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The improvement of the tribological properties of mineral base oils through the addition of bismuth
nanoparticles as an additive, together with the idea of obtaining lubricants free of heavy metals, was eval-
uated. Bismuth nanoparticles were produced directly in the heavy and light viscosity mineral base oils
(BS900 and BS6500) using the technique of laser ablation of solids immersed in liquids. Transmission
electron microscopy measurements showed the presence of pure bismuth nanoparticles. Small Angle
X-ray Scattering (SAXS) measurements showed that the average size of the nanoparticles was between
7 and 65 nm depending on the experimental conditions used. The tribological properties of the base
oil with the bismuth nanoparticles additives were evaluated using a four-ball tester. Tests were per-
formed using the base oil with and without Bi nanoparticles. It was observed that the coefficient of fric-
tion of the oil decrease with an increasing concentration of the nanoparticles. The results also showed
that the wear rate was reduced when the Bi nanoparticle additives were used.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The majority of lubricant base oils are produced from refining of
crude oil. The reasons for the predominance of refined petroleum
base oils are because of their performance, availability and price.
In general, large scale oil refining operations produce base oils with
excellent characteristics in a variety of modern lubricant formula-
tions at economic prices.

Modern lubricants are produced from a range of the base oils
with chemical additives. The base oil has several functions but it
is primarily the lubricant which provides the fluid layer to separate
moving surfaces. It also removes heat and wear debris whilst min-
imizing friction. Many properties of the lubricant can be enhanced
or created by the addition of special chemical additives to the base
fluid. For example, stability to oxidation and degradation in engine
oil is improved by the addition of antioxidants, whilst extreme
pressure (EP) and anti-wear properties needed in gear lubrication
are created by the addition of different additives. The base oil acts
as the carrier for these additives and therefore must be able to
maintain them in solution, or suspension, under all normal work-
ing conditions [1].

In recent years, many of the studies of the use of nanomaterials
additives in lubricating oils has drawn attention to how the phys-
ico-chemical properties of the additives can directly contribute to
the improvement of tribological properties of the lubricants, such
as anti-wear, reducing friction, operation under extreme pressure
and thermal stability [2–4].

Some of the lubricant additives that have been studied include
nanoparticles of metals [5,6], metal oxides [7,8], metal sulfides
[9,10], rare earth compounds [11], etc. In many of these cases sig-
nificant improvements to the tribological properties of the lubri-
cants have been obtained. However, some of these nanomaterials
contain sulfur or phosphorus compounds, or even involve the
incorporation of heavy metals that are potentially harmful to
humans and the environment. In the present investigation the
incorporation of nanoparticles of bismuth as an additive offers an
ecological alternative, as this element is known to have low toxic-
ity and is considered a good Green alternative.

Nanoparticle additives to lubricants present several major
advantages compared to the organic molecules that are currently
used, for example their small size allows them to easily enter the
contact area. They are often efficient at ambient temperature and
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Fig. 1. The size of the nanoparticles (measured by SAXS) as a function of the laser
spot size. The inset indicates the size distribution of nanoparticles in the heavy base
oil samples, obtained using different spot sizes.
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therefore no induction period is necessary to obtain good tribolog-
ical results [12].

Another effective way to use nanoparticles for tribological
improvement is by embedding them inside a coating. The nanopar-
ticles can enhance the tribological performance of the coating itself
but the nanoparticles can also be released during the wear of the
coating in use and in this way act as a solid lubricant.

The ablation laser of solids in liquids is a relatively new and
simple technique for the formation of nanoparticles in the desired
medium, for their direct application. Several investigations are
using this method for obtaining different nanoparticles, for a num-
ber of applications like biological [13], photocatalytic [14],
mechanical [15], etc. The method has many advantages that could
be applicable to almost an unlimited variety of solid and liquid
materials. In our investigation this technique allowed obtaining
colloids that were directly used in the tribological tests.

2. Experimental

The bismuth nanoparticles were made using the technique of laser ablation of a
solid immersed in a liquid. With this technique the nanoparticles are directly dis-
persed in the liquid and the colloid that is obtaining that can be directly used in tri-
bological tests. The experimental set up was designed and constructed similar to
that reported in the literature [16]. In the present experiment we used a Nd:YAG
laser with a wavelength of 1064 nm, giving 28 ns pulses with a repetition frequency
of 10 Hz and a maximum output energy of 135 mJ. A 99.99% purity bismuth metal-
lic target was placed at the bottom of a glass container and immersed in the liquid
media. In this case the liquid used was one of two types of base oils, called light and
heavy base oils (BS6500 and BS900, respectively). These oils are the starting mate-
rial used by the lubrication industry for fabrication of different types of lubricant
oils and are free of the additives. Some of the characteristics of the two types of
oil are given in Table 1.

The laser was directed onto the target surface with the help of a mirror and a
focusing lens. The laser beam traveled through approximately 3 mm of the liquid
media to hit the target surface. The laser induced plasma rapidly condensed in
the liquid with the formation of the nanoparticles in the liquid. During the ablation
process the container was rotated in order to avoid localized drilling of the Bi target.
We found we could control the size of the nanoparticles in the liquid by varying the
target to focusing lens distance.

The morphology of bismuth nanoparticles was studied by transmission electron
microscopy (TEM) using a JEOL JEM-2010Ex at 200 kV. In order to carry out the
measurements in the TEM, a small sample of the nanoparticles previously trans-
ferred to the water was analyzed. The process to transfer nanoparticles to the water
consisted of placing a small amount of water (10 mL) in a beaker and add 1.5 mL of
oil with nanoparticles, placing the beaker on a hot grill with a magnetic stirrer and
warming no more than 80 �C by a 30–40 min, with occasional agitation. This proce-
dure ensures that some of the nanoparticles that were present in the oil were trans-
ferred to the water, so that once the water and the oil are well separated, it is
possible to use a syringe to take sample of the water which includes the nanopar-
ticles. Then a few drops of this water was deposited onto a copper grid coated with
a carbon film, in order to be analyzed in the TEM. With this, it is expected that the
same type of nanoparticles embedded in the oil are present in the water colloid, at
least the size is not altered, as it can be seen in the results shown in Fig. 2b where
the size of the nanoparticles determined by TEM are very close to those obtained
from the SAXS measurements directly from the oil colloid of the same sample.

The concentration of nanoparticles in the oils was determined by weighing the
target before and after the ablation, the difference of weight is attributed to the
amount of material removed from the target and deposited in the oil during the
ablation process, the possible error in the measurement is a systematic error pres-
ent in all the samples, and with this measurement we can observe the trend in the
tribological tests as a function of the concentration. The concentration could be var-
ied by changing the ablation time and/or the energy density deposited on the target.

The particle size distribution obtained by TEM corresponded to the analysis of a
relatively small number of nanoparticles in the area of observation. Therefore, to
obtain a somewhat more representative average particle size the distribution of
the particle size was also measured by Small Angle X-ray Scattering (SAXS) using
Table 1
General properties of liquid media.

BS900 (heavy base oil) BS6500 (light base oil)

Density 0.91 g/mL 0.89 g/mL
Flashpoint 300 �C 248 �C
Viscosity at 40 �C 544 cST 168.2 cST
Viscosity at 100 �C 31.3 cST 15.04 cST
Viscosity index 86 88
an Ultima IV X-ray diffractometer, Rigaku in the transmission SAXS mode. The data
obtained was analyzed supposing the presence of spherical nanoparticles. The fit-
ting procedure was carried out using the nanosolver program.

The tribological tests (measurement of the friction coefficient and wear scar
diameter) using the oil with or without Bi nanoparticles were carried out in a four
ball test machine. The four 1/200 AISI 52100 steel balls are in contact through a thin
oil layer and during the rotation of the upper ball sliding wear occurs on the three
lower balls. The friction coefficient was measured using a torque sensor and the
wear rate was estimated from the size of the wear marks on the three lower balls
for the 40 kgF applied force. The measurements were carried out at 75 �C, at
392 N of load, 1200 RPM and 30 min accord to the international norm ASTM
D4172-94 for lubricants oils. Each test was performed with a new set of balls and
a fresh oil sample; at least 3 tests were carried out for each experimental condition.
3. Results and discussion

3.1. Nanoparticle characterization

The difference in the nanoparticle sizes in the samples was
mainly due to the variation of the distance between the focusing
lens and the bismuth target. As the distance between the focusing
lens and the target was increased the area (or spot size) where the
laser deposited its energy also increases and therefore the energy
density deposited in the target diminished. The reduction of this
energy density produced a reduction in the nanoparticle size. The
observed overall behavior is shown in Fig. 1.

In general, for the different samples from both oils the most
probable sizes were from 7 to 65 nm. Fig. 1 inset shows the distri-
bution of nanoparticle sizes obtained from the SAXS measurements
for some heavy base oil samples synthesized varying the distance
from the focusing lens to the bismuth target (indicated in the
box) with which were obtained different spots. In this plot we indi-
cate the value of the most probable size for these samples, followed
by the spot size.

The size and morphology of the nanoparticles was observed by
TEM. A typical TEM image of bismuth nanoparticle is shown in the
inset (b) of Fig. 2. It can be seen that the bismuth nanoparticles had
a wide size distribution and an average particle diameter of 5–
9 nm which agrees well with the size obtained from the SAXS mea-
surements of 7.6 nm (lower graph of the inset (b). The particles
appeared to have a spherical shape, which can be due to the fact
that thermodynamically is more favorable the formation of spher-
ical nanoparticles, the ablation technique can form small droplets
of molten bismuth into the oil which take a spherical shape due



Fig. 2. HRTEM image of a bismuth nanoparticle, obtained in heavy base oil (BS900). Inset (a) shows the FFT and the crystallographic planes. Inset (b) shows the TEM image of
isolated nanoparticles with their size distribution (upper graph) compared with the size distribution obtained by SAXS (lower graph).

Fig. 3. Wear scar diameter and coefficient of friction as a function of the
concentration of nanoparticles, for the heavy base oil samples. The average
nanoparticle sizes for each concentration are indicated.

Fig. 4. Wear scar diameter and coefficient of friction as a function of the
concentration of nanoparticles, for the light base oil samples. The average
nanoparticle sizes for each concentration are indicated.
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to the rapid cooling [17]. In the HRTEM image, Fig. 2, we can
observe the presence of metallic bismuth particles with a (101)
orientated rhombohedral structure with an interplanar distance
of 3.7 Å; the nanoparticle was from a sample prepared with the
heavy base oil BS900. The study of the High resolution TEM images,
show the presence of only metallic bismuth. The inset (a) in Fig. 2
shows the Fourier transform of the (101) and (�306) planes cor-
responding to the squared area. The same analysis was carried
out for the case of the light base oil and here we observed nanopar-
ticles with a (123) orientation with an interplanar distance of
3.25 Å; this also corresponds to rhombohedral metallic bismuth.

3.2. Tribological tests

The bismuth nanoparticles obtained by the laser ablation of sol-
ids in liquids technique gave good quality colloids which could be
used directly as lubricants. In the four-ball tests the relationship
between the wear scar diameter (WSD) and friction coefficient
(CoF) as a function of the nanoparticle concentration was mea-
sured. The average values of WSD and CoF of heavy base oil with-
out nanoparticles were 535 lm and 0.074 respectively. For the case
of the light base oil without nanoparticles, the WSD and the CoF
were 651 lm and 0.09, respectively.

The transmission of the laser light in the heavy base oil is more
difficult since it is significantly darker in color than the light base
oil. Due to this, the maximum concentration achieved in the heavy
base oil was lower than in the light base oil. However, for both oils
the trend was similar, the WSD and CoF decreased as the concen-
tration was increased. These results are shown in Figs. 3 and 4. In
these figures we also indicate the nanoparticle sizes of each sam-
ple. It can be seen in Fig. 3, that the size of the nanoparticles varied



Fig. 5. CoF as a function of the concentration and the nanoparticle size.
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and increased with increasing concentration. This was due to the
fact that in the heavy base oil a higher energy density was needed
to increase the concentration. This was achieved by reducing the
spot size of the laser beam and as shown in Fig. 1 the nanoparticle
size therefore tended to increase. In the case of the light base oil,
the experimental conditions were maintained almost constant
and in order to change the concentration only the ablation time
was increased. Nevertheless it was found that the nanoparticle size
could not be kept strictly constant. In general the light-oil nanopar-
ticles were smaller than in the case of the heavy base oil. Unfortu-
nately, the influence of the size of the nanoparticles in this
experiment could not be studied independently to the concentra-
tion. However, if we assume that the tribological performance of
the two oils depend on the concentration and nanoparticles size
in the same way, then the results shown in Fig. 4 means that it is
reasonable to conclude that within the size range used in this
study, the WSD and CoF are determined by the concentration
rather than the size of the nanoparticles. For a maximum concen-
tration of the bismuth nanoparticles in the heavy base oil of
310 mg/L the WSD decrease to 454 lm and the CoF decrease to
0.048 (see Fig. 3), in the light base oil the maximum concentration
was 900 mg/L and the WSD decrease to 563 lm and the CoF to
0.049 (see Fig. 4).

Fig. 5 shows that when the nanoparticles size is kept constant
and the concentration is increased the friction coefficient decreases
(square points). However when the concentration is kept constant
and the nanoparticle size is changed, the friction coefficient did not
show a meaningful variation (circular points).

Some authors have reported that metal nanoparticles can form
an efficient metal film on the contacting zones, that may disappear
when the load is removed [18,6]. However, energy dispersive spec-
troscopy (EDS) analysis in the zones of contact only steel compo-
nents were observed, and no signals related to bismuth were
observed. This indicates that no chemical reaction occurred
between bismuth nanoparticles and the rubbing surfaces. The
interaction between the bismuth film and the rubbing surfaces
appears to be weak so that the metal film is easily released from
the rubbing surfaces. We suppose that the good tribological perfor-
mance of bismuth nanoparticles might be attributed to the forma-
tion of an instant metallic tribo-film that disappears when the load
is removed [6].
4. Conclusions

Laser ablation of solids in liquids can produce good quality sta-
ble colloids of bismuth nanoparticles in base oils and these exhibit
good dispersion with particle sizes in the range of 3–65 nm.

Bismuth nanoparticle additives can act effectively to improve
the lubricant characteristics of base mineral oils. All of the nano-
particle suspensions produced a reduction of friction and wear
compared to the base oil without additives. In the light base oil
the presence of nanoparticles lowered the coefficient of friction
from 0.091 to 0.052 (for a concentration of 900 mg/L) and in the
heavy base oil from 0.074 to 0.047 (for a concentration of
310 mg/L).

The mechanism of wear rate reduction by the bismuth nanopar-
ticle additives was considered to be produced by the tribo-sinter-
ing of the nanoparticles on the rubbing surfaces reducing the
metal-to-metal contact and acting as a low friction load-bearing
film.
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