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ABSTRACT

Mechanical seal used in turbopump of liquid
rocket engine always underwent sever wear and fric-
tion-induced vibration in the running stage. Here, an
effective circle-shaped texture dimple was proposed to
be manufactured on S07 steel surface, and its surface
morphology, mechanical property and tribological
performance were investigated systematically. To
simulate the low viscosity of sealed liquid in the
turbopump, the tribology test was conducted in water
environment. Textures with different area ratios were
manufactured and the experimental results showed
that the texture whose area ratio is 10% (T10) is the
most efficient. More tribological experiments under
different temperatures, frequencies and loads were
conducted, and the results showed that the T10
textured surface can decrease the friction coefficient,
enhance the stability of friction behaviors and reduce
wear rate. Moreover, the tribological mechanism of the
texture was explored and analyzed according to the
SEM and EDS of the wear tracks. The soft
Cu/graphene composite can fill the texture dimples
and form a tribo-film on the surface, which helps to
reduction of friction and wear.

INTRODUCTION

The turbopump system has been extensively used in
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aerospace to feed high-pressure propellant such as
liquid oxygen to the combustion chamber of liquid
rocket engine due to its lightweight characteristic and
compact structure (Wang et al., 2012). In practical
applications, the working performance of turbopump
was greatly affected by its sealing effect, and the un-
desirable medium leakage might cause serious eco-
nomic loss and safety problems. As is known, the
liquid rocket engine works in harsh conditions, such as
the low temperature of cryogenic propellants, heavy
load and high speed, which hence put forward high
requirement for the reliability and sealing performance
of turbopump (Palerm et al., 2015). Thus, improving
the sealing performance is vital in enhancing the
working performance of turbopump as well as the
liquid rocket engine.

Nowadays, mechanical seal has been widely
used in various mechanical systems including the
turbopump system due to its superior sealing perfor-
mance, simple structure and relatively low cost. The
working reliability of the mechanical seal was mainly
affected by its friction and wear properties. However,
the sealed medium could not provide effective lubri-
cation to the seal pair due to its low viscosity (Zhang
et al., 2017). Thus, the mechanical seal used in aero-
space usually employed soft-hard pattern to decrease
friction and wear, such as steel and copper/graphite
composite (Johnson et al., 2013; Bullen, 2014; Lu et
al., 2018). However, the seal pair still faced sever wear
and friction-induced vibration in the operating period,
especially the start-up stage, during which the seal pair
was in poor lubrication regime such as mixed or
boundary regime (Zhang et al., 2011). There is no
doubt that the sever wear and undesirable vibration
would negatively affect its working reliability, service
time and sealing performance, which could bring
about numerous economic, environmental and safety
issues.

For the past decades, many efforts have been
done to improve the tribological performance of tur-
bopump system, including material modification and
surface treatment, such as doping coatings and creat-
ing texture patterns (Zhang et al., 2010; Wang et al.,



2012; Etsion et al., 2002). However, the inadequate
adhesion strength of coatings to underlying substrate
limits its use in heavy-load applications (Ma et al.,
2016). Compared with doping coatings, creating
texture pattern directly on material surface is simple
and commercial, which has great potentials in future
applications. It has been reported by Refs. (Qiu et al.,
2011; Bai et al., 2010; Brunetiére et al., 2012; Li et al.,
2018) that creating texture pattern on material surface
was effective in decreasing friction and wear, which
improved tribological property through a complex
mechanism. On the one hand, texture pattern
manufactured on material surface could act as traps for
abrasive particles and debris, which was beneficial to
eliminating the abrasive wear and plough effect. On
the other hand, the texture pattern could also be
effective in reserving liquid lubricants and inducing
local hydrodynamic lubricating effect, which
contributed to the enhancement of the load bearing
capability and the lubricating condition. Furthermore,
the manufactured texture pattern could also decrease
the actual contacting area and hence decrease friction
force and friction coefficient.

Up to now, many techniques have been
successfully used to manufacture texture pattern on
material surface, such as reactive ion etching (Wang et
al., 2003), electrochemical methods (Silva et al., 2017),
CNC machining (He et al., 2018) and laser texturing
machining (Zhang et al., 2016), etc. Among these
techniques, laser texturing treatment is more attractive
due to its commercial, environmentally- clean and
high-efficiency characteristics. Our group (Zhang et
al., 2014, 2016; Li et al., 2020) has also done a lot work
concerning the lubricating effectiveness of texture
pattern through numerical analysis and experimental
tests, and the results showed that manufacturing
texture pattern on material surface was effective in
improving its tribological performance in mixed or
starved lubrication regime. Thus, it was promising and
rational to manufacture texture pattern to improve its
comprehensive tribological performance.

Many researches have done works concerning
the effect of textured surface on the tribological
properties of friction pairs, but most researches were
conducted with normal steel, which has no reference
for the lubrication of the seal parts of turbopump
system in aerospace. SO7 steel is one of the materials
often used in aerospace, which has good mechanical
properties, such as high strength, high toughness and
corrosion resistance.

In this paper, three types of circle-shaped texture
dimples were manufactured on the S07 steel surface
by nanosecond laser machine. The surface
morphology and mechanical property were analyzed
by SEM, EDS and 3D laser confocal microscope. In
order to simulate the low-viscosity liquid atmosphere
of mechanical seal used in liquid rocket engine (Zhang
et al., 2017), the tribological test was performed in
water environment by a pin-on-disk tribometer under
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different temperatures, frequencies and loads.
Furthermore, the morphology of the wear tracks was
investigated, and lubricating mechanisms were also
discussed systematically.

EXPERIMENT

Manufacture of texture patterns

Commercially available S07 steel disk
(diameter=40 mm, depth=5 mm) was used as the
substrate for laser texturing treatment. Prior to laser
treatment, the steel surface was polished by 400#,
800# and 1200# sandpaper successively so that the
surface roughness (Ra) was no more than 30 nm. Then,
the steel surface was cleaned by ethanol and
subsequently distilled water with an ultrasonic
cleaning machine. After the cleaned steel was dried in
an electrical oven, the steel surface was subject to laser
texturing treatment. As seen in Figure 1, the circle-
shaped texture patterns (radius, R=100 pm) were
created on steel surface by nanosecond laser fiber
machine (QC-F20) with laser wavelength of 1064 nm
at ambient atmosphere. The area ratios were set as 5%
(T5), 10% (T10) and 20% (T20) and the corresponding
parameters are presented in Table 1. During the texture
machining process, the laser scanning speed, scanning
times and output power were set as 500 mm/s, 4 times
and 16 W, respectively. Then, the textured steel
surface was slightly polished by 1200# sandpaper to
remove the laser ablation-induced burrs distributed on
the edge of texture pattern. The polished textured steel
was then ultrasonically cleaned in ethanol and then
dried thoroughly for further characterization.

Fig. 1. The scheme diagram of manufacturing texture
pattern by nanosecond laser machine.

Table 1. The design parameters of three textures.

Texture

Specimen Texture Diameter, pitch, p Area
attern d ' ratio
p (m) (um)
T5 d 100 400 5%
T10 100 280 10%
T20 100 200 20%

Surface characterization

The surface morphology and corresponding
element composition of SO7 steel surface before and
after laser texturing treatment were characterized by
optical microscope (CX40M, China), SEM (SU-8010,
HITACHI) and EDS (Oxford INCA Energy, UK). The
three-dimensional morphologies of were analyzed by
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3D laser confocal microscope (OLS4000, OLYMPUS,
Japan).

Tribological property

e

Sample |

Fig. 2. The scheme diagram of the pin-on-disk
tribological experiments.

The tribological property of the S07 steel disk
against copper/graphite composite pin in water envi-
ronment was tested through CETR tribometer (Corpo-
ration Ltd., USA) with the loads of 3-20 N, 30-100 N
and frequencies of 1-5 Hz. The stroke was 6 mm, and
the diameter of the pin is 3 mm (Figure 2). The pin was
chamfered to avoid the effect of attack angle. After the
friction test, the wear scar on disk and pin was
analyzed by SEM, EDS and laser confocal microscope
(LSM700, Germany). Furthermore, the specific wear
rate of disk was calculated by the following question:

Fig. 3. The surface morphology of the (a) original di

_AL )

FL
where A was the cross-sectional area of wear scar, |
was the amplitude of reciprocating motion, F was the
applied load and L corresponded to the total sliding
length. Each test was conducted three times, and the
average data was presented.

Ws

Table 2. The detailed experiment conditions.

Item Value
Untextured, T5, T10,
Testl 20 10N, 2Hz
Test2 Untextured, T10 20°C, 10N, 2Hz; 70°C, 10N,
2Hz
Test3 T10 30-100N, 2Hz
Test4 T10 10N, 1-5Hz
Test5 T10 3-20N, 2Hz

ERESULT AND DISCUSSION

Surface morphology and composition

The morphology of the untextured surface and
the textures after laser processing are presented in
Figure 3. The distance between adjacent texture
dimples of T5, T10 and T20 are 400, 280 and 200 pm.
It can be seen clearly that there are some burrs around
the circular dimples. This was because during the laser
surface texturing process, part of the substrates was
oxidized and splashed while some materials were
accumulated around the circular dimple.

o e

rface and the
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surfaces of different

area ratio: (b) T5, (c) T10, (d) T20.
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The surface morphology and element composi-
tion of SO7 steel before and after texturing treatment
were illustrated in Figure 4. As shown in Fig. 4a, the
surface of untextured steel was relatively smooth,
though same shallow grooves could be identified due
to the previous polishing process. Then the element
composition was analyzed by EDS, as shown in Fig.
4b. The concentration of C, O, Cr, Mn, Fe and Ni
elements were 24.86 at.%, 3.26 at.%, 12.47at.%,
1.53at.%, 52.97 at.% and 4.91 at.%, respectively.

Fig. 4c illustrated the surface morphology of
laser textured SO7 steel. It could be seen that ideal
circle-shaped texture dimple with diameter of about
100 um was successfully created on the steel surface.
As shown in Fig. 4d, the EDS spectrum of textured
steel was similar to that of untextured SO7 steel. As for
the element composition, it could be found the content
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of O element increased sharply to 15.42 at.% after the
laser texturing process, while the content of Mn and Fe
elements decreased dramatically to 0.56 at.% and
39.67 at.% respectively. Furthermore, the concentra-
tion of C element also increased slightly to 31.78 at.%.
The increase of O element content indicated that the
steel surface had been oxidized during the laser
texturing process. It is known that the laser machine
builds texture pattern on material surface via laser
ablation and evaporation (Kusinski et al., 2012).
Therefore, the reaction of steel surface with air might
be accelerated, which hence changed its chemical

composition.
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Fig. 4. The surface morphology and EDS spectra of (a-b) S07 steel and (c-d) laser textured SO7 steel T10.

The surface, cross-section and three-dimen-
sional morphologies of textured dimple on S07 steel
are presented in Figure 5. As seen in Fig. 5a, circle-
shaped texture dimple was manufactured on S07 steel
through laser ablation process. The cross-section and
three-dimensional morphologies of textured steel were
also obtained through the analysis of 3D laser confocal

microscope, which are presented in Fig. 5b and Fig. 5c.

As shown in Fig. 5b, the diameter of circle-shaped tex-
ture dimple was about 100 pm, and the corresponding
depth was around 26 um. As illustrated in Fig. Sc, the
3D morphology of textured steel shows circle-shaped
dimple with relatively flat upper surface and bottom
surface. Thus, it could be concluded that the circle-
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shaped texture dimple with diameter of 100 pm and
depth of 26 um had be successfully built on the S07
steel surface by nanosecond laser fiber machine, and
the texture dimple showed relatively flat upper surface.

Tribological property of the textured surface

The average friction coefficients and friction
curves of untextured SO7 surface and textured surfaces
with different area ratios after tribological experiments
are shown in Figure 6. Fig. 6a shows that the textured
surfaces have good effect on friction decrease.
Compared with the untextured surface, T5, T10 and
T20 can decrease the average friction coefficient by
10.4%, 12.5% and 6.25% respectively. Among the
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three textured surface, T10 can mostly decrease the
friction coefficient. As for the corresponding friction
coefficient curves in Fig. 6b, the friction coefficient
curves of the untextured disk and T5 fluctuate greatly
while these of T10 and T20 are more stable. The above

results show that the textured surface can efficiently
decrease the friction coefficient, and the T10 texture is
the most efficient.

200 250

100 150
width ()

Fig. 5. The images of (a) the surface, (b) cross-section and (c) three-dimensional morphologies of texture
dimple (T10) manufactured on steel surface.
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Fig. 6. The (a) average friction coefficients of the untextured surface, T5, T10 and T20 and (b) the
corresponding friction coefficient curves under experimental conditions of 10N and 2Hz
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temperatures

More experiments under different temperatures
of untextured and T10 textured surfaces were
conducted. The friction coefficient curves of the
untextured and T210 textured disks under room
temperature and 70 °C are displayed in Figure 7. It is
obviously that both untextured and T10 textured
surface get larger friction coefficients under high
temperature. However, the friction curves of T10
textured surface under room temperature and 70 °C
were lower that these of untextured surface, which
showed that the T10 textured surface can reduce
friction coefficient not only under room temperature
but also high temperature, further proving the
effectiveness of T10 textured surface in friction
reduction.

Due to the softer material properties of



copper/graphite composite than SO7 steel disk, wear is
not easy to form on the surface of the steel disk, which
makes it difficult to detect and calculate the wear rate.
Therefore, the experimental loads were increased to
study and compare the anti-wear properties of
untextured surface and T10 texture.

The average friction coefficient, corresponding
friction curves and wear rate of the untextured and T10
textured steel are presented in Figure 8. The average
friction coefficients of the untextured and T10 textured
surface is displayed in Fig. 8a. The results show that
as the loads increase, the average friction coefficient
of the untextured steel decrease while these of the T10
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texture increase.

As seen in Fig. 8b, when the friction test starts,
all the friction coefficient curves of untextured steel
under different loads show a dramatically increasing
tendency and go through high fluctuations during the
whole sliding test, which might result in sever wear of
tribo-pairs. Furthermore, the fluctuation intensity of
friction coefficient of untextured steel increase with
the increase of applied loads.There was no doubt such
poor stability of friction coefficient curves would have
a negative effect on the working performance and wear
resistance of the working parts.
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Fig. 8. The friction coefficients and wear rate of untextured surface and T10 texture under high load: (a)
average friction coefficient curves, the corresponding friction curves of (b) untextured disk and (c) T10, (d) the
corresponding wear rate.

The friction coefficient curves of T10 textured
steel under different loads all show the similar
tendency, increasing in the running-in stage within the
first 30 s and then coming to its steady stage.
Nevertheless, compared with untextured SO7 steel, the
friction coefficient curves are T10 texture much more
stable. Thus, it can be obtained that manufacturing
texture dimples on S07 steel is effective in improving
its stability in friction behavior under high loads.

Fig. 8d shows the wear rate of untextured and
textured steels under different pressures. It is
obviously that the T10 steel exhibits better wear
resistance than untextured steel when the applied load
ranges from 30 N to 100 N. The wear rate of
untextured steel under 30 N is 6.97x10 5 mm3/Nm,
while the value of textured steel under the same
pressure is 3.69x10 -5 mm3/Nm. Furthermore, both
untextured and textured surfaces show a decreasing
tendency of wear rate with the increase of applied load,
and the wear rate of T10 textured steel is always lower
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than that of untextured steel under the same load.

The above analyses demonstrate that the T10
textured surface can not decrease average friction
coefficient under high loads, but the stability of
friction coefficients are greatly enhanced and wear rate
is decreased significantly.

To further understand the tribological properties
of T10 texture, more tribological experiments under
different conditions were conducted. The average
friction coefficients and the corresponding friction
coefficient curves of T10 under different frequencies
are shown in Figure 9a and b. As frequencies increase,
the average friction coefficients increase and reach the
largest value at 3 Hz and then decrease slightly. The
corresponding friction coefficient curves presented in
Fig. 9b are stable. The results of the tribological
experiments under different loads are shown in Fig. 9c
and d. The average friction coefficient shown in Fig.
9c indicates that the average friction coefficients
fluctuate as loads increase. The corresponding friction
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coefficient curves in Fig. 9d are stable.
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Fig. 9. The average friction coefficients and the corresponding friction coefficient curves of T10 under (a-b)

different frequencies and (c-d) loads.

The wear tracks of untextured steel and T10
texture after friction tests are analyzed and the analysis
results are showed in Figure 10. As seen in Fig. 10a,
parallel grooves could be observed on the wear track
of untextured steel surface. As seen in Fig. 10c, there
were some parallel grooves on the wear track of
textured steel surface. Moreover, there are some
materials filled in textured dimples.

In order to further investigate the lubrication
mechanism, the wear track surfaces of both steels were
analyzed by EDS spectra, and the analysis results are
presented in Fig. 10b and d. As seen in Fig. 10b, C, O,
Fe and Cu elements could be detected on the wear

SUB000 20.0kV 8. 0mm x100 LM(L)

track of untextured steel, and the detection of Cu
elements indicated that the tribo-film might be
attributed to the Cu/graphite composite. The EDS
analysis results of textured steel was illustrated in Fig.
10d, C, O, Fe and Cu elements are also detected, which
also indicates that the tribo-film near the texture
sample is attributed to the mating Cu/graphite
composite. It is known that the Cu and graphite are
both commonly used solid lubrication materials,
which can form a transfer film composited of
Cu/graphite, improving the friction performance of
both steels.

(b)

C O Cr Mn Fe Ni Cu
Elements
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C O Cr Mn Fe Ni Cu
Elements

Fig. 10. The SEM images of wear scars and EDS results of (a-b) untextured SO7 steel and (c-d) T10
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texture.

To further investigate the wear mechanism, the
surface morphologies of Cu/graphite pins after
tribological test were analyzed by SEM, and the
obtained SEM images are showed in Figure 11. As
seen in Fig. 11a, the wear surface of Cu/graphite pin
after sliding against untextured steel exhibits obvious
grooves and delamination, indicating the main wear
mechanism is mechanical wear and adhesive wear.
Furthermore, the serious adhesive wear might be

)

pin after tribological

responsible for the unsteady friction behavior of
untextured steel under high applied pressure. In
comparison, as seen in Fig. 11b, the wear scar of
Cu/graphite pin sliding against textured steel is
relatively flat with less parallel grooves and
delamination, indicating manufacturing texture dimple
is effective in improving the lubricating effect and
hindering the mechanical wear and adhesive wear.
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Fig. 12. The tribological mechanism of the textured surface.

The above results show that the textured surface
can decrease the friction coefficient and wear rate and
enhance the stability of the friction behavior.
According to the SEM and EDS results, the
tribological mechanism of the textured surface is
showed in Figure 12 and explained as follows. Softer
than SO7 steel disk, Cu/graphene composite pin is easy
to wear and exfoliate, which can also fill in the texture
dimples. During the exfoliation and filling process, the
Cu/graphene composite can fill the micro-pits on the
surface and form a soft tribo-film, which may be
beneficial to the reduction of friction and decrease of
wear.

CONCLUSION

The circle-shaped texture dimple of different
area ratios was manufactured on S07 steel surface, and
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the corresponding diameter and depth were about 100
pm and 26 um, respectively. The friction behaviors of
the untextured and textured surface with different area
ratio were investigated and the results showed that T10
texture was most efficient in friction reduction. The
tribological performance in water environment was
investigated  systematically by a pin-on-disk
tribometer under different conditions. The results are
summarized as following:

(1). The experimental results showed that T10
texture can decrease the friction coefficient
under room temperature and 70 °C. Moreover,
under high loads, the average friction
coefficients of T10 texture were higher that
these of untextured surface, but the friction
coefficient curves were much more stable, and
the wear rates decreased significantly. The
experiments under different frequencies and
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loads showed that the friction coefficients of
T10 texture increased as the frequencies
increased while friction coefficients fluctuated
as loads increased.

The wear tracks showed that there were sever
adhere wear occur to the untextured surface,
which might account for the fluctuation of
friction coefficient. As for T10 texture,
Cu/graphene composite were found in the
texture dimples, which could form a
Cul/graphene tribo-film on the SO7 steel surface,
leading to the good anti-friction and anti-wear
properties.

Circle-shaped texture dimple was effective in
improving the friction behavior and wear
resistance of sealing tribo-pairs. Furthermore,
the laser texturing process has great potential in
improving the tribological performance of
contact mechanical seal of turbopump as well as
the working performance and service time in the
future.
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