for 38CrMoAl-QPQ which
has a much smaller wear rate compared to oil and water lubrication. The QAL10-5-5/17-4PH
tribopair showed good anti-wear behavior with all three lubricants, as shown in Fig. 6b. Water
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lubrication led to substantially higher wear rates for the alloy steels with different coatings.
The 8 vol.% FF330 lubrication for the QAL10-5-5 material produced comparable wear rates
compared to the values for oil lubrication. Figure 6c shows that the ZCuPb15Sn8/42CrMo4-
-WC+Ni tribopair has the lowest wear rates for the three lubricants compared to the wear
rates for the ZCuPb15Sn8 upper specimens and the other three steel lower specimens. The
ZCuPb15Sn8/42CrMo4-QPQ tribopair exhibited inadequate resistance to wear when lubricated
with 8 vol.% FF330. This finding aligns with the friction-coefficient results shown in Fig. 5.
With the exception of the ZCuPb15Sn8/42CrMo4-QPQ tribopair, the 8 vol.% FF330 lubrication
results in lower wear rates for the other tribopairs compared to the values for oil and water
lubrication.

Fig. 6. Wear rate comparisons among different tribopairs: (a) HMn62-3-3-0.7, (b) QAL10-5-5,
(c) ZCuPb15Sn8, (d) three Cu-based materials

Figure 6d shows the wear rates of the three Cu-based materials sliding against the four
types of eccentric cam materials under 8 vol.% FF330 lubrication. The HMn62-3-3-0.7 material
seems to be a good choice for the fabrication of slippers, providing good anti-wear behavior
for all four types of lower specimens. Among the four types of lower specimens, the 42CrMo4
alloy steel treated with the spray-welded 15wt% WC-reinforced Ni-based coating appeared to
be the most suitable for making an eccentric cam, which had the lowest wear rates for all three
Cu-based upper specimens. The 42CrMo4 alloy steel treated with the QPQ coating should not
be used to make an eccentric cam, as it had the highest wear rates for all three Cu-based upper
specimens.
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3.3. SEM morphology analyses

SEM analyses were performed on the worn surfaces of the three Cu-based upper speci-
mens sliding against the 42CrMo4-QPQ lower specimens under oil, water and 8 vol.% FF380
lubrication to characterize the effect of 8 vol.% FF380 lubrication on the wear mechanism of
the tribopairs. Figures 7a to 7f show the worn surfaces of the HMn62-3-3-0.7/42CrMo4-QPQ
tribopairs under different lubrication conditions.

Fig. 7. Worn surfaces of HMn62-3-3-0.7 upper specimens sliding against 42CrMo4-QPQ lower specimens
under different lubricating conditions: (a) HMn62-3-3-0.7(oil), (b) 42CrMo4-QPQ(oil),
(c) HMn62-3-3-0.7(water), (d) 42CrMo4-QPQ(water), (e) HMn62-3-3-0.7(8vol.% FF330),

(f) 42CrMo4-QPQ(8vol.% FF330)
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Fig. 8. Worn surfaces of QAL10-5-5 upper specimens sliding against 42CrMo4-QPQ lower specimens
under different lubricating conditions: (a) QAL10-5-5(oil), (b) 42CrMo4-QPQ(oil),
(c) QAL10-5-5(water), (d) 42CrMo4-QPQ(water), (e) QAL10-5-5(8vol.% FF380),

(f) 42CrMo4-QPQ(8vol.% FF380)

As shown in Fig. 7a, wear pits and slight furrows appeared on the worn surface of the
HMn62-3-3-0.7 upper specimen when subjected to oil lubrication, which was caused by abrasive
wear on the counter surfaces between the HMn62-3-3-0.7 and 42CrMo4-QPQ specimens. There
were many grooves on the worn surface of the HMn62-3-3-0.7 upper specimen, indicating that
two-body abrasive wear occurred owing to the hard particles embedded in the counter surface
of the 42CrMo4-QPQ lower specimen, as shown in Fig. 7c. Plastic deformation occurred around
the grooves and oxidation was apparent in these grooves. A large amount of wear debris accumu-
lated on the worn surface of the 42CrMo4-QPQ lower specimen, as shown in Fig. 7d. Adhesive
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Fig. 9. Worn surfaces of ZCuPb15Sn8 upper specimens sliding against 42CrMo4-QPQ lower specimens
under different lubricating conditions: (a) ZCuPb15Sn8(oil), (b) 42CrMo4-QPQ(oil),
(c) ZCuPb15Sn8(water), (d) 42CrMo4-QPQ(water), (e) ZCuPb15Sn8(8vol.% FF380),

(f) 42CrMo4-QPQ(8vol.% FF380)

wear occurred on the worn surfaces of the HMn62-3-3-0.7 upper specimen and the 42CrMo4-
-QPQ lower specimen with 8 vol.% FF380 lubrication, as shown in Fig. 7e, which may result in
fluctuations in the friction coefficients of the HMn62-3-3-0.7/42CrMo4-QPQ tribopair.

Figures 8a to 8f show the worn surfaces of the QAL10-5-5 upper specimens sliding against
the 42CrMo4-QPQ lower specimens under oil, water, and 8 vol.% FF330 lubricating conditions.
Figure 8a shows that less wear occurred on the test surface of the QAL10-5-5 upper specimen
under oil lubrication. Figure 8c shows that severe adhesive wear occurred on the test surface
of the QAL10-5-5 upper specimen under water lubrication. As shown in Fig. 8e, scratches and
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oxidation occurred on the worn surfaces of the QAL10-5-5 upper specimen under 8 vol.% FF330
lubrication. A comparison of Fig. 8b, 8d and 8f shows that almost no adherent QAL10-5-5
materials were transferred to the counter surface of the 42CrMo4-QPQ lower specimen under
8 vol.% FF330 lubrication, and the largest amount of QAL10-5-5 debris accumulated on the
counter surface of 42CrMo4-QPQ lower specimen when lubricated with water.
The worn surfaces of the ZCuPb15Sn8/42CrMo4-QPQ tribopairs under oil, water and 8 vol.%

FF330 lubrication are given in Figs. 9a to 9f. A comparison of Figs. 9a, 9c and 9e shows that water
lubrication leads to the best anti-wear behavior, and the 8 vol.% FF330 lubrication provides the
worst anti-wear behavior for the ZCuPb15Sn8/42CrMo4-QPQ tribopairs, which shows a good
agreement with the wear-rate results for the ZCuPb15Sn8/42CrMo4-QPQ tribopair. Scratching
and adhesion occurred on the tested surface of the ZCuPb15Sn8 upper specimen, as shown
in Fig. 9e. Adherent ZCuPb15Sn8 materials were found on the counter surfaces of the lower
specimens under oil, water and 8 vol.% FF330 lubrication, as shown in Figs. 9b, 9d and 9f.

3.4. EDS analyses

EDS analyses, as shown in Figure 10, were performed on the worn areas of the 42CrMo4-QPQ
lower specimens sliding against HMn62-3-3-0.7, QAL10-5-5, and ZCuPb15Sn8 lower specimens
under 8 vol.% FF330 lubrication. The HMn62-3-3-0.7 debris transferred to the 42CrMo4-QPQ
lower specimen can be detected in Fig. 10a. The X-ray intensities of Cu and Zn for FF330
lubrication were much lower than those for water lubrication. In addition, Pb particles were
detected in the HMn62-3-3-0.7/42CrMo4-QPQ tribopair under water-lubricated conditions. As
shown in Fig. 10b, the QAL10-5-5 debris was transferred to the worn areas of the 42CrMo4-
-QPQ lower specimen, which contained Cu and Al particles. The X-ray intensities of Cu for the
water-lubricated condition are the largest, which is consistent with the wear rate results shown
in Fig. 6c. As shown in Fig. 10c, the debris in the worn areas contained Cu and Zn particles
transferred from the ZCuPb15Sn8 upper specimens for all three lubrications, with Pb particles
detected only for the water-lubricated condition. The X-ray intensities of Cu is highest for the
8 vol.% FF330 lubrication, which shows a good agreement with the wear-rate results given in
Fig. 6d.

4. Discussion

4.1. Material and surface treatment dependence of tribological behavior of tribopairs

Upon examination of the friction coefficient and wear rate data presented in Section 3, it is
evident that the upper specimens of HMn62-3-3-0.7 exhibit consistent steady-state friction coef-
ficients and comparatively modest wear rates across nearly all four lower specimen types tested
under the three lubrication conditions. Except for the QAL10-5-5/42CrMo4-WC+Ni tribopair
under water lubrication, the spray-welded 15wt% tungsten carbide (WC)-reinforced Ni-based
coatings show the lowest wear rates compared with the other tribopairs with different materi-
als, surface treatments and lubrication. The anti-wear behavior of the 38CrMoAl and 42CrMo4
lower specimens with QPQ coatings were worse than that of the 17-4PH and 42CrMo4-WC+Ni
lower specimens under the three lubrication conditions.

4.2. Effect of lubrication on the tribological behavior of tribopairs

The kinematic viscosity of the 8 vol.% FF330 water-based lubrication at the test temperature,
i.e. 50◦C, is significantly lower than that of the GL-5 85W-90 oil. The steady-state friction coef-
ficients for the three Cu-based upper specimens sliding against the four types of lower specimens
under 8 vol.% FF330 lubrication are close to the tribopairs under GL-5 85W-90 oil-lubricated
conditions, except for the presence of some fluctuations. Figure 10 shows that the wear rates
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Fig. 10. EDS analyses on worn areas among different tribopairs: (a) 42CrMo4-QPQ against
HMn62-3-3-0.7, (b) 42CrMo4-QPQ against QAL10-5-5, (c) 42CrMo4-QPQ against ZCuPb15Sn8

for all tribopairs under 8 vol.% FF330 lubrication are less than 55mm3/Nm, much lower than
those for the tribopairs under water lubrication. The result of this investigation can be explained
by previous studies (Matta et al., 2008; Zhang et al., 2020), which reported that the excellent
tribological performance was attributed to the tribochemical transformation of alcohols.

4.3. Effect of initial surface roughness and hardness on tribological behavior of tribopairs

Two surface treatment methods, i.e., the QPQ coating and spray-welded 15wt% tungsten
carbide (WC)-reinforced Ni-based coatings were used to improve the anti-corrosion behavior
of representative eccentric cam materials, i.e., 38CrMoAl and 42CrMo4. However, the initial
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surface roughness values of the 38CrMoAl and 42CrMo4 lower specimens coated using the quench
polishing method were much higher than those of the 42CrMo4 lower specimens coated using
the spray welding method. Previous studies have proved that the initial surface roughness values
have a significant effect on the “running-in” friction behavior of tribopairs in dry conditions.
However, the dominating effect of the initial surface roughness on the friction and wear behavior
has not been confirmed under lubricated condition. Dib et al. (2020) reported that no large
difference in friction coefficients and wear losses could be found for the AISI 304L stainless
steel/AISI 52100 alloy steel tribopairs at Ra = 0.034µm and Ra = 0.72µm when subjected
to oil lubrication. Meanwhile, the hardness values for the QPQ coated lower specimens, in the
range of 600HV to 650HV, are much lower than those for the 15wt%WC+Ni coated lower
specimens having about 950HV.Therefore, it is likely that the hardness may have an effect on
the tribological behavior of the coated specimens.

5. Conclusions

In this study, wear tests were performed using pin-on-disk specimens with different coatings
and lubrication conditions to evaluate the feasibility of applying water-based lubrication for
slipper/eccentric cam tribopairs in WHRPPs. The conclusions are as follows:

• The friction-reducing performance of all tribopairs is found to be superior when lubricated
with 8 vol.% FF330 water, which is closely consistent with the test results for friction
coefficients under oil lubrication. The steady-state friction coefficients, when lubricated
with 8 vol% FF330 water, exhibit mean values ranging from 0.17 to 0.23.

• In general, tribopairs under 8 vol.% FF330 water-based lubrication showed lower wear
rates than those under oil and water lubrication. The lowest wear rate was obtained,
i.e., 1.1 · 10−12mm3/N·m, for the HMn62-3-3-0.7 /17-4PH tribopair under 8 vol.% FF330
water-based lubrication.

• The most severe wear was observed on the worn surface of the QAL9-4-4 specimen under
water lubrication. Adhesive wear dominated the wear mechanism of QAL9-4-4 sliding
against the 42CrMo4-QPQ disc specimens under water lubrication.

This paper provides a concise overview of the impact of material, surface treatment method,
lubrication, initial surface roughness, and hardness on the tribological behavior of tribopairs in
WHRPPs. We suggest that the tribochemical mechanism of HMn62-3-3-0.7/WC-reinforced Ni-
based coated surfaces lubricated with water-ethylene glycol be accounted for in future studies.
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