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Some special silicate particles as additives in lubricating
oil have shown a certain self-repairing function for the rub-
bing pairs of industrial equipment in recent R&D of extreme
pressure antiwear additives. This article introduces an inves-
tigation on the regenerated layer on the worn surface of a
practical cylinder liner lubricated by lubricating oil with a sili-
cate additive using some advanced techniques like transmission
electron microscopy (TEM), atomic force microscopy (AFM),
nano-hardness tester, scanning electron microscopy (SEM),
auger electron spectroscopy (AES), and Raman spectroscopy.
The basic formula of the mineral in the silicate additive is
Aly[Si4O10](OH)4. Through some macro- and microanalyses,
it was found that the silicate additive showed an obvious im-
proving effect on their friction surface and self-repairing func-
tion. The roughness of the worn surface could be decreased
greatly to several tens of nanometers, and its hardness was still
above 10 GPa. The worn surface with some pits and cracks had
been covered by a transparent regenerated layer, and the wear
of cylinder liners was maintained at almost zero-wear level on
average. The mechanism of the self-repairing function was ap-
proached. It was revealed that the silicate additive was acting
as a catalyst to promote a series of complex tribochemical reac-
tions to form a regenerated layer with amorphous carbon struc-
ture on the worn surface under high-friction temperature and
pressure in the friction and wear process.
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INTRODUCTION

Modern lubricating oils always contain a variety of extreme
pressure antiwear additives to meet many severe working con-
ditions of equipment. Nowadays, more researchers are focus-
ing on the environmentally friendly lubricating oil additives and
nanoparticle additives, which possess fascinating antiwear and
friction-reducing properties and present a new trend of devel-
opment in the area of additives (Liu (I); Spikes (2); Hsu (3);
Chen and Liu (4)). The layered silicate minerals have been ap-
plied in lubrication field for several years. These include ben-
tonite, sepiolite, and smectite as thickening agents in the high-
temperature greases (Chtourou, et al. (5)). In recent years, some
silicate minerals have been used as additives in lubricating oil,
and the results have showed an incredible effect of forming an au-
torepaired layer on the worn surface and displaying lower rough-
ness, higher hardness, and improved tribological performance
during the wear process (Liu and Guo (6)). Jin and Wang (7),
(8) studied the application of serpentinite particles with formula
Mgs[Si4O10](OH)s in lubricating oil for the internal combustion
locomotive. They found that the autorepaired layer was com-
posed of only Fe, C, and O elements. Wang (9) thought the mi-
crostructure of the autorepaired layer was composed of Fe,C,
Fe;0y4, and carbide. Yu (10) investigated the autorepaired layer
formed on the worn surface, using a lubricating additive com-
posed of some flaky aluminum-magnesium silicate and other cat-
alysts; he reported that a sort of diamond-like carbon film with Si
or Si-O elements and high hardness formed on the worn surface.
Tian and Yue (11), (12) studied the tribological performance of
a flaky aluminum-magnesium silicate, analyzed the microstruc-
ture and composition of autorepaired layer, and pointed out that
after a long time of running, an autorepaired layer with high-
carbon content was formed, which was very beneficial for im-
proving the tribological performance. However, the mechanism
of silicate particles as a lubricating oil additive is still unclear.
The silicate additive Al4[SizO19](OH)4 is one such new additive,
which has been widely used and has shown an excellent effect in
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Fig. 1—Photo of the practical worn chrome-plated cylinder liner.

applications in recent years. In order to explore its effect and
mechanism, the practical worn surface of a chromium-plated
cylinder liner was analyzed, and on this basis, a tentative mecha-
nism was developed.

EXPERIMENTAL DETAILS

A chromium-plated cast iron cylinder liner from the internal-
combustion engine of a locomotive after running 260,000 km un-
der the lubrication with the silicate additive was analyzed. The
picture of its outward appearance is shown in Fig. 1. It can be
clearly seen that the surface of the cylinder liner has become very
smooth, like a mirror, and it seems to be coated by a thin and
transparent film, while the original wear tracks, especially at the
upper and lower dead positions, are still visible but cannot be felt
by touching.

Fig. 2—TEM morphology and energy spectrum analysis of the mineral particle.

The silicate additive is composed of silicate powders prepared
from natural minerals and some dispersants (Nikolaevich, et al.
(13)). The granularity of the silicate powder ranges from 1 to
5 um. Thessilicate particles exhibit a thin layer of hexagonal struc-
ture, the plane size is less than 1 um, and the longitudinal size
ranges from 20 to 40 nm. It contains Al, Si, and O elements,
as shown in Fig. 2. The crystal structure was determined by its
diffraction pattern, and then the formula of the mineral was de-
termined to be Aly[SisO19](OH)4. The additive was added to the
engine lubricating oil of the locomotive at a concentration of
6 wt%.

The transmission electron microscope (TEM) and energy dis-
persive X-ray spectroscope (EDS) were used to analyze the mi-
crostructure and composition of the silicate particles. The atomic
force microscope (AFM) and nonohardness tester were used
to measure the roughness, nanohardness, and modulus of the
worn surface. The scanning electron microscope (SEM), with
energy dispersive X-ray spectroscopy (EDS), was used to charac-
terize the composition and microstructure. Auger electron spec-
troscopy (AES) was used to determine the element distribution
as a function of depth of the worn surface. Raman spectroscopy
was used to measure the carbon structure of the worn surface.

RESULTS
The Wear Loss Diameter Measurements

The diameter at three different locations of 12 cylinder liners
on the engine was measured with an inside micrometer before
and after the test of lubricating oil containing silicate additive.
The results are shown in Fig. 3. It can be found that, in general,
the wear of cylinder liners was maintained at almost zero-wear
level on average; some data were even negative, which indicates
that a repaired layer (or regenerated layer) was probably formed
on the worn surface. These phenomena were quite apparent at
the upper position, which indicates that the effects of the silicate
additive are uneven on different locations of the cylinder liner.
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The Roughness and Nanohardness of Worn Surface

The original surface roughness Ra of the cylinder liner is
about 1 um, whereas that of four different locations of the worn
surface roughness became Ra =36.9,47.1, 112.5, and 31.0 nm, re-
spectively. The measurement results by AFM are shown in Fig. 4.
It can be considered that the surface roughness was significantly
reduced in the friction and wear process.

The average results of nanohardness and modulus at five dif-
ferent locations on the worn surface are shown in Fig. 5. The
indentation depth of the conventional microhardness tester was
more than 2 um, much larger than the thickness of the repaired
layer. The microhardness data must be influenced by the sub-
strate. So it is necessary to measure the nanohardness of the re-
paired layer. The depth of indentation in the nanohardness test
was 150 nm, which can reflect the true hardness of the repaired
layer. The chromium-plated cylinder liner’s hardness of the worn
surface became a little lower than that of the substrate surface,
but it was still above 10 GPa. It should be mentioned that the
nanohardness and modulus data of the worn surface were more
scattered than that of the substrate surface, which indicated that

I

Fig. 4—Morphology of friction surfaces of the cylinder liner.
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Fig. 5—Nanohardness and modulus comparison of the substrate and the worn surface.

the effect of the silicate additive possessed certain selectivity at
different locations of the worn surface.

Microanalysis of Worn Surface

Figure 6 and Fig. 7 show the optical and SEM morphologies of
the chromium-plated cylinder liner substrate and worn surface. It

can be seen clearly that some reticular cracks were present on the
substrate surface and worn surface of chrome-plated layer under
optical microscope (see Figs. 6(a) and 6(b)), and the cracks were
still found on the substrate surface under SEM (see Figs. 7(a) and
7(b)); however, on the worn surface they basically disappeared
under SEM (see Fig. 7(c) and 7(d)). This phenomenon indicated

Fig. 6—Optical morphologies of substrate and worn surface on chromium-plated cylinder liner: (a) substrate surface, (b) worn surface.
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Fig. 7—SEM morphologies of substrate and worn surface on chrome-plated cylinder liner: (a), (b) substrate surface; (c), (d) worn surface.

that the worn surface was covered indeed by a thin transparent
film due to different principles of image formation under SEM.
The electron beam of SEM was acting only with the top surface of
the sample, and the observed morphology reflected just the thin
transparent film, while the optical microscope could observe the
original cracks through the transparent film because of the higher
transmission power of the visible light.

It is interesting to note that the EDS analysis data of the worn
surface suggested a new viewpoint: No other elements were de-
tected besides that of the substrate on the worn surface, and the
carbon content in the repaired layer was obviously higher than
that in the substrate. That means that the silicate additive played
only the role of catalyst in the tribochemical reactions and did not
participate in the formation of the repaired layer. Such a repaired
layer was completely different from the boundary lubrication film
formed through the reaction of substrate with the additives.

A translucent repaired layer was suggested to be formed on
the worn surface; therefore, the accurate composition of this layer
should be analyzed by AES. Six points on the worn surface were
selected to do AES tests as shown in Fig. 8. Points 1, 2, and 3 were
on the edge of cracks; point 4 was on the end edge of the cracks;
point 5 was on the flat area; point 6 was on a pitting area. The
full Auger spectra of six points showed that the chromium peak

Fig. 8—SEM morphologies at the AES tested points.
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Fig. 9—Full auger spectra of the worn surface: (a) the top surface; (b) sputtered 3.6 nm.

and carbon peak were found on points 1, 2, and 5, and only the
carbon peaks were found on points 3, 4, and 6. However, only the
carbon peak appeared on all six points after sputtering 3.6 nm as
shown in Fig. 9. This means that the top of the worn surface was
composed of a little chromium and a lot of carbon.

The variations of elemental content of points 4, 5, and 6 with
the sputtering depth were analyzed by AES as shown in Fig. 10.
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Only the carbon, oxygen, and chromium elements were found on
the worn surface, which were corresponding to the above EDS
analysis results. At the top surface, carbon content was very high;
then it decreased with the sputtering depth; the thickness of the
carbon-rich repaired layer was uneven it was about 250 nm on
the flat area and about 400 nm at the end edge of cracks. Nev-
ertheless, the curves of three elements on the pitting area were
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Fig. 10—Variations of chromium-plated cylinder liner’s element contents with the sputtering depth: (a) point 4; (b) point 5; (c¢) point 6.
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Fig. 11—Raman spectra of the substrate surface and worn surface.

different from those of the flat area and cracks, which indicated
that the microcracks of pitting were covered by the transparent
repaired layer. This was why the cracks disappeared under SEM
observation.

The carbon structure of the repaired layer was analyzed by
Raman spectroscopy and is shown in Fig. 11. Specific peaks D and
G were found on the worn surface, but the intensity of them was
relatively weak, whereas nothing was found on the substrate sur-
face. Peak D represents amorphous carbon structure, and Peak G
represents graphite structure. Therefore, the most likely structure
of the carbon-rich layer was considered to be amorphous carbon
structure, including some microcrystalline graphite.

DISCUSSION

A carbon-rich repaired layer of several hundred nanometers
was formed on the worn surface of the chromium-plated cylinder
liner, but its depth was uneven. The depth of the repaired layer
on the flat area is lower than that on the end edge of cracks, and
the depth at the pitting area was in the middle level. So it could
be inferred that the depth of the repaired layer was dependent
on the wear intensity; in other words, it was related to the surface
energy. That was also the reason for the scattered nanohardness
and modulus data of the worn surface. However, the carbon con-
tent of the Cr substrate was nearly zero (Wang, et al. (14)); Pina,
etal. (15)). It could be certainly imagined that the carbon element
of the repaired layer was not coming from the substrate, but from
another channel: the lubricating oil pyrolysis product during the
wear process. Aluminum and silicon elements of silicate particles
were not found in the repaired layer, which means that the ele-
ments of silicate particles did not participate in the formation of
the repaired layer. The solid silicate particles possessed enough
chemical inertia; they were very difficult, even impossible, to re-
act with the metal surface. The silicate particles could act only
as a catalyst to promote a series of complex tribochemical reac-
tions to form an amorphous carbon structure on the worn surface
under high temperature and pressure in the friction and wear pro-
cess; therefore, the mechanism of the silicate particles as the lu-

bricating oil additive was very different from that of traditional
extreme pressure additives. However, further studies should be
done to deeply explore the mechanism of this novel silicate ad-
ditive. Such studies include the accurate structure of the repaired
layer, chemical and physical reactions between the worn surface
and silicate particles, and thermodynamic modeling.

CONCLUSIONS

From the investigation results, the following conclusions can
be drawn:

1. The silicate additive can act as a catalyst to promote a se-
ries of complex tribochemical reactions to form an amorphous
carbon-rich layer on the worn surface.

2. The silicate additive shows an obvious effect on the tribo-
logical performances of rubbing pairs through forming a self-
repaired or regenerated layer with lower roughness and higher
hardness.

3. The silicate additive can obviously repair the pits and cracks
on the worn surfaces of the cylinder liners; in general, it may
maintain a zero-wear in the service life of the engine.
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