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ABSTRACT: Ultra-low wear technology provides an effective solution to
prolong the service life of mechanical equipment. However, there are still
significant challenges in achieving ultra-low wear at the steel/steel
interface over long periods. In this work, a PAO10-SPAN65 composite
semisolid lubricant (PAO10/SP65) was designed with sorbitan tristearate
(SPANG65) and base oil poly a-olefin 10 (PAO10). The wear rate of the steel
lubricated with PAO10/SP65 (1.31x10®* mm*N~"-m™") was 96% lower than
that of PAO10 (3.52x107 mm*N-"-m~). In addition, after 10 h of friction
testing at a contact pressure of 0.82 GPa, the wear of the steel surface is still
close to zero, with a wear rate of 4.13x10° mm*N-"-m~". This study provides
a new design idea for realizing ultra-low wear of engineering steel.
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1 Introduction

Friction and wear increase the surface roughness and operating
resistance of mechanical equipment, resulting in a reduction in
equipment accuracy, a shortened service life, and additional
energy loss [1-3]. Friction moving parts of steel-steel pairs are
widely used in mechanical engineering, and the effective
avoidance of the wear of steel surfaces has received increasing
attention [4, 5]. At present, the roughness and wear depth of the
material surface after the friction test are believed to be
approximately equal to the roughness and wear depth of the
original surface of the material, which is an ultra-low wear state.
However, how to achieve ultra-low wear of the steel-steel contact
interface is a difficult problem.

Liquid lubricants such as lubricating oil and grease are usually
added to the steel-steel friction interface to reduce wear. However,
the lubrication performance of liquid lubricants is affected by
factors such as lubricant components, rheological properties, and
motion conditions [6-10]. Although the bearing ability of high-
viscosity lubricants is excellent, the viscous resistance generated by
friction and their poor fluidity may make it difficult to form a
lubricating film that uniformly covers the metal surface in a short
time, resulting in material wear. The lubricating film formed by
low-viscosity lubricants with lower interface resistance may be
destroyed under higher loads, resulting in wear of the material

[11-13]. In addition, the speed of movement and viscosity affect
the lubrication performance of lubricants, which are affected by
the pressure of the lubricating oil at the interface and the
wettability of the friction surface [14-16]. At present, several new
liquid lubricants, such as acid aqueous solutions [17, 18], polyol
solutions [19-21], and ionic liquids [22, 23], have been applied for
lubrication at the steel-steel interface. Although they exhibit
excellent superlubrication properties, ionic liquids and polyol
solutions have a long run-in period during friction, which causes
wear on the surface of the material. An acidic-aqueous solution
may have problems such as lubrication failure and corrosion wear
in the process of long-term friction. Du et al. [24] used
polyethylene glycol, citric acid, and carbon quantum dots to make
the liquid lubricant shorten the run-in time and achieve ultra-low
wear during steel-steel interface friction. However, the water-
based lubricant may volatilize during a longer friction process,
making it difficult to continue lubrication. Therefore, it is vitally
important to develop a new lubricant with significant wear
resistance performance at the steel-steel interface.

In this work, a PAO10-SPANG65 composite semisolid lubricant
(PAO10/SP65) was prepared with sorbitan tristearate (SPAN65)
as an additive and base oil poly a-olefin (PAO10). The lubrication
performance of PAO10/SP65 was evaluated in linear reciprocating
mode via a ball-and-disc friction machine. The results show that
PAO10/SP65 has almost no running-in period during friction and
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a wear volume reduction of approximately 25 times in
comparison to PAO10. In addition, PAO10/SP65 can achieve
ultra-low wear at the steel-steel friction interface even during a
long (10 h) friction experiment. This work provides a new design
idea for realizing ultra-low wear of engineering steel-steel contact
interfaces and a new way to reduce the energy loss of mechanical
devices.

2 Experimental

2.1 Materials

Shanghai Macklin Biochemical Technology Co., Ltd., China,
provided the sorbitan tristearate (SPANG65). Shenzhen Huameite
Lubrication Technology Co., Ltd., China, provided the base oil
PAO10. The 9GCrl18 steel block was purchased from Suzhou
Feiyue Precision Machinery Co., Ltd, China. The steel balls
(100CR6 and 440C, diameter: 9.5 mm, roughness (R,): 25 nm)
and ceramic balls (Si;N, and ZrO,, diameter: 9.5 mm, R,: 25 nm)
were purchased from Yiwu Hongzhou Trading Co., Ltd., China.
All friction pairs were cleaned with absolute ethanol and
petroleum ether before the friction test.

2.2 Tribological experiments

A friction machine (TRB3, Anton Paar, Austria) with a ball-on-
disc mode was used for linear reciprocating friction experiments.
The range of the applied load applied by the friction test is
1-20 N, the linear moving distance is 4 mm, and the frequency is
1-5Hz.

2.3 Characterization after the friction test

A Fourier transform infrared spectroscope (FT-IR; PerkinElmer,
Frontier, USA) was used to analyze the composition of the
lubricant. The rheological properties of PAO10/SP65 were
measured via a rheometer (MCR302, Anton Paar, Germany). A
SINDIN optical contact angle measuring instrument was used to
measure the contact angle (CA) of the base oil and PAO10/SP65
on the steel surface. The wear marks were analyzed via a
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microscope (Axioscope 5, Zeiss, Germany) and SEM (EVO-10,
Zeiss, Germany). The wear area of each steel ball was analyzed via
an X-ray photoelectron  spectroscope (XPS;  PHI5000
Versaprobelll, ULVAC-PHLINGC, Japan). A noncontact optical
3D profiler (MicroXAM-800; KLA-Tencor, USA) was used to
analyze the wear area of the steel block.

3 Results

3.1 Synthesis and analysis of PAO10/SP65

After physical heating and mixing, PAO10 and SP65 formed a
uniform random network. After cooling, PAO10 is confined to
the network of SP65 because of the low freezing point of SP65.
After the solution completely cooled, the semisolid lubricant
PAO10/SP65 was obtained, as illustrated in Fig. 1(a). FT-IR was
used to characterize PAO10, SPANG65, and PAO10/SP65. The
absorption peak observed at 1,741 cm™ corresponds to the C=0O
bond. In addition, for PAO10/SP65, the O-H absorption peak of
the original SPAN65 shifted from 3,492 to 3,458 cm’, as
illustrated in Fig. 1(b). This phenomenon may be attributed to the
alteration of the molecular filling pattern of SPAN65 by PAO10
through van der Waals forces. This interaction weakens the
originally strong hydrogen bonds within or between molecules,
leading to a decrease in the wavenumber associated with hydroxyl
stretching vibrations.

In addition, the climbing behavior of PAO10 and PAO10/SP65
on the steel surface was observed. After 24 h, PAOI0 clearly
crawled. On the other hand, PAO10/SP65 exhibited excellent anti-
creep performance on both vertical and horizontal steel blocks
(Fig. 1(c) and Fig. S1 in the Electronic Supplementary Material
(ESM)). This may be because the presence of hydroxyl groups
enhances the adsorbability of the lubricant onto the material’s
surface [25].

3.2 Ultra-low wear behavior of PAO10/SP65

A friction machine was used to evaluate the frictional properties of
the lubricant (Fig. 2(a)). Figure 2(b) and Fig. S2 in the ESM show

PAO10/SP65

Fig.1 (a) Synthesis diagram of PAO10/SP65. (b) Infrared spectra of PAO10, SPANG65, and PAO10/SP65. (c) Climbing diagram of PAO10 and PAO10/SP65 on the steel

block surface.
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the coefficient of friction (COF) curves for the three lubrication
modes under a load of 5 N. The COF of the dry friction mode is
approximately 0.7 because the metal surface is in direct contact
without the intervention of lubricants, resulting in a large COF.
Moreover, during the friction process, owing to plastic
deformation, severe adhesion and violent wear of the metal
surface, many microscopic bulges occur in the contact area, which
leads to friction vibration and sharp fluctuations in the COF
[26-30]. When the base oil PAO10 was introduced into the
steel-steel friction interface, the COF was reduced to
approximately 0.08. This occurs because of the formation of an oil
film by the lubricating oil between the two contact surfaces, which
diminishes the contact of the friction pair and consequently
reduces frictional resistance. When PAO10/SP65 lubrication was
used, the COF was approximately 0.05. A three-dimensional (3D)
profiler characterized the wear area of the steel block. As
illustrated in Fig. 2(c) and Fig. S3 in the ESM, dry friction has the
highest wear rate, reaching ~8.41x10° mm*N"m". When PAO10
lubrication is used, steel-steel wear is reduced to ~3.52x107
mm*N"m™. When PAO10/SP65 lubrication is utilized, the wear
between steel and steel is notably diminished, resulting in a wear
rate of approximately 1.31x10®* mm*N"-m™. Specifically, the wear
rate of PAO10/SP65 was 96% lower than that of PAO10.

In addition, the 3D morphology of the three samples revealed

(a) (b)

that under the dry friction and PAO10 lubrication modes, the
steel blocks had obvious wear marks (Figs. 2(d) and 2(e)), and the
depths were 7 and 0.18 um, respectively (Figs. 2(g) and 2(h)). In
contrast, a steel block lubricated by PAO10/SP65 has negligible
wear marks (Fig. 2(f)) and a depth close to zero (Fig. 2(i)). The
experimental results show that PAO10/SP65 has excellent wear
resistance.

The wear areas of the steel blocks and steel balls were examined
via optical microscopy and scanning electron microscopy (SEM).
These findings further validated the advantageous antiwear
properties of the lubricant employed. The wear observed on the
dry friction steel block is significant, with a wear mark width of
926.5 pm (Fig. 3(a)). When PAO10 was used as a lubricant, the
width of the wear marks decreased to 141.3 pm (Fig. 3(b)). In
contrast, the number of wear marks on the steel blocks lubricated
with PAO10/SP65 is negligible (Fig. 3(c)). SEM was used to
magnify the wear mark area further. In the state of dry friction,
there are pits and a large amount of debris in the wear area
(Fig. 3(d)). This is because the friction interface is in direct
contact, which is prone to adhesive wear and abrasive wear,
causing the microscopic particles on the metal surface to fall off,
thus producing significant cutting effects on the material surface
in relative motion, resulting in apparent grooves and pits in the
wear area [31-34]. Under PAOI0 lubrication conditions,
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lubrication, and the wear rates of the steel blocks. (d—f) 3D profiles of the three lubrication modes. (g-i) Wear depths of the three lubrication modes. The test load was 5 N,

the frequency was 4 Hz, and the test time was 1,800 s.
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Fig.3 (a—c) Optical photographs of the wear area under three lubrication modes (dry friction, PAO10, and PAO10/SP65). (d-f) SEM images of the wear area under the
three lubrication modes. (g-i) Optical photographs of ball wear in the three lubrication modes.

scratches were still clearly observed in the area of the wear marks
(Fig. 3(e)). This may be because the bearing capacity and adhesion
of PAO10 are weak, and the oil film breaks during friction, thus
making the steel-steel surface contact directly, resulting in wear.
However, under PAO10/SP65 lubrication, wear was negligible in
the corresponding SEM images (Fig. 3(f)). In addition, the
diameter of the wear point on the steel ball subjected to dry
friction was 1,022.18 um (Fig. 3(g)). Under PAO10 lubrication,
the diameter of the wear point on the steel ball was 133.2 um
(Fig. 3(h)). However, the wear point on the steel ball under
PAO10/SP65 lubrication was negligible (Fig. 3(i)).

In addition, the actual contact pressure (Pg,) of base oil PAO10
was calculated to be 359 MPa on the basis of the ratio of the load
area to the abrasion area. However, the measured contact pressure
(Pgy,) of the PAO10/SP65 lubricating friction pair is approximately
equal to the initial pressure of 0.82 GPa. This observation indicates
that the inclusion of SPANG65 significantly enhances the load-
bearing capacity of the lubricating oil.

3.3 Effects of SPANG5 content on lubrication properties

To further enhance the wear resistance of lubricating oil, an
analysis was conducted to investigate the effect of the SPAN65
content in PAO10/SP65 on lubrication performance (Fig. 4). Four
ratios were selected for the tribological performance tests. As
illustrated in Fig. 4(a), when the concentration of SPANG65 is
maintained between 5 and 20 wt%, the COF ranges from
approximately 0.06 to 0.08. When the content of SPAN65 reached
30 wt%, the COF decreased to approximately 0.05. The wear rate
of the steel block at the specified wear area was measured via a 3D
profiler. As illustrated in Fig. 4(b), the wear rate is lowest when the
SPANG65 content reaches 30 wt%. The wear area was analyzed via
optical microscopy and SEM, and the differences in the antiwear
properties among the four ratios were further clarified. When
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PAO10/SP65 is lubricated with SPAN65 contents of 5 and 10 wt%,
there are obvious wear marks on the steel blocks with widths of
148.8 and 144.3 um, respectively, as shown in (i) and (ii) in
Figs. 4(c) and 4(d). When the SPAN65 content in PAO10/SP65 is
20 wt%, the steel block only shows slight wear, and the wear width
decreases to 116.9 pm, as shown in Figs. 4(e)(i) and 4(e)(ii). When
the SPANG65 content reaches 30 wt%, the wear marks on the steel
block are almost invisible, as shown in Figs. 4(f)(i) and 4(f)(ii).
This occurred because the addition of SPANG5 increases the
bearing capacity of the lubricant. Moreover, we found that the
lubrication performance decreased when the proportion of SP65
was 40 wt%, which can be attributed to the increased viscosity of
the lubricant as the proportion of SP65 increased. In addition, the
lubricant is pushed to both sides during the friction process, which
makes it difficult for the lubricant to form a lubricating film
uniformly covering the contact surface in a short time, resulting in
wear on the surface of the material, as depicted in Fig. S4 in the
ESM.

In summary, when the SPAN65 content reaches 30 wt%, the
wear resistance is the best. Therefore, a lubricant with an SPAN65
content of 30 wt% was selected for follow-up tests.

3.4 Effects
performance

of load and frequency on lubrication

The influences of the load and sliding frequency on the antiwear
performance of PAO10/SP65 are analyzed. Figure 5(a) clearly
shows that the COF ranges between 0.03 and 0.05 as the load
varies from 1 to 5 N. When the loads are 10 and 20 N, the COF
increases to 0.06-0.09. The wear area was analyzed with a 3D
profiler. Figure 5(b) shows that when the load changes from 1 to
5 N, the wear correspondingly increases from 2,200 to 4,000 um’.
At loads of 10 and 20 N, the wear increases to 7,800-12,000 pm’.
This may be because the lubrication film is easily damaged at

Friction, 2026, 14(1): 9441070
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higher pressures, which results in direct contact between the steel
and steel surfaces, leading to an increased COF and a heightened
degree of wear. Moreover, at low loads, the shear-thinning effect
of PAO10/SP65 effectively reduced the viscous resistance of the
friction process, and the lubricating film more evenly covered the
surface of the two friction pairs, thus effectively reducing the
contact between the friction pairs. At higher loads, although the
shear-thinning effect of the lubricant can reduce the viscous
resistance generated during friction, the thickness of the
lubrication film may be reduced during this process so that the
contact area between the two friction pairs becomes larger,
resulting in increased surface wear and friction [35]. The wear
area of the steel block was analyzed via optical microscopy. When
the load is 1-5 N, the wear of the steel block can be negligible.
When subjected to loads of 10 and 20 N, the steel block appeared
to have noticeable scratches, as shown in Fig. S5 in the ESM.

As illustrated in Fig. 5(c), the COF is approximately 0.05 at
frequencies of 1-4 Hz. At 5 Hz, the COF increases to
approximately 0.07. The wear area was analyzed with a 3D

(@)

profiler. As demonstrated in Fig. 5(d), the wear volumes of the
steel surface at frequencies of 1 and 2 Hz are approximately 33,000
and 9,000 pm’, respectively. This may be because the semisolid
lubricant takes a long time to transform into fluid lubrication at a
lower speed, resulting in the lubrication film formed during its
friction process not being evenly distributed at the contact
interface, so that the steel-steel interface is in direct contact,
resulting in surface wear. At frequencies of 3 and 4 Hz, the wear
volume is approximately 6,500 and 3,600 pm’, respectively. This is
because the appropriate frequency can facilitate the development
of the lubricating film, thereby enhancing the antiwear
performance of PAO10/SP65 [36]. At 5 Hz, the wear volume
increases to approximately 7,600 pm’. At higher speeds, the
lubrication film may be destroyed due to the increase in shear
stress, which reduces the lubrication effect and leads to
increased wear. Moreover, the intermolecular force of
PAO10/SP65 is weakened by the enhanced shear forces, resulting
in a decreased lubricant viscosity and a reduced lubrication film
thickness.
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In addition, the wear area was analyzed via optical microscopy.
As illustrated in Fig. S6 in the ESM, at frequencies of 1 and 2 Hz,
there are obvious wear marks on the steel block. At frequencies of
3 and 4 Hz, wear is negligible. At a frequency of 5 Hz, the steel
block experiences slight wear. The experimental findings indicate
that frequencies of 3 and 4 Hz are optimal for attaining ultra-low
wear at the steel-steel interface in PAO10/SP65. Therefore, a load
of 5 N and a frequency of 4 Hz were selected as the conditions for
subsequent experiments.

3.5 Stability of the PAO10/SP65 ultra-low wear behavior

The stability of lubricants is the key factor in evaluating their
lubrication performance. Therefore, the friction properties of the
lubricant under different numbers of cycles were tested (Fig. 6 and
Figs. S7 and S8 in the ESM). As shown in Fig. 6(a), after a 10 h
friction experiment, the COF of PAO10/SP65 was approximately
0.05, and the friction curve was stable with almost no fluctuation.
The wear area before and after the friction experiment was
analyzed via a 3D profiler. As shown in Fig. 6(b), the 3D profile of
the PAO10/SP65 lubricating steel block is almost free of wear and
basically the same as that before friction after 10 hours of friction
testing (Fig. 6(c)). In addition, the depth of the wear area barely
changed before and after the experiment and was approximately
50 nm, as shown in Figs. 6(d) and 6(e). The experimental results
show that PAOI10/SP65 can achieve ultra-low wear at the
steel-steel friction interface for a long period of time.

In addition, the wear rate and surface roughness at the wear
area were measured before and after the experiment via a 3D
profiler. The results indicate that following a 10-h friction test, the
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wear rate was determined to be 4.13x10° mm*N"'m™. The
surface roughness of the steel block before and after the friction
test was approximately 30 nm, with almost no difference, as
shown in Fig. S9 in the ESM.

3.6 PAO10/SP65 achieves an ultra-low wear lubrication
mechanism

To determine why PAO10/SP65 achieves ultra-low wear, the
rheological properties of the lubricant were tested. At 25 °C and a
frequency of 1 Hz and before the yield point (10 Pa), the loss
modulus (G") of PAO10/SP65 is considerably lower than the
storage modulus (G'), indicating that the elasticity of PAO10/SP65
is greater than the viscosity, which directly proves that
PAO10/SP65 exists in a semisolid form, as shown in Fig. 7(a). The
trends of G'and G” of the lubricating oil as a function of the shear
frequency (from 0.1 to 100 Hz) were investigated under a shear
stress of 5 Pa (Fig. 7(b)). G'is always greater than G'’ throughout
the test process, which indicates that PAO10/SP65 has good
tolerance. Figure 7(c) clearly shows that PAO10/SP65 has shear-
thinning properties. This shear-thinning property helps to reduce
the viscous resistance during friction, thereby reducing friction
and energy loss. As shown in Fig. 7(d), PAO10/SP65
demonstrated good creep recovery performance. Specifically, at
elevated shear rates, the viscosity decreases. Conversely, at lower
shear rates, the viscosity quickly reverts to its initial state. In
addition, the Fe 2p spectra of the steel balls without friction and
after the 10 h friction test revealed that no tribochemical reactions
occurred during friction, as shown in Fig. S10 in the ESM.
Furthermore, the anti-wear effect of this lubricant under high-load
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conditions is closely related to the formation and function of the
Fe-O film, and it also exhibits excellent anti-wear performance in
various friction pairs and lubricating oil systems (Figs. S11-S14 in
the ESM).

After the above analysis, a lubrication model of PAO10/SP65
that may achieve ultra-low wear of steel to steel is proposed, as
shown in Fig. 8. The reason why PAO10/SP65 achieves ultra-low
wear at the steel-steel interface is mainly related to three factors.
First, the presence of the hydroxyl group in SPAN65 enhances the
adsorbability of the lubricant to the steel matrix, which enables the
lubrication film formed by the lubricant during friction to be
stably adsorbed onto the steel surface. As shown in Fig. 8(b), the
measured contact angle SP65 of PAOI10/SP65 at low
concentrations at the steel surface is lower than that of PAO10,
indicating good absorption of the lubricant at the steel surface.
Second, the viscosity of PAO10/SP65 is reduced during friction,
and this shear-thinning and viscosity—temperature property can
reduce the viscous resistance during friction, thus reducing wear
(Fig. 7(c), Figs. S15 and S16 in the ESM). Finally, the lubricant has
good creep recovery ability (Fig. 7(d)), which means that during
friction, the lubricant is semisolid at the periphery of the friction
area and liquid in the friction area, resulting in a basin-like
structure, which enables continuous and effective lubrication in
the contact area. Figures 8(c)-8(e) show the three lubrication
stages of the lubricant. Compared with the initial state, SAPN65 is
rapidly adsorbed to the contact surface during the run-in stage,
effectively reducing the contact between the steel and steel
interfaces. Finally, a stable adsorption layer is formed so that the
two contact surfaces can hardly contact each other directly.

4 Conclusions

The composite semisolid lubricant (PAO10/SP65) prepared in this
work can achieve ultra-low wear of the steel-steel friction interface
for a long time under a contact pressure of 0.82 GPa. This
occurred because the addition of SPAN65 improved the adhesion
of the lubricant to the steel surface and the bearing ability of the

7+ 2w | Sci@pen
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lubricating film formed during friction. Furthermore, the
lubricant exhibited shear-thinning properties and good creep
recovery ability, which helped reduce the viscous resistance during
friction and maintain long-term adaptive lubrication performance.
This study has enriched the lubrication material system for
realizing ultra-low wear at the steel-steel friction interface and
provided a new antiwear strategy for engineering steel.
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