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A B S T R A C T

The paper reports the operando and self-healing formation of DLC films at sliding contact surfaces by the
addition of synthetic magnesium silicon hydroxide (MSH) nanoparticles to base oil. The formation of such films
leads to a reduction of the coefficient of friction by nearly an order of magnitude and substantially reduces wear
losses. The ultralow friction layer characterized by transmission electron microscope (TEM), electron energy
loss spectroscopy (EELS), and Raman spectroscopy consists of amorphous DLC containing SiOx that forms in a
continuous and self-repairing manner during operation. This environmentally benign and simple approach
offers promise for significant advances in lubrication and reduced energy losses in engines and other mechanical
systems.

1. Introduction

A variety of approaches are being explored to reduce friction losses
including new low-friction materials [1,2], coatings [3], nanolubrica-
tion additives [4–8], ionic liquids [9], charged polymer [10,11] and
various low-viscosity base oils. Among these, diamond-like carbon
(DLC) coatings have made their way into many industrial applications
including hard disk drives, razor blades, engine parts and cutting tools
[12]. The term DLC encompasses an array of amorphous carbon
coatings and carbon-based nano-structured and nano-composite films
[13]. Synthesis of DLC films for industrial applications generally
involves plasma-based physical vapor deposition and chemical vapor
deposition methods that are expensive and slow (it takes several hours
to produce DLC films a few micrometers thick) [14]. Due to their
limited thickness, the lifetime of DLC films is finite, and under severe
loading situations such films are prone to delamination due to
inadequate adhesion or substrate deformation [14]. Clearly it would
be highly desirable to produce such DLC films at sliding contact
interfaces in a continuous and self-healing manner. In this paper, we
describe a novel lubrication approach that leads to in situ and operando
formation of such films directly on the contact points where high
lubricity and protection against wear are needed. This approach

involves the use of a hydrocarbon base oil, such as a pure paraffinic
oil, small amounts of MSH nanoparticles and some Ni catalysts.

Base oils used for lubrication provide only moderate protection
without additives or some additional protective film on the sliding
surfaces. Lubricant additives such as molybdenum dithiocarbamate
(MoDTC) and zinc dithiophosphate (ZDDP) have been around for more
than 50 years and still are the most important anti-friction and anti-
wear additives [15]. MoDTC and ZDDP form slick, highly protective
films on rubbing surfaces, but they can poison catalysts and cause
environmental pollution [16]. As an alternative to ZDDP or MoDTC
additions, addition of carbon nanomaterials such as nano-onions,
-tubes or –spheres in colloidal dispersion to carrier oils to form
carbon-rich tribofilms on sliding surfaces has been explored. These
studies have shown that friction can be substantially reduced and that
wear can be highly minimized with the formation of such tribofilms
[12]. However, there have been very few attempts to extract similar
tribofilms directly from the lubricating oils using catalytically active
nanoparticles like those used in this study. Our innovative approach
involves the operando formation of carbonaceous coatings by extract-
ing carbon catalytically from the long chain molecules of the hydro-
carbon-based carrier oil. This approach is very desirable since it does
not rely on the repeated use of expensive, difficult-to-disperse carbon
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nanomaterials. More importantly, the simple, self-generating and
highly adaptive tribolayer is formed directly from the lubricating oil
molecules during normal operation of mechanical systems.

2. Experimental and materials

In this work we use synthetically-prepared MSH nanoparticles to
achieve compositional uniformity and to add special functionality with
the addition of catalytically active dopants (or elements that regulate
the catalytic decomposition of oil molecules). The microstructure of the
synthetic MSH nanoparticles is characterized by scanning electron
microscopy (SEM) in Fig. 1.

For the preparation of the MSH nano-particles, we used a micro-
wave-assisted hydrothermal synthesis process. 10% wt. Ni was doped
to the MSH-oil as catalyst. During synthesis, finely ground forsterite
and sodium metasilicate particles were mixed in a mechanical mixer
and then subjected to a microwave-assisted hydrothermal process at
220 °C for 6 h to formMSH nano-powders. The resulting powders were
washed in water for three times to remove sodium and dried in air.
Microstructures of MSH were studied using SEM.

The powders were ultrasonically dispersed in polyalphaolefin base
oil (PAO) with a viscosity of 32.4 cSt at 40 °C. The resulting oil-MSH
suspension/colloid was then used for friction tests. The weight
percentage of the powder in the oil-powder suspension was 0.3%.
This concentration was optimized in previous studies. At this concen-
tration, the viscosity of the oil was not affected at any measurable level.
Friction tests were conducted on a Falex H-60 standard block-on-ring
tribometer. The block and ring samples of 52100 steel with 62 HRC
hardness were used. The ring rotation speed was 300 rpm and the
mechanical load was 300 N, corresponding to a maximum pressure of
0.32 GPa and a speed of 0.549 m/s. Tests were run at room tempera-
ture with ~35% RH humidity. A SRV tribometer was used to examine
the welding point of the lubricant with MSH. The upper specimen of
52100 steel ball (diameter 12.7 mm) reciprocated on the flat surface of
52100 steel with a frequency of 50 Hz. The stroke length was 5 mm.
The load increased from 60 N with a step of 30 N every 2 min. The test
stopped automatically as seizure occurred. The same lubricants as
above block-on-ring tests were utilized.

TEM specimens were prepared using focused-ion beam approaches.
TEM characterization was carried out using the Argonne Chromatic
Aberration-corrected TEM (FEI Titan 80-300 ST) with a CEOS
spherical and chromatic aberration corrector on the imaging side of
the column operated at 80 kV to reduce beam damage to the film.

Chemical analysis of the tribofilm formed during sliding was
performed with an Invia confocal Raman microscope using ultraviolet
(UV) laser light (λ=325 nm). The UV light was selected in consideration

of high sensitivity to carbon species and low fluorescence effect from oil
contamination.

3. Results and discussion

3.1. Friction and wear

Fig. 2 shows the coefficient of friction (COF) from a steel test pair
subjected to friction testing in pure base oil and base oil with the MSH
additive (termed as MSH-oil in the following text). The COF of the
sample tested in pure base oil is ~0.08 at steady state and remains
steady until the end of the test. In contrast, the COF of the sample
tested in MSH-oil decreases dramatically from an initial level of ~0.06
to ~0.01 at steady state. The dramatic decrease of friction during the
initial run-in period is most likely due to the formation of a carbon-rich
tribolayer on the rubbing surfaces. We believe a tribolayer forms first
locally at asperity tips and then gradually expands in size and
eventually covers the entire contact surface. After the tribolayer
becomes continuous (after about 60 min), the COF begins to stabilize
but still fluctuates occasionally between 0.02 and 0.01. Such fluctua-
tions in COF with time are likely due to a self-generation and
-organization mechanism of a low-shear tribolayer. The presence of a
carbon-rich protective tribolayer on the samples tested with MSH
additive was confirmed by electron microscopy, and Raman spectro-
scopy.

Fig. 3 shows plan-view optical microscopy images and 3D depth
profiles of the wear grooves formed on the block side of the samples.
The sample that was lubricated with MSH-oil had much narrower and
smoother wear surface as compared to the sample that was tested in
base oil. In addition, the wear groove for the MSH-oil lubricated
sample was half depth of that for the sample tested in pure base oil, as
shown in the 3D depth profiles. A grayish tribofilm on the rubbing
surfaces of both block and ring samples was apparent. These results
show that the addition of synthetic MSH leads to remarkably superior
antiwear performance.

We used the thermoelastohydrodynamic lubrication (TEHL) model
given in [17] to estimate the oil film between the block and ring under
the same conditions as the above block/ring test, and the film thickness
over contact area is between 0.14 µm and 0.08 µm shown in Fig. 4. The
X axis and Y axis correspond to ring axial direction and ring rotating
direction respectively in Fig. 4. The roughness of the wear track in the
presence of MSH is about 0.1 µm. So the ratio of film thickness and
roughness is between 1.4 and 0.8 which indicates the mixed lubrication
occurs. Hence, we should not attribute the low friction to the pure
hydrodynamic lubrication. From another aspect, the fluctuation of COF

Fig. 1. SEM images of the synthesized MSH powders.

Fig. 2. Evolution of the coefficient of friction (COF) during friction tests for samples
lubricated with pure base oil (red line) and the base oil with synthetic magnesium silicon
hydroxide (MSH) additives (black line). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article).
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curve further indicates the boundary films contact directly, otherwise,
the COF would keep steady in hydrodynamic lubricating regime.

The red line in Fig. 5 presents the load steps. The black curve shows

us COF of the tribopair lubricated with MSH-oil. The contact surface
scuffed when the load increased to 500 N. Before scuffing the COF
keeps a low and steady value，even at the beginning of the test. In
Contrast, the COF in base oil without MSH represented by green curve
waves dramatically in the beginning of the test which implies a severe
wear occurring and decreases from 0.25 to 0.15 with the contact area
increasing resulted from wear. And the tribopair lubricated with base
oil welded around 300 N which is much lower than that in MSH-oil.
From the high extreme pressure value of MSH-oil we can further
conclude that a film with low friction and excellent anti-wear properties
formed.

3.2. Surface analysis

The TEM image in Fig. 6a confirms the existence of a continuous
tribolayer with a thickness of 15–30 nm. And the tribofilm has a
layered structure. This is further confirmed by high-angle annular
dark-field (HAADF) imaging, as shown in Fig. 6b. The HAADF image
was collected with a large cut-off collection angle (~100 mrad) so the
intensity of the image is mainly Z-contrast. The dark layers in Fig. 6b
consist of light elements. Phases composed of high Z elements, such as
the steel substrate and the Pt coating, are bright in the image. A closer
look at the tribofilm using High-resolution TEM (HRTEM) in Fig. 6c
reveals that the dark layers shown in Fig. 6a are nanocrystalline while
the brighter layers are featureless, suggesting an amorphous like
structure. Energy Dispersive X-ray Spectroscopy (EDS) analysis of
the entire tribofilm shown in Fig. 7 reveals that it consists primarily of
carbon and oxygen, but also contains magnesium, silicon, and iron. The
synthetic MSH additive is a source for magnesium and silicon. HRTEM
images and electron diffraction show no evidence of residual synthetic
MSH phases within the tribofilm, indicating that the synthetic MSH
decomposed under the combination of mechanical and thermal energy
during the tribological test. It has been shown that MSH dehydrates (or
dehydroxylates) easily – even at low shear force – and hydroxyl groups
are released [18–21]. This also leads to shear weakening of the
dehydrated MSH phase and amorphization. Thus, decomposition of
the MSH is not surprising.

The nature of the topmost layer of a tribofilm is critical to the
tribological performance, and we found that the topmost layer of the
tribofilms in this study was always amorphous. Electron energy-loss
spectra (EELS) in the low-loss (Fig. 6d) and high-loss (Fig. 6e) regimes
show that the composition of the amorphous phase is mainly carbon,

Fig. 3. Optical images and depth profiles of the friction surface of the specimens Images are from a sample lubricated with (a) pure base oil and (b) base oil with MSH additive. Depth
profile of the friction surface of the specimens tested using (c) pure base oil and (d) base oil with MSH additive.

Fig. 4. Film thickness of block and ring tribopair simulated with TEHL model under the
same conditions as block/ring test.

Fig. 5. Welding points of MSH-oil and PAO base oil measured with a SRV tribometer.
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oxygen, and silicon while that of the crystalline phase is primarily iron,
oxygen, and magnesium. The oxygen K-edge from the crystalline areas
shows very different features than the amorphous regions (Fig. 6e) –
the three oxygen peaks probed from a crystalline area are characteristic
of iron oxides [22]; the two peaks and a sudden rise of the oxygen K-
edge at the amorphous area correspond to silica [23]. This data
suggests that the topmost wear layer consists of amorphous carbon
and some SiOx. The bonding of the amorphous carbon is analyzed by

comparing the sp2 ratio of its carbon K-edge to a standard amorphous
carbon film with 100% sp2 ratio. sp2 ratio in the top amorphous carbon
layer of the tribofilm is calculated using the pre-edge peak intensity of a
carbon K edge (around an energy loss of 283 eV) since the pre-edge
peak is contributed only from sp2-bonded electrons (π bonding). All
carbon atoms are sp3 bonded in diamond and all sp2 bonded in
graphite. So, diamond shows no pre-edge peak and graphite shows
maximum pre-edge peak. To avoid strong dependence of pre-edge peak

Fig. 6. TEM images at the topmost of tribofilm. (a) Cross-sectional TEM image and (b) HAADF image of a tribofilm formed during friction tests with the addition of MSH nanoparticles.
(c) HRTEM image of tribofilm showing amorphous and crystalline layers. EELS spectra for amorphous and crystalline areas at (d) low- and (e) high-loss regimes, (f) Comparison
between carbon K-edge EELS spectra of the topmost amorphous tribofilm and the standard amorphous carbon film with 100% sp2 ratio. The Pt protective layer was deposited to protect
the tribolayer from damage during TEM specimen preparation.
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intensity on crystalline orientation, an amorphous carbon film sput-
tered in argon at room temperature is used as a standard instead of
crystalline highly ordered pyrolytic graphite. Fig. 6f shows two EELS
spectra from the standard sample and the top amorphous layer of the
tribofilm. Two EELS spectra were collected at the same conditions,
using low lose of 80 kV electrons to avoid knock-out damage to
graphite film. The electron dose is kept below 1×106 e/Å2. To avoid
beam damage as pointed out by Liao et al. [23]. Both spectra were
background subtracted and deconvoluted to remove multiple scattering
using their corresponding zero-loss peaks. The sp2 ratio is calculated to
be ~80% using the Gaussian peak fitting, suggesting a DLC-like nature
of the layer [24].

Confocal Raman spectroscopy provides additional insight into the
nature of the tribofilm. Fig. 8 shows Raman spectra from the wear track
debris (Fig. 8a) and a region outside of the wear track area (Fig. 8b) for
comparison. The spectrum from the wear track exhibits the character-
istic D and G peaks (at ~1374 and ~1602 cm−1, respectively) that are
typical for DLC films [25]. Raman mapping that shows the intensity
distribution of the D and G peaks and indicates that the wear track is
rich in carbon (Fig. 8d and e). The intensity ratio ID/IG, which was
relatively constant at ~0.5 over the wear track area, confirms the
formation of diamond-like carbon that is a mixture of sp2-bonded
amorphous carbon (a-C) (presence of G peak) and sp3-bonded tetra-
hedral amorphous carbon (ta-C) (presence of D peak). More accurate

quantitative carbon sp3 contribution was estimated from the T peak
(~1085 cm−1, present due to sp3 sites) [26] in UV Raman spectra. The
intensity ratio IT/ID of ~10% indicates low sp3 content in the DLC films
of ~20%, which is consistent with the EELS analysis. Based on these
results, we conclude that the impressive friction and wear performance
(see Figs. 2 and 3) is due to formation of a DLC film with unique
tribological properties during operation.

We believe that the in-situ formation of the tribofilm relies on the
extraction of carbon from the lubricant by nickel dopants in the
synthetic MSH and that the incorporation of SiOx into the DLC-like
tribolayer provides enhanced wear properties. It has been shown that
the combination of silicon or hydroxyl groups with carbon stabilizes
DLC and decreases friction significantly [27]. The addition of SiOx to a-
C or ta-C has the beneficial effects of reducing the grown-in compres-
sive stress, improving thermal stability, and maintaining low COF to a
higher relative humidity [28–30]. Since Si only bonds to sp3, its
incorporation causes shrinkage of the C sp2 clusters and opens the C
sp2 rings [31]. The complex layered structure of the tribofilm suggests
the interplay of several different processes in its formation and growth.
Our data suggests that following the initial attachment of an MSH
particle to the steel/iron oxide surface, a pressure-induced decomposi-
tion process occurs. SiOx released by this decomposition can react with
amorphous carbon extracted from the base oil, leading to the formation
of a complex DLC layer with ultra-low friction.

4. Conclusion

In conclusion, we have demonstrated operando formation of a dual-
phase tribofilm using synthetically manufactured nanoparticles as an
oil additive, resulting in a striking reduction in sliding friction. The
ultralow friction is attributed to the formation of a surface layer in the
tribofilm that consists of amorphous DLC that also contains SiOx. This
surface layer forms in a continuous and self-repairing manner during
operation. Synthetic MSH provides a favorable structure for the
introduction of metallic carbonization catalysts and Mg, OH, and Si
that are important to the formation of the DLC layer. Furthermore, this
approach is economical and easily deployed in commercial systems.
Future work aims to optimize such a lubrication system, which could
lead to significant advances in the lubrication field and have a
significant, positive impact on energy efficiency and the durability of
engines and other mechanical components.

Fig. 7. EDS spectra from the tribofilm.

Fig. 8. Raman spectra of topmost tribofilm (a) Raman spectrum of topmost tribofilm formed in lubricant with synthetic MSH additives (b) Raman mapping using D-band at 1374 cm−1

over area of about 20 µm ×10 µm. (c) Raman mapping using G-band at 1604 cm−1 over the same area as (b). (Red color corresponds to the highest intensity, blue to the lowest when no
peak is present). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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