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Abstract: The tribological behavior of novel 7.5 wt% carbon nanotube-based lubricant greases in
PAO (polyalphaolefin) oil with and without 1.0 wt% MoS2, together with several other commercial
greases such as calcium, lithium, were studied. The test results showed a marked reduction of
frictional coefficient achieved by the CNTs based grease samples with an average benefit of around
30% compared to conventional greases. The steady state test under 1.00 GPa average contact pressure
in a mixed lubrication regime and the fretting test showed the best results in terms of friction
reduction obtained by CNTs greases. Steady state tests at higher average contact pressure of 1.67 GPa
proved to have a lower friction coefficient for CNTs grease containing MoS2; otherwise CNTs grease
without MoS2 showed an average value of CoF comparable to calcium and lithium greases, both in
a boundary and a mixed regime. The protection against wear, a considerable decrease (−60%) of
reference parameter was measured with CNTs grease with MoS2 (NLGI 2) in comparison with the
worst conventional grease and −22% in comparison with the best conventional grease. The data
indicated that our novel carbon nanotube greases show superior tribological properties and will have
promising applications in the corresponding industry.
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1. Introduction

Most of the failures and energy losses of mechanical systems are due to friction and
wear, so lubrication could be considered one of the most effective ways to reduce surface
damage and energy dissipations. Lubricants decrease wear and friction in mutual contacts
between coupled surfaces. Several types of additives in lubricants (e.g., Extreme pressure
(EP), antiwear (AW), Frequency-modulation (FM)) yield specific requirements for good
lubrication. The previous research proved that lubricants’ tribological properties have
been improved using nanoparticles as a new additive [1]. Nanoadditives enhance the
lubricating characteristics due to the tiny particles’ size and morphology that can fill the
surface asperities and realize the lubrication mechanisms (i.e., rolling effect, mending effect,
polishing effect, protective film formation [1,2]). Research has focused on several typologies
of nanomaterials, such as chalcogenides, metal oxides, and carbon-based additives in oil or
grease [3–9]. For instance, experimental research has proved that metal oxides added to
lithium grease can significantly improve the lubricants’ tribological behavior. As reported
in [10], the lubricating properties of grease specimens with different concentrations of
Al2O3 nanoparticles have been investigated using a pin-on disc apparatus. Results have
shown a reduction of COF and wear scar width by approximately 57.9% and 47.5%,
respectively. Moreover, research has been carried out on the effects of agglomeration of
selected nanoparticles, such as zirconia, within a lithium grease [11]. Experimental analysis
on friction properties has proved the addition of 1 wt% ZrO2 nanoparticles to pure lithium
grease can decrease the friction coefficient to 50%. Nevertheless, the agglomeration of
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ZrO2 nanoparticles in the lithium grease can increase the friction coefficient by two times
compared to that for the pure grease. Applying nanomaterials and nanotechnology in
lubrication has also become increasingly popular to achieve green manufacturing and
its sustainable development. To this end, water-based nanolubricants are emerging as
promising alternatives to the traditional oil-based lubricants [12].

As nanomaterials are of growing interest for lubricating systems, more and more atten-
tion has been given to carbon nanotubes (CNTs). Their tubular structure exhibits excellent
mechanical characteristics (i.e., high tensile strength, high elastic modulus [13,14], high
thermal and electrical conductivity [15–18]) and good lubrication properties, enhancing
wear and coefficient Friction (CoF) reduction [19].

In the last few years, the use of carbon nanotubes as additives in lubricating oil/grease
has increased, and many research studies have proved that CNTs, with the single-wall
(SWCNT) or multi-wall (MWCNT) structure, can improve the tribological performances
of the lubricant significantly, compared to a traditional one. For instance, the tribological
behavior of Co-based single wall carbon nanotubes has been investigated as an antiwear
and extreme pressure additive to SAE base oil. Friction and wear have been evaluated, and
it has been found that the SWCNTs are more efficient than the commercial oil additives;
tests proved the decreasing of the friction coefficient, using only 0.5 wt% carbon nanotubes
to the base oil [20]. Different concentrations of multi-wall carbon nanotubes have been
added as additives to two mineral oils; the samples were tested for their antiwear, load
carrying capacity, and friction coefficients. The experimental results have shown that the
addition of MWCNTs to base oils exhibited good friction reduction and antiwear properties:
wear and friction have decreased by −68%/−39% and −57%/−49%, respectively, in the
case of MWCNTs-based mineral oils compared with the two reference mineral oils [21].

A weighted percentage of 1 wt% of carbon nanotubes in a traditional lithium-based
grease can improve EP properties, load-carrying capacity, AW, and friction performances [22].
Moreover, the CNTs concentration affects the lubricant’s tribological characteristics, as
shown in [23], whereas the different percentage of nanoparticles has been added to a
common calcium-based grease. Carbon nanotubes have been added together with other
nanoparticles in a calcium grease, and improvements have been observed not only in
reduced wear and friction but also in other important characteristics of a lubricant grease,
such as shear stress, apparent viscosity, drop point, and thermal conductivity [24–26].

CNTs have been used with different nanoparticles and materials to improve the tribo-
logical behavior of lubricants [27–29]. Wang et al. coated the surface of carbon nanotubes
with a uniform copper nanoparticle. This successful coating for the nanocomposite was
achieved through the modification of the CNTs surface with spontaneous polydopamine
(PDA). The friction and wear were reduced by 33.5% and 23.7% when 0.2 wt% of the
prepared nanocomposite was used. The improvement in the lubrication properties was at-
tributed to uniform coating and the formation of transfer films on the rubbing surfaces [30].
Akbarpour et al. studied the wear and friction of a composite made of MWNTs, copper,
and SiC. The result revealed that 2 vol% of SiC and 4 vol% CNT and Copper had the
highest wear resistance and a lower friction coefficient [31]. Song et al. used the chemical
vapor deposition technique to grow several layers of MoS2 on the surface of the carbon
nanotubes. The CNTs were oxidized by acids to prepare strongly oxidized CNTs (SOCNTs).
0.02 wt% of SOCNTs with dibutyl phthalate (DBP) achieved a reduction in the friction
coefficient and wear scar diameter by 57.93% and 19.08%, respectively [32].

According to the ASTM D288, the definition of lubricating grease is “a solid to a
semi-fluid product of a thickening agent in a liquid lubricant. Other ingredients imparting
special properties may be included” [33]. The thickener agent gives a solid to semi-fluid
structure to the lubricant grease and affects many of its main properties. Recently, a new
class of nanogrease has been defined using carbon nanotubes as a thickener phase in
the lubricant. SWCNTs and MWCNTs have been added into the polyalphaolefin (PAO)
oils to form stable and homogeneous CNT grease with potential heat transfer, conduc-
tive, and lubricative properties. The rheological investigation of these CNT greases has
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provided information concerning the formation of a stable tridimensional structure and
particle-particle interactions of CNT suspensions, explaining its excellent lubricating perfor-
mances [34]. The characterizations of four selected CNT greases have shown high dropping
temperatures, very low oil leaking percentages even at high temperatures, and a substantial
increase in thermal and electrical conductivities [35]. Experimental tests have been carried
out to investigate the enhancing tribological properties of CNT grease compared to the
base oil grease. It has been showing that CNTs play a more significant part in lubrication,
which greatly improves the lubricating effect on wear and friction [36–39].

In this research, CNTs, single-wall and multi-wall (SWCNTs and MWCNTs) have been
added separately into polyalphaolefin oils (DURASYN_166), with and without MoS2, to
form stable and homogeneous CNT greases. The tribological behavior has been investi-
gated in steady-state and fretting sliding conditions, and performance comparisons have
been conducted with commercial calcium and lithium greases.

2. Experimental Section
2.1. Materials

SWCNTs and MWCNTs were purchased from Carbon Nanotechnologies Incorpora-
tion (CNI, Houston, TX, USA now Unidym Inc). Carbon nanotubes were used as received
with no further purification or functionalization. SWCNTs are of average diameter 1.4 nm
and are found in “ropes” which are typically *20 nm in diameter or *50 tubes per rope
with lengths of 0.5–40 microns. Thermal conductivity is around 35 W/mK at room tem-
perature. No electrical conductivity data are available. The sample purity is 70–90 vol%.
There are 10–25 vol% carbon black and <5 vol% residual catalyst metal impurities in the
samples. For MWCNTs, the diameter is around 20–40 nm, and the standard length is
around 0.5–40 microns. No thermal and electrical conductivity data are available. The
sample purity is around 90 vol%. There are <10 vol% carbon black (amorphous carbon)
and a small amount (<0.5 vol%) of catalyst metal impurities in the samples. DURASYN
166 is a commercial polyalphaolefin oil product purchased from Chemcentral (Chicago, IL,
USA). MoS2 nanoparticles were purchased from Sigma Aldrich (St. Louis, MO, USA). Since
traditional calcium and lithium greases are commonly employed in industrial lubrication,
they were chosen in order to set a comparison to the tribological performance of CNTs
grease. Commercial samples of Eurogrease I.G. NLGI 2 calcium based, Eurogrease C.M.3
NLGI 3 lithium based and Eurogrease G.O. NLGI 2 lithium based with MoS2 additives
from Rilub SpA (Ottaviano, Italy) were used as reference.

2.2. Grease Fabrication

Sonication was performed using a Branson Digital Sonifier, model 450. A three-roll
mill by Ross Engineering Inc. (Savannah, GA, USA) was used to incorporate the CNTs
to make the stable and well-dispersed greases. The carbon nanotube greases were made
by adding a calculated amount of nanotubes (single-wall or multi-wall) into a beaker that
contained an appropriate amount of oil (e.g., DURASYN 166, Polyalphaolefin). 5 wt%
MoS2 was added to carbon nanotube grease to see how the additive would influence the
physical property. In this paper, we use two greases: singe-wall carbon nanotube (SWCNTs)
grease and multi-wall carbon nanotube (MWCNTs) grease with MoS2. The experimental
procedure to make nano grease is as follows: first, the fluids were sonicated 5–10 times,
each time 1–2 min. Second, the fluids were poured into a three-roll mill, repeated 5–8 times.
Finally, black, stable, and well-dispersed greases were manufactured and collected.

2.3. Tribological Characterization

The tribological test rig for exploring nano additives’ effectiveness is the Wazau TRM
100 (Dr.-Ing. Georg Wazau Meß Prüfsysteme GmbH, Berlin, Germany) with the ball-on-
rotational disc setup as in the drawing in Figure 1. The selected mating materials are:
(ball) steel X45Cr13, hardness: HRC 52-54, diameter: 8 mm, mean surface roughness:
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0.2 µm; (disc) steel X155CrVMo12-1, hardness: HRC 60, diameter: 105 mm, mean surface
roughness: 0.5 µm.
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Figure 1. Ball on disk setup and rotational tribometer.

The tribological tests were carried out to investigate two different lubrication regimes
and fretting operating conditions. A normal load level of 20 or 95 N was applied to attain
an average hertzian contact pressure around 1.00 and 1.67 GPa, respectively. The average
grease temperature was kept constant at room temperature in each test. The relative motion
between the steel ball and the disc was pure sliding at two-speed levels: 5 and 500 mm/s.
According to previous results for the same tribopair geometry, average contact pressure,
temperature, the boundary lubrication regimes, and the mixed lubrication superposition
of the boundary, and elastohydrodynamic lubrication (EHL) regimes were covered. The
fretting test was designed by applying an alternate rotating motion to the disk to cover a
75◦ angle with 2 Hz as the frequency.

Both the ball and the disk were pre-cleaned, and the grease was then evenly pasted
on the disk sliding pathway by forming a layer with 2 mm thickness. The test length was
60 min in steady-state condition and 120 min for fretting. Thus, the actual sliding distance
was 18 and 1800 m for the speed of 5 and 500 mm/s, respectively. The sliding distance was
1131 m for the fretting portion/phase of testing.

The friction coefficient has been indirectly measured in real-time using a torque sensor
located under the ball holder plate. After each tribotest, the wear damage circle on the top
of the worn steel ball was offline measured through a 3D confocal microscopy.

3. Results and Discussion
3.1. Tribological Results

The results of the frictional tests were performed under the operating conditions de-
scribed above in Section 2.3. In both, the investigated lubrication regimes are summarized
in Table 1. Tests were also performed to analyze the behavior of the lubricating grease
samples for the wear damage of the steel ball surface. In particular, the worn surface
of the steel ball was analyzed using a 3D confocal microscope to measure the wear scar
diameter (WSD). According to the ISO/IEC Guide 98-3:2008, the expanded uncertainty
of the frictional data and WSD measurements are 5.0 × 10−3 and 1 µm, respectively, by
assuming the coverage factor k = 2.

The high frequency acquired frictional data were processed through a rolling mean to
filter out spike values and typical oscillations of such measurements.

The steady-state test at 5 mm/s of sliding speed and initial average hertzian pressure
equal to 1.00 GPa provided the graphs collected in Figure 2. The graphs show CoF values
in a narrow range of 0.12–0.14, with high similarities between Calcium soap, Lithium
soap, and CNT-based grease (0.13 as average). The two remaining samples, i.e., Lithium
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soap with MoS2 and CNTs with MoS2 provided lightly higher CoF. This outcome confirms
the effectiveness of MoS2 as an additive in oil and lubricant grease in extreme–pressure
conditions, tougher than non-critical conditions as from this test.
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Figure 2. Friction coefficient in boundary regime under 1.00 GPa average contact pressure.

In Figure 3, the increasing value of sliding speed (500 mm/s) results in a marked
difference in the steady-state value of the friction coefficient. Except for the Calcium soap
grease, showing high CoF variability in the first 25 min of the test, all the samples reach
their asymptotic value quickly. The former result is not unexpected as the Calcium soap
grease with NLGI grade 2 does not bear sliding condition with speed as high as 500 mm/s;
the latter behavior underlines a good reduction achieved by the CNTs based samples with
CoF in the range 0.11–0.12 with a reduction up to −35% compared to conventional greases
over the second part of the test characterized by stationary behavior.
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The measurements at a sliding speed of 5 mm/s and initial average hertzian pressure
of 1.67 GPa are shown in Figure 4. In these conditions, the friction coefficient values are in
the range 0.10–0.13, and for this test, the trend of the graphs is relatively constant. Again,
the CoF values are comparable for some samples, such as Lithium soap, Lithium soap with
MoS2 additive, and CNTs based grease. Interesting performances are observable for the
Calcium soap grease and CNTs based grease with MoS2 additive, whose CoFs are around
0.10. This behavior is expected for these tested samples. As previously explained, the
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Calcium based grease allows good tribological behavior in non-critical working condi-
tions, e.g., at low temperatures and low speeds, whereas the properties of molybdenum
bisulphide and carbon nanotubes, combined in the grease sample increase its tribological
characteristics.

Lubricants 2021, 9, x FOR PEER REVIEW 6 of 11 
 

 

The measurements at a sliding speed of 5 mm/s and initial average hertzian pressure 
of 1.67 GPa are shown in Figure 4. In these conditions, the friction coefficient values are 
in the range 0.10–0.13, and for this test, the trend of the graphs is relatively constant. 
Again, the CoF values are comparable for some samples, such as Lithium soap, Lithium 
soap with MoS2 additive, and CNTs based grease. Interesting performances are observa-
ble for the Calcium soap grease and CNTs based grease with MoS2 additive, whose CoFs 
are around 0.10. This behavior is expected for these tested samples. As previously ex-
plained, the Calcium based grease allows good tribological behavior in non-critical work-
ing conditions, e.g., at low temperatures and low speeds, whereas the properties of mo-
lybdenum bisulphide and carbon nanotubes, combined in the grease sample increase its 
tribological characteristics. 

Furthermore, all samples exhibited decreased friction coefficient values while in-
creasing normal load, demonstrating good lubricating capacity under high loads and low 
speeds in a boundary lubrication regime. As a matter of fact, the friction coefficient 
showed a tendency to decrease with increasing contact pressure. According to previous 
works [3,4], the shear stress increased less rapidly in proportion to the contact pressure. 
This leads to a reduction of the friction coefficient with increasing pressure at a given level 
of sliding speed. 

 
Figure 4. Friction coefficient in boundary regime under 1.67 GPa average contact pressure. 

Among the frictional tests discussed in this paper in a steady-state condition, the 
most demanding combination of sliding speed and load is given by the test in a mixed 
lubrication regime obtained at 500 mm/s and 1.67 GPa, seen in Figure 5. Once again, it is 
worth noting that the trend of the graphs in Figure 5 is nearly constant for all samples, 
except for Calcium soap grease with CoF peaks as high as 0.27, as is further confirmed in 
the discussion regarding the test at low speed and load, Figure 4.  

The samples of Lithium soap, Lithium soap with MoS2, and CNTs based on the CoF 
curves are approximately superimposable, presenting CoF falling in the same range of the 
boundary test at 1.67 GPa, 0.12–0.13. In contrast, the CNTs based grease with MoS2 
showed a noticeable reduction in CoF: −28% compared to the three previous samples, by 
attaining an outstanding reduction to 0.09. 
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Furthermore, all samples exhibited decreased friction coefficient values while increas-
ing normal load, demonstrating good lubricating capacity under high loads and low speeds
in a boundary lubrication regime. As a matter of fact, the friction coefficient showed a
tendency to decrease with increasing contact pressure. According to previous works [3,4],
the shear stress increased less rapidly in proportion to the contact pressure. This leads to a
reduction of the friction coefficient with increasing pressure at a given level of sliding speed.

Among the frictional tests discussed in this paper in a steady-state condition, the
most demanding combination of sliding speed and load is given by the test in a mixed
lubrication regime obtained at 500 mm/s and 1.67 GPa, seen in Figure 5. Once again, it
is worth noting that the trend of the graphs in Figure 5 is nearly constant for all samples,
except for Calcium soap grease with CoF peaks as high as 0.27, as is further confirmed in
the discussion regarding the test at low speed and load, Figure 4.
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The samples of Lithium soap, Lithium soap with MoS2, and CNTs based on the CoF
curves are approximately superimposable, presenting CoF falling in the same range of the
boundary test at 1.67 GPa, 0.12–0.13. In contrast, the CNTs based grease with MoS2 showed
a noticeable reduction in CoF: −28% compared to the three previous samples, by attaining
an outstanding reduction to 0.09.

The last set of graphs collected in Figure 6 includes measurements of frictional be-
havior exhibited by the five grease samples under the characteristic fretting condition by
applying sliding alternate motion to the frictional conjunction with frequency 2 Hz. The
test length was 120 min with a covered sliding distance of 1131 m. In fretting conditions,
unlike the previous ones in which the sliding speed is constant, stability at high speed
is not expected for each CoF graph since the oscillating conditions may require a longer
running-in time for the tribopairs’ steel surfaces as well as the grease thickener structure.
Along with the already exhibited lack of stationarity of the Calcium soap grease, even the
Lithium soap and Lithium soap with MoS2 additive show high variability of CoF over the
whole 2-h test with average values attaining 0.15, 0.13, respectively.
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Figure 6. Friction coefficient in the fretting test under 1.67 GPa average contact pressure.

The CNTs based greases show lower CoF values, with an average value under 0.09
and a remarkable reduction of −35% with respect to the best performing conventional
grease. Even the amplitude of CoF oscillations in testing CNTs based grease is drastically
reduced by showing enhanced structural stability of the thickener and overall industrial
reliability of the lubricant.

The frictional and wear data also correlate well, resulting in a positive correlation
(0.8 Pearson index), Tables 1 and 2. This outcome is not obvious in such test conditions.
Table 3 underlines the outstanding results achieved by using CNTs based grease with wear
parameter reduction close to −60% in comparison with the worst conventional grease and
−22% in comparison with the best conventional grease.
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Table 1. The average friction coefficient in boundary and mixed regime.

Scheme

Friction
Coefficient in

Boundary Regime [-]

Friction
Coefficient in

Mixed Regime [-]

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Ca soap grease NLGI 2 0.13 0.11 0.15 0.16
Li soap grease NLGI 3 0.13 0.13 0.14 0.12

Li soap grease with MoS2 NLGI 2 0.14 0.12 0.15 0.13
CNTs grease NLGI 2 0.13 0.12 0.12 0.12

CNTs grease with MoS2 NLGI 2 0.14 0.13 0.11 0.11

Table 2. Wear scar diameter (WSD) in boundary and mixed regime.

Sample

Wear Scar Diameter
(WSD)

in Boundary Regime [µm]

Wear Scar Diameter
(WSD)

in Mixed Regime [µm]

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Ca soap grease NLGI 2 228 385 407 808
Li soap grease NLGI 3 630 268 358 557

Li soap grease with MoS2 NLGI 2 321 307 398 551
CNTs grease NLGI 2 195 333 260 930

CNTs grease with MoS2 NLGI 2 231 333 300 556

Table 3. The friction coefficient and wear scar diameter in the fretting test.

Sample
Friction

Coefficient in
Fretting Test [-]

Wear Scar Diameter
(WSD)

in Fretting Test [µm]

Ca soap grease NLGI 2 0.16 915
Li soap grease NLGI 3 0.15 547

Li soap grease with MoS2 NLGI 2 0.13 481
CNTs grease NLGI 2 0.08 407

CNTs grease with MoS2 NLGI 2 0.09 374

3.2. Surface Analysis Results

The SEM images were acquired on the worn surfaces of steel ball specimens after the
fretting test. By comparing SEM-XRD spectra collected on the worn surface of the steel
ball specimen after tribological tests with conventional greases and CNTs based grease,
a significant difference in carbon content was found on the steel surface. As shown in
Figure 7, the carbon content on the steel ball’s worn surface after test with Calcium soap
grease is around 15%, and other SEM measurements confirm this on a different portion of
the worn surface.
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ity of the tribological response over the whole spectrum of the performed tests from a 
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The same analysis performed on the steel ball’s worn surface post-tribological test
with CNTs based grease shows lower carbon content (around 6–8%), Figure 8. In the same
spectrum, it is worth noting the presence of Molybdenum.
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Figure 8. (a) SEM image of a worn surface ball of steel ball: CNTs based grease with MoS2; (b) EDX spectrum: CNTs based
grease with MoS2.

The well-known literature analysis of the friction reduction mechanism introduced
by nanoparticles as lubricant additives finds in the following list the more convincing
physical explanations: rolling-sliding “rigid” motions together with flexibility properties,
nano additive exfoliation, and material transfer to the metal surface to form the so called
“tribofilm” or “tribolayer”, electronic effects in tribological interfaces, surface roughness
improvement effect or “mending”; along with the more classical hypothesis of surface
sliding on lower shear stress layers due to weak interatomic forces, valid also for micro-
scale additives used for decades. In the case of the samples proposed in this paper, along
with the transfer of nanoparticles from semifluid lubricant to steel mating surfaces, CNTs
used as sole thickener seem to provide to the bulk structure of the grease a marked
stability of the tribological response over the whole spectrum of the performed tests from a
qualitative point of view. From a quantitative point of view, frictional reduction is always
good, the CoF has a marked reduction in fretting conditions. On the other hand, wear
reduction is substantial only in the case of the fretting test and further optimization may be
needed to increase wear protection in a broader range of load/speed combinations. The
outstanding behavior in fretting conditions could be attributed to a more consistent and
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fatigue-resistant performance of CNTs thickener in comparison to conventional greases
based on metallic soap.

4. Conclusions

The tribological behavior of novel carbon nanotube-based lubricant greases in PAO
with and without MoS2 was studied. The test results showed a marked reduction of
frictional coefficient achieved by the CNTs based grease samples with an average benefit
of around −30% compared to conventional greases. The steady state test under 1.00 GPa
average contact pressure in a mixed lubrication regime and the fretting test showed the
best results in terms of friction reduction obtained by CNTs greases. Steady state tests at a
higher average contact pressure of 1.67 GPa proved to have a lower friction coefficient for
CNTs grease containing MoS2; otherwise, CNTs grease without MoS2 showed an average
value of coefficient of friction comparable to commercial calcium and lithium greases, both
in a boundary and a mixed regime. Related to the protection against wear, a considerable
decrease (−60%) of reference parameter WSD has been measured in the fretting tests with
CNTs grease with MoS2 (NLGI 2) in comparison with the worst conventional grease and
−22% in comparison with the best conventional grease. The wear protection increase
offered by novel greases was not relevant in the steady state test and further investigations
aimed at optimizing such a behavior should be developed. The overall results indicated
that the novel carbon nanotube greases show superior tribological properties and will have
promising applications in the corresponding industry.
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