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ABSTRACT

As a 3D printing technology, selective laser melting has remarkable advantages such as high proc-
essing flexibility, high material utilization, and short production cycle. The applications of selective
laser melting technology in industry have become quite extensive. There are many tribological
studies on selective laser melting materials, but few based on water lubrication (Zhu, et al.,
Journal of Zhejiang University-Science A, 19(2), pp 95-110). In this article, the tribological properties
of 316L stainless steel processed by selective laser melting and traditional methods have been
studied under water lubrication. Polyether ether ketone (PEEK) filled with carbon fiber (CF)/poly-
tetrafluoroethylene (PTFE)/graphite was selected as the counterpart. 316L stainless steel and PEEK
are a tribopair commonly used in water hydraulics. This study is of great significance to the appli-
cation of selective laser melting material of tribopairs in water hydraulics. Friction and wear tests
were carried out on a pin-on-disc contact test apparatus under different operating conditions. The
friction coefficient, specific wear coefficient, scanning electron microscopy (SEM) of the worn sur-
face, and energy-dispersive spectroscopy (EDS) of the surface adhesions of the three tribopairs
were measured and compared. The results revealed that the friction coefficient of the selective
laser melting (SLM) 316L stainless steel was significantly higher than that of traditionally processed
(TP) 316L stainless steel, which might be caused by the pores on the surface of SLM 316L stainless
steel. Adhesion and cutting on the surface of SLM 316L stainless steel were also more serious,
resulting in a higher specific wear coefficient of its counterpart PEEK composite compared to PEEK
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composite against TP 316L stainless steel.

Introduction

In recent years, water hydraulics technology has become a
hot research field due to its advantages such as environmen-
tal friendliness, quick response, nonflammability, and clean-
liness. However, great challenges such as tribopair material
selection can be brought about simultaneously due to the
low viscosity, high vapor pressure, and corrosion in water
(Yang, et al. (1)). With the development of material science,
engineering materials with good corrosion resistance such as
stainless steels, engineering plastics, and ceramics have been
applied to water hydraulics components. Furthermore, stain-
less steels make up a high proportion of materials used in
water. The application of 3D printed stainless steel to water
hydraulics technology has rarely been reported.

3D printing metal plays an increasingly important role in
the development of the manufacturing industry. It has been
applied in many fields such as medicine, food, aviation, and
so on in the United States, China, Sweden, and Germany
(Godoi, et al. (2); Goole and Amighi (3); Ahmad, et al. (4)).
Selective laser melting (SLM) is based on the incremental
manufacturing method of layer-by-layer cladding, which can
be used to process complicated parts. SLM has been widely

used in the manufacture of nonferrous metals that have
potential applications in the fields of medicine and automo-
bile and aircraft manufacturing, such as aluminum, titanium,
and nickel alloys (Attar, et al. (5); Amato, et al. (6); Zhang,
et al. (7)).

Antony and Murugan (8) found that SLM parts have bet-
ter corrosion resistance than traditional ones meeting the
requirements of water hydraulics for corrosion resistance of
materials. However, the processing conditions of SLM have
a great influence on the temperature distribution, transient
stress, residual stress, and deformation of the material. Dai
and Shaw (9) investigated the effects of laser processing con-
ditions on multimaterial. The results indicated that the tem-
perature distribution, transient stress, residual stress, and
distortion of a multimaterial component are related to the
laser processing conditions as well as the material properties,
especially the thermal conductivity and coefficient of ther-
mal expansion. Li, et al. (10) found that excessively high or
low laser power causes cracks; thus, by choosing an appro-
priate laser power, crack-free scan tracks could be produced
with no crystallization. It is known that proper process
parameters can greatly improve material performance.
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Figure 1. Schematic diagram of the experimental rig.

In recent years, researchers in the field of tribology have
focused on 3D printing materials. These studies mainly focus on
the tribological properties of 3D printing materials under dry
friction (Zhu, et al. (11)). Kumar and Kruth (12) studied the
tribological properties of SLM materials under fretting dry wear
test. The results showed that the wear resistance of SLM materi-
als is better than that of traditionally processed (TP) materials. It
was found that by careful optimization of SLM parameters, bet-
ter wear resistance of fully dense materials could be obtained.
Sun, et al. (13) found that the specific wear coefficient of SLM
steel depends on the volume percentage porosity in the steel and
it is possible to achieve wear resistance similar to that of stand-
ard bulk 316L steel by obtaining full density. However, there are
few tribological studies on SLM materials under lubricating con-
ditions. By selecting the appropriate process parameters, Zhu,
et al. (14) found that an SLM-processed sample had slightly
lower friction and wear than a TP sample when in contact with
brass under oil lubrication. However, when paired with harder
materials, the difference in friction and wear between SLM pro-
cess and TP was large. The internal porosity of SLM parts was
caused by a balling phenomenon. Balling appears when the mol-
ten material does not wet the underlying substrate as a result of
surface tension (Zhu, et al. (15)). However, there are fewer stud-
ies on SLM materials as tribopairs under the condition of water
lubrication than oil lubrication. Relevant work will be carried
out in this article that is of great significance for the application
of SLM materials in water hydraulics.

Polyether ether ketone (PEEK) was selected as the counter-
part material in this study. Many studies have shown that
fiber-reinforced PEEK exhibits good tribological properties
under dry friction and lubrication conditions (Davim, et al.
(16); Davim and Cardoso (17)). In recent years, PEEK has
been found to show great application potential in water

hydraulics components such as water plunger pumps. The
tribological behaviors of filled PEEK under water lubrication
have attracted increasing attention in recent years. Davim,
et al. (18) studied the effect of carbon fiber reinforcement on
the friction behavior of PEEK in a water-lubricated environ-
ment. It was found that the contact stress led to an almost
negligible effect on the friction behavior of PEEK-CF30 and
natural PEEK, and unidirectional sliding velocity had a greater
influence on natural PEEK than on PEEK-CF30. Jiao, et al.
(19) found that the appropriate increase in carbon fiber (CF)
content can enable PEEK to obtain better antifriction perform-
ance under water lubrication. Zhang, et al. (20) compared the
tribological behavior of 30 vol% CF-reinforced PEEK and
PEEK filled with 30 vol% CF/polytetrafluoroethylene (PTFE)/
graphite when sliding against AISI630 steel under seawater
lubrication and found that the PEEK filled with 30 vol% CF/
PTFE/graphite exhibited better friction and wear properties.
However, there is little research focus on the tribological
behaviors of filled PEEK against SLM processed parts under
water lubrication in the published literature.

In this article, the tribological properties of 316L stainless
steel processed by SLM and traditional cold drawing proc-
esses were studied and compared under water lubrication.
PEEK filled with 30 vol% CF/PTFE/graphite (10% each) was
selected as the counterpart due to its increasingly broad
applications in water hydraulics components.

Experimental methods
Test equipment

The tribological behaviors of SLM 316L and TP 316L stain-
less steel against filled PEEK under water lubrication were



Figure 2. Friction form.
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(a) (b)
Figure 3. Schematic dimensions of the (a) upper specimens (316L stainless
steel) and (b) lower specimens (PEEK).

investigated using an MM-U10A pin-on-disc rig. Figure 1
shows a schematic diagram of the test rig, which consists of
a loading system, a drive system, a data acquisition system,
and a circulating water system. The bottom specimen is
installed in the water container, and the upper specimen
rotates with the rotating shaft. Figure 2 shows the friction
form. The loading system consists of two main parts: a
hydraulic power unit and a hydraulic cylinder. The load is
controlled by adjusting the outlet pressure of the hydraulic
output unit and can be measured by the force sensor, and
the rotational speed can be adjusted by the drive system and
measured by the speed sensor. During the tests, water is
pumped into the water container at a pressure of about
1 bar and flow rate of 0.6-0.8 L/min.

Sample preparation

Three metal pins of the same material were used as the
upper specimens, and PEEK filled with 30 vol% CF/PTFE/
graphite was used as the lower specimens. A schematic of
the dimensions of the upper and lower specimens is shown
in Fig. 3. The lower samples were produced using the trad-
itional process. The upper samples were made of 316L stain-
less steel produced using SLM and the traditional process,
respectively. SLM was performed using a Concept Laser M2
cusing metal laser 3D printer composed of a 180-W fiber
laser, an argon gas protection system, and a process control
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Figure 4. Schematic of the SLM system.

system. A schematic of the SLM system is shown in Fig. 4.
Relevant SLM process parameters are listed in Table 1, where
the point distance represents the distance between the adjacent
laser points. These parameters are commonly used for process-
ing 316L stainless steel with excellent properties. 316L stainless
steel powders are spherical in shape, as shown in Fig. 5.
Powders with a size range of 15-45um were supplied by
Concept Laser. The material composition of SLM 316L stain-
less steel is shown in Table 2. Post-heat treatment was per-
formed to eliminate internal stress, as shown in Fig. 6.

Before the test, the PEEK composite was immersed in tap
water for 7 days until no longer absorbed water (Li, et al.
(21)). Before testing, the contact surfaces of the upper and
lower specimens were polished with abrasive papers (p1000,
p2500, p5000, sequentially). To prevent the pins’ sharp edges
from cutting the PEEK specimens, the edges of the pins were
rounded. A comprehensive measurement system for surface
profile measurement was used to measure the surface rough-
ness of the upper and lower specimens after polishing. Each
specimen was measured three times along the circumferential
and radial directions and the average value was obtained. The
measured values of three pins of SLM 316L stainless steel
were R, = 0.0092, R, = 0.0118, R, = 0.0111 um, respectively.
The measured values of three pins of TP 316L stainless steel
were R, = 0.0076, R, = 0.0085, R, = 0.0083 pm, respectively.
By comparing SLM 316L stainless steel with TP 316L stainless
steel, it was found that the former has a higher surface rough-
ness than the latter, which might be caused by the pores on
the surface of SLM 316L stainless steel. The average rough-
ness of PEEK composite was 0.06 um. After polishing, the
specimen must be treated strictly according to the steps of
cleaning for 5min, blowing by a blower for 3 min, drying in
a drying cabinet for 5min, and weighing. Weighing must be
carried out according to the above steps before and after
the test.

The tribological properties of the materials were judged
by three indexes: the friction coefficient, the specific wear
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coefficient, and the worn surface morphology. The friction
and wear test lasted 150 min. The friction coefficient was
recorded every 1s. Finally, the curves of the friction coeffi-
cient over 150 min for all three materials were compared.
The mass of the specimens was measured separately three
times before and after the test by an analytical balance with
a resolution of 0.01 mg. The specific wear coefficient was
calculated based on the following formula:

W Am
p-L-Q
where W is the specific wear coefficient, Am is the wear

mass, p is the density, L is the friction distance, and Q is
the load.

Materials and specimens

The physical and mechanical properties of PEEK composite
provided by the manufacturer are listed in Table 3. The
hardness of the SLM 316L stainless steel and TP 316L stain-
less steel are listed in Table 4 as measured on a Vickers
hardness tester three times at three different points to obtain
the average hardness. Other parameters were provided by
the manufacturers. The SLM 316L stainless steel has a lower
hardness than TP 316L. Zhu, et al. (14) optimized the pro-
cess parameters and found that there were still some obvi-
ous pore defects in SLM 316L stainless steel . The surface
micropores of SLM 316L stainless steel were observed by
scanning electron microscopy (see Fig. 7). The pores in Fig.
7 have an irregular shape with a maximum of approxi-
mately 10 pm.

Operating conditions

In a typical water piston pump, the product of load and slid-
ing velocity of the tribopair is 0-3.67 MPa-m/s (Liu, et al.

Table 1. SLM processing parameters.

Spot size Scan speed Point distance

600 mm/s

Laser power
180 W

Layer thickness

70 pm 30 um 60 um

(22)). Therefore, the loads adopted in the experiments were
50 and 100 N (corresponding stress: 0.85 and 1.7 MPa). The
rotation speeds were 500 and 1,000 rpm, and the correspond-
ing sliding velocities were 0.68 and 1.36 m/s, respectively. In
addition, each test under one specific condition with a new
set of friction specimens was repeated three times, and the
average values of three repeated tests are presented.

Friction and wear results
Friction coefficient

Figure 8 shows the change in friction coefficient with time
from three sets of repeated experimental data. In order to
precisely evaluate the friction coefficient, we calculated the
average value and standard deviation. The mean of the aver-
age friction coefficient and the mean of the standard devi-
ation of three sets of repeated tests were calculated after
30 min, because the initial plane had little effect on the fric-
tion process after this time. For each single test an average
friction coefficient and a standard deviation of friction were
determined. Figure 9a shows the mean of the average fric-
tion coefficient values and the standard deviation. Figure 9b
shows the mean of the standard deviation values and the
standard deviation of standard deviation values. According
to the statistical theory, a higher standard deviation indicates
that the friction coefficient fluctuates more drastically with
time. Figure 9b shows that the standard deviation of SLM
316L stainless steel is always high under different working
conditions, indicating that the friction process is unstable.
The unstable friction process might be caused by the pores
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Figure 6. Post—heat treatment process of SLM 316L parts.

Table 3. Properties of PEEK composite.

Test method

Properties Unit DIN ASTM Value
Density g/cm?® 53479 1.48
Tensile strength at break MPa 53455 118
Glass transition °C 5336 143
Water absorption % 53495 0.1
(by immersion) at 23°C
Crystalline melting point °C 53736 334
Figure 5. SLM 316L stainless steel powder image. Heat distortion temperature °C ISO 75 277
Table 2. Chemical composition of SLM 316L.
Chemical composition (wt%) Fe Cr Ni Mo Mn Si P C S Cs
SLM 316L Balance 16.5-18.5 10.0-13.0 2.0-25 0-2.0 0-1.0 0-0.045 0-0.030 0-0.030 0-0.03




on the surface of SLM stainless steel. As can be observed
from Fig. 9a, with an increase in sliding speed, the friction
coefficients of the two tribopairs significantly decreased
because a hydrodynamic lubrication film was more easily
formed when sliding at a high speed (Dong, et al. (23)). The
friction coefficients of SLM 316L stainless steel under differ-
ent operating conditions were significantly higher than that

Table 4. Hardness of SLM 316L and TP 316L.
Material SLM 316L TP 316L
Vickers hardness (MPa) 206 304

Figure 7. SEM of pores in SLM 316L stainless steel sample.
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of TP 316L stainless steel, which might be caused by the
pores on the surface of SLM 316L stainless steel.

Specific wear coefficient

Figure 10 shows the specific wear coefficient of SLM 316L
and TP 316L stainless steel under water lubrication at differ-
ent operating conditions. In some conditions, the weights of
the two kinds of stainless steel were significantly increased
after the test, which is the result of some PEEK composite
material being transferred onto its counterpart SLM 316L
and TP 316L stainless steel. The specific wear coefficient is a
common reflection of wear and material transfer in this test.
From Fig. 10, the increased mass caused by the material
transfer had significant effects on the specific wear coeffi-
cient of SLM 316L and TP 316L stainless steel. Under three
operating conditions (50 N and 500rpm, 100 N and
500rpm, 100 N and 1,000rpm), the mass of TP 316L
increased after the test. Under these conditions, material
transfer was the main reason for the mass change, resulting
in increased mass after the experiment. The material transfer
phenomenon of SLM 316L stainless steel is obviously more
serious at 50 N. From the previous section, we know that
the average value and standard deviation of SLM 316L fric-
tion coefficient are large at 50 N and the friction process is
very unstable, which is related to a large amount of material
transfer. At 100 N, the wear of SLM 316L is more serious
than the material transfer, resulting in positive specific wear
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Figure 8. Friction coefficients under different conditions: (a) load: 50 N, speed: 500 rpm; (b) load: 50 N, speed: 1,000 rpm; (c) load: 100 N, speed: 500 rpm; (d) load:

100 N, speed: 1,000 rpm.
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Figure 10. Specific wear coefficient of SLM 316L and TP 316L stainless steel
under different operating conditions.

coefficient. Under most operating conditions, SLM 316L
stainless steel always had a larger mass change before and
after the experiment than TP 316L stainless steel.

Figure 11 shows the specific wear coefficient of PEEK
composite under water lubrication at different operating
conditions. As shown in the figure, the specific wear coeffi-
cient of PEEK composite decreased significantly with an
increase in speed, which is consistent with the view that
hydrodynamic lubrication is better at high speed. Compared
to PEEK composite against TP 316L stainless steel, PEEK

5
’E : 1-50N&S00RPM ®mPEEK composite
Z 4 - 2-50N&1000RPM against SLM 316L
- 3-100N&SD0RPM )
£ 4-100N & 1000RPM B PEEK composite
.\E 3 I against TP 316L
S .
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=
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E |
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Figure 11. Specific wear coefficient of PEEK composite against SLM 316L and
TP 316L stainless steel under different operating conditions.

composite against SLM 316L stainless steel was found to
have a higher specific wear coefficient under all operating
conditions. As can be seen from Fig. 10, SLM 316L stainless
steel paired with PEEK composite had more severe material
transfer at 50 N and wear at 100 N, which resulted in
greater mass loss of PEEK composite. The specific wear
coefficient of two PEEK composite samples was minimal at
100 N and 1,000 rpm. This might be caused by the stable
friction process under this condition, which can also be
observed from Fig. 9.

Scanning electron microscopy and energy-dispersive
spectroscopy

In order to explain the wear mechanism of two tribopairs
under water lubrication, scanning electron microscopy (SEM)
was used to observe the surface morphology before and after
wear. Figure 12 shows the surface morphology of the speci-
mens before and after the test at 50 N and 1,000 rpm. As
shown in Fig. 12, the surfaces of the two stainless steels pre-
sent clear cutting marks and adhesion. The adhesion on the
surface of SLM 316L stainless steel is more serious, which is
consistent with the negative specific wear coefficient of SLM
316L stainless steel shown in Fig. 10. The surfaces of PEEK
composite present gullies and material peeling. Figure 13
shows a comparison of the composition of the adhered trans-
fer and bare areas on the surfaces of two stainless steels ana-
lyzed by energy-dispersive spectroscopy (EDS). Point 1 comes
from the adhered transfer on the surface of the stainless steel
and point 2 from the bare area. According to the comparison
of the main chemical components of the two points, point 1
has a significantly higher peak of carbon relative to point 2,
indicating that the adhered transfer came from the counter-
part PEEK composite.

According to analysis of SEM and EDS, the main wear
mechanisms of the two tribopairs are adhesive wear and
abrasive wear under water lubrication. The adhesion of SLM
316L stainless steel is more serious at 50 N, which leads to a
higher friction coefficient and increased mass after the test.

Discussion

From the analysis of the friction coefficient, specific wear
coefficient, and SEM/EDS, the main wear mechanisms of
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Figure 12. Surface morphology before and after wear at 50 N and 1,000 rpm: (a) SLM 316L; (b) TP 316L; (c) PEEK composite against SLM 316L; and (d) PEEK com-

posite against TP 316L.

the two tribopairs are adhesive wear and abrasive wear, and
the specific wear coefficient is the comprehensive embodi-
ment of these two wear mechanisms. From Figs. 9a and 11,
the friction coefficient and specific wear coefficient of PEEK
composite decreased obviously with an increase in sliding
speed. As can be seen from Fig. 9b, the standard deviation
of the friction coefficient becomes increasingly smaller with
an increase in sliding speed, indicating that the friction pro-
cess becomes increasingly stable. This is because the hydro-
dynamic pressure increases with increasing sliding speed
(Wu, et al. (24)). It can also be seen that in any condition,
the friction coefficient of SLM material is significantly
higher than that of TP material, the reason for which can be
determined from Figs. 10 and 11. It can be seen from Fig.
10 that SLM materials always have greater mass changes
before and after the experiment than TP materials. A nega-
tive specific wear coefficient indicates material transfer. The
specific wear coefficient is jointly determined by material
transfer and wear. It can be seen from Fig. 10 that the
material transfer and wear of SLM materials are more ser-
ious than those of TP materials.

The higher friction coefficient and higher specific wear
coefficient of PEEK composite indicate that the tribological
properties of SLM materials are not as good as those of TP
materials. The main reason is the porosity of SLM materials.
The porosity of the SLM surface results in high roughness.
At 50 N, the contact area is small and the bonding points
are more easily formed on the rough surface. Therefore,
adhesive wear is more likely to occur on the rough surface
(Davim and Marques (25)). Because the pores of SLM
material exist in the whole bare area, the pores on the sur-
face always exist, making the surface a poor friction envir-
onment with repeated adhesion. This unstable friction
environment results in a high friction coefficient of SLM
stainless steel and high specific wear coefficient of PEEK
composite. At 100 N, the specific wear coefficient of SLM
material is positive and abrasive wear mainly occurs. The
abrasive wear of TP is not obvious because the hardness of
TP material is higher and the wear is difficult to determine

from the specific wear coefficient. As can be seen from Fig.
11, although the hardness of SLM material is lower than
that of TP material, the specific wear coefficient of PEEK
composite corresponding to SLM material is still higher
than that corresponding to TP material at 100 N. This is
due to the rough surface of the SLM material, which results
in greater wear of PEEK composite.

It has been found that surface porosity has a good effect
on the lubrication of materials. However, a literature review
shows that the effect of pores on lubrication is related to the
size and density of pores (Zhu, et al. (26)). The effect of
pores on the friction properties of materials is not always
good, and the optimal pore characteristics should be deter-
mined through screening. SLM materials in this study were
processed with a set of conventional process parameters,
and the process parameters were not optimized. Therefore,
it is understandable that the internal pores of SLM speci-
mens had no positive effect on lubrication in this study. In
addition, the traditional process of TP materials used in this
study was a cold drawing process, which is different from
that used in other literature and may also be a factor in the
different results.

Conclusions

The tribological behavior of SLM 316L stainless steel and TP
316L stainless steel against PEEK filled with CF/PTFE/
graphite under water lubrication was studied. The following
conclusions can be drawn:

1. The higher friction coefficient and higher specific wear
coefficient of PEEK indicate that the tribological proper-
ties of SLM 316L stainless steel are worse than those of
TP 316L stainless steel, which is mainly caused by the
pores inside SLM material.

2. The main wear mechanisms of the two tribopairs were
adhesive wear and abrasive wear. SLM stainless steel is
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Figure 13. Comparison of the composition of adhered transfer and bare areas on (10)
the surface of two stainless steels at 50 N and 1,000 rpm: (a) SLM 316L and (b)
TP 316L.

more prone to adhesive wear at low loads and abrasive
wear at high loads.

The results showed that the use of SLM 316L stainless
steel as friction material under water lubrication is not
advantageous. The rough surface caused by the porosity
of SLM 316L stainless steel has a great impact on its
tribological properties under water lubrication. SLM
specimens processed with conventional process parame-
ters are not suitable for friction materials under water
lubrication. It may be possible to make up this defect
by selecting better process parameters, but whether it
can surpass the TP sample remains to be proved.
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