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A B S T R A C T

The main goal of this work is the tribological characterization of low viscosity nanolubricants, PAO8 base oil 
containing Ti3C2Tx MXenes and/or functionalized CaCO3 (CaCO3-OA) nanoparticles as additives. Friction en
hancements were reached with CaCO3-OA nanolubricants with maximum reductions of 44 % for the optimal 
concentration of 0.10 wt% CaCO3-OA. With respect to wear, significant improvements in antiwear performance 
were achieved with maximum reductions in wear width of 27 % (0.15 wt% CaCO3-OA), 14 % (0.10 wt% Ti3C2Tx) 
and 13 % for hybrid (0.10 wt% CaCO3-OA/Ti3C2Tx) nanolubricants. Confocal Raman microscopy was utilized to 
recognize the mechanisms that govern tribological improvement: tribofilm formation for Ti3C2Tx nanosheets and 
tribofilm formation and self-repairing for CaCO3-OA nanoparticles.

1. Introduction

In accordance with the continuous evolution of the automotive in
dustry and the growing shift from vehicles with internal combustion 
engine (ICEVs) to hybrid and electric vehicles (EVs), transmission fluids 
must be modified to align with the distinct requirements of EVs [1]. The 
automotive industry is currently undergoing a transition towards the 
integration of e-modules, such as electrified powertrains. This fact de
mands the use of a single fluid, designated as the e-fluid, EV fluid, or 
electric transmission fluid (ETF), which is responsible for cooling the 
electrical windings of the motor and providing an optimal tribological 
efficiency under extreme conditions [2]. Low viscosity fluids are needed 
to enhance the cooling efficiency and have the advantage of providing 
significant energy reductions by decreasing viscous shear and pumping 
losses [2,3]. Gupta [4] estimated the effectiveness of an EV-modified 
Toyota Prius by using automatic transmission fluids (ATF) with 
diverse viscosities, finding that the greatest vehicle efficiency was 
reached with smallest viscosity oil (Lubrizol ATF, 45 cSt@40 ◦C). 
Currently, ATFs are frequently used in the electrified powertrains of EVs, 
even though the design of this e-module differs considerably from that of 
automatic transmissions [5]. The use of low-viscosity oils is a trend in 

the production of automotive lubricants and ETFs. However, in the case 
of ETFs, there are additional properties that must be considered in 
comparison with conventional engine or ATF lubricants. These include 
appropriate dielectric strength and electrical conductivity, high thermal 
conductivity, and good lubricity under high rotational speeds [2].

Polyalphaolefins (PAOs) are the most used base oils from synthetic 
nature, given their great tribological characteristics at high tempera
tures. Even with these advantageous characteristics, the incorporation 
of additives to improve their performance is needed. Especially in the 
case of ETFs as their viscosities must be very low and wear protection is 
critical. Currently, common ATFs and ETFs have kinematic viscosities at 
100 ◦C in the range 6–8 cSt [5]. In the present era, a promising strategy 
for enhancing base oil tribological behavior is the incorporation of 
nanoparticles (NPs) as lubricant additives [6–9], reaching extraordinary 
improvements in friction and wear.

One advantage of utilizing NPs as additives of lubricant oils is their 
nanoscale dimensions, that facilitate their insertion into tribological 
contact and enable the development of an optimal lubrication effect 
[10]. In the case of two-dimensional (2D) layered nanomaterials, the 
weak van der Waals interaction between nanosheets provides low 
resistance to shear in the sliding direction under frictional stress, which 
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reduces friction pair wear rate and extends service life [11–15]. Marian 
et al. [16] reviewed the beneficial properties of layered 2D materials 
that enable the control of their tribological behavior and make them 

excellent candidates for effective friction and wear enhancement in 
dry-running and boundary lubricated machine components. This study 
proves great potential for 2D materials in this field. Furthermore, 2D 
materials exhibit advantageous thermal and electrical properties, even 
under extreme conditions [11]. Moreover, the majority of 2D materials 
exhibit remarkable resilience to elevated temperatures, high contact 
pressures, and electrical discharges [11]. These attributes ensure pro
longed lubricity, thereby preserving their functionality even in scenarios 
where base lubricants become ineffective due to these extreme 
conditions.

MXenes (Mn+1XnTx, being M a transition metal, X is C and/or N, and 
T a surface end), are one of the newfound and fastest developing of 2D- 
materials class. These environmentally friendly materials own 
graphene-like form with analogous mechanical assets, ample surface 
terminations T (for example -O, -OH, -F), little shear strength as well as 
exceptional lubrication capability [17]. MXenes are contemplated as 
potential applicants for use as lubricant additives. These 2D nano
materials can adhere to metallic surfaces to passivate the contact, 
thereby reducing the interface adhesion and enhancing friction and 
wear properties [18]. Although their investigation is still scarce, some 
recent studies demonstrate that MXenes and their derivatives can suc
cessfully enhance the tribological performance of different lubricants 
[19–22], being necessary further investigations. Thus, Liu et al. [21] 
analyzed friction and wear performance, with a friction pair of 32100 
bearing steel, of a polyalphaolefin (PAO8) additivated with Ti3C2Tx 
nanosheets, resulting in friction and wear decreases around 10 % for the 

Fig. 1. Scheme of the CaCO3-OA nanoparticles synthesis.

Fig. 2. Synthesis scheme of Ti3C2Tx MXenes nanosheets.

Table 1 
Test configuration and tribological settings as well as 3D Profilometer 
specifications.

Tribology Cell T-PTD200

Disposition: Ball-on-three pins

HPTD200
Pins and balls Experimental 

characteristics

100Cr6 steel ball: 12.7 mm diameter and 
0.15 μm Ra

Sample: 0.5 mL (3 
repeats)

120 ◦C

100Cr6 pins: 3 mm radius and a 0.3 μm Ra Load (FN): 9.43 N (in 
each pin)

For Pins and balls: Max. contact pressure: 
1 GPa

Poisson ratio: 0.29; Hardness: 58–65 HRC; 
Young modulus: 190–210 GPa

Sliding Distance: 340 m
Sliding speed: 0.10 m/s

Profilometer S Neox (Sensofar)

Characteristics Quantified wear parameters

Confocal mode Wear Scar Diameter (WSD)
10 × Magnification objective Wear Track Depth (WTD)
SensoScan and SensoMap Software Wear track width (WTW)
​ Worn area (Area)
​ Surface roughness (Ra): ISO 4287 standard
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optimal nanolubricant (0.8 wt%). Furthermore, Boidi et al. [23] studied 
the Stribeck curves of two nanodispersions of Ti3C2Tx nanosheets (0.5 wt 
% and 3.0 wt%) in PAO8 varying speed, load (5, 10 and 28 N), SRR 
(from 0 to 100 %), and temperature conditions (25, 40 and 100 ◦C) of 
the friction test conducted on a AISI 52100 steel tribopair. These authors 
found that for the two higher temperatures and loads, the friction co
efficients observed in the range 0–10 % SRR with both nanodispersions 
were higher than those corresponding to PAO8, improving the results at 
100 ◦C when the SRR increases. Wa et al. [24] studied the tribological 
performance of the system Ti3C2Tx nanosheets with N, 
N-dimethylformamide as a dispersion aid in a 5750 oil. These authors 
found that MXenes based nanolubricants have better wear reduction and 
antiwear performance compared to 5750 oil, with a reduced wear rate of 
92 %, proving that MXenes have great advantages and potential as a 
lubricating additive. Furthermore, Cui et al. [25] investigated the 
tribological performance of MXene and phenolic resin modified poly
tetrafluoroethylene composites, MXene@mPTFE, as additives of a low 
viscosity PAO (PAO6). These authors found excellent tribological per
formance, with the coefficient of friction decreased from 0.644 to 0.111, 
the wear volume decreased by 93 %, and the bearing capacity increased 
to 750 N. Finally, Gao et al. [26] studied the tribological performance of 
functionalized MXenes with dialkyl dithiophosphate (DDP-Ti3C2Tx) 
finding significant antiwear and friction reduction abilities, with a low 
coefficient of friction not exceeding 0.11 and a decrease in the wear 
volume by 87 %. These excellent tribological properties may be attrib
utable to the good dispersion and the shape of the small sheets, which 
ensure the formation of a continuous chemical protective film that 
prevents direct contact and seizure.

Another promising environmentally friendly nanomaterial is calcium 
carbonate NPs, CaCO3, which has a low toxicological profile and thus 
meets European Ecolabel standards for utilize as additives in lubricant 

[27]. These NPs are commonly utilized in the automotive industry, ad
hesives, inks, and as lubricant additives. However, despite the limited 
number of tribological studies on CaCO3 NPs as lubricant additives, 
some authors found noteworthy tribological results using these NPs as 
oil additives. For instance, Zhang et al. [28] reported a 90 % reduction in 
wear volume when 1 wt% CaCO3 NPs have been utilized as additives of a 
PAO10 oil. Furthermore, Sunqing et al. [29] explored the tribological 
properties of 500SN oil and CaCO3 NPs as additives, reaching remark
able friction and wear reductions when mass concentrations were be
tween 0.2 and 1 wt%. Finally, Kulkarni et al. [30] analyzed the 
tribological properties of CaCO3 NPs as jojoba oil additives, finding 
decreases in friction and wear about 35 % and 40 %, correspondingly. 
Nevertheless, in literature there is just one investigation that utilizes 
functionalized CaCO3 NPs as lubricant additives [31].

Given the scarcity of experimental works on tribological behavior of 
MXenes and CaCO3 NPs as lubricant additives, it is necessary to conduct 
further research on these lubricant additives to develop potential low- 
viscosity transmission fluids for electric vehicles. Therefore, here the 
tribological characterization of PAO8 base oil (low viscosity) containing 
two different nanomaterials: Ti3C2Tx (layer nanosheets), functionalized 
CaCO3 (nanoparticles) or their mixture (hybrid additives) was per
formed to study the potential of these nanopowders as lubricant addi
tives and the possible tribological synergies between CaCO3 and Ti3C2Tx 
nanomaterials, giving originality to this work.

2. Material and experimental techniques

2.1. PAO8 oil and synthetized NPs

PAO8 base oil, provided by REPSOL, with viscosity index of 138 as 
well as a viscosity and density of 39.47 mPa s and 0.8163 g cm− 3, 

Fig. 3. TEM micrographs and distribution of synthesized CaCO3-OA (a) and Ti3C2Tx (b) NPs.
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correspondingly, at 313.15 K [32], was utilized. With regard to the used 
nanoadditives, both CaCO3-OA and Ti3C2Tx NPs were synthesized and 
fully characterized.

The synthesis of the CaCO3-OA NPs was conducted in accordance 
with the procedure depicted in Fig. 1. Firstly, Ca(NO3)2 was synthesized 
using NaOH 0.2M, Na2CO3 0.1 M and NaNO3 0.2M solutions. Thus, 
Na2CO3 0.1 M was dispersed in deionized water with NaOH and NaNO3, 
being the NaOH added to achieve alkaline pH suitable for Na2CO3 
precipitation and the NaNO3 to decrease the solubility of Ca(NO3)2 by 
the common ion effect [33]. Subsequently, a Ca(NO3)2 0.2 M solution 
was added dropwise to Na2CO3 solution, and it was maintained under 
continuous stirring (750 rpm) at room temperature around 120 min. 
Finally, the resultant mixture was poured into a separatory funnel, 
permitting the CaCO3 NPs to precipitate, and dried at room temperature. 
Once these CaCO3 NPs were obtained, their functionalization was car
ried out in accordance with a similar procedure to that described by 
Wang et al. [34]. For this task, 3 mL of oleic acid (OA) modifier were 
dispersed in CHCl3, and the mixture was inserted in a flask. Afterwards, 
1 g of previously obtained CaCO3 NPs was also added and mixed for 1 h 
under agitation, maintaining it at room temperature throughout the 
whole process. Finally, the CHCl3 was evaporated through a rotary 
evaporator, resulting in the desired CaCO3-OA NPs.

The synthesis of Ti3C2Tx MXene nanosheets (Fig. 2) was carried out 
with a method comparable to that proposed by Zaharin et al. [35]. 
Briefly, this synthesis begins with the preparation of two aqueous so
lutions of LiF 2.5 M and HCl 6 M. These are combined according with the 
first reaction indicated in Fig. 2. Subsequently, 1.0 g of commercial 
Ti3AlC2 (from Sigma Aldrich) is included slowly to LiCl/HF solution in 
order to prevent any adverse risks that might arise of the exothermic 
reaction. This mixture was maintained under magnetic stirring during 
30 min followed by other 30 min of ultrasonic agitation. Then, the 
mixture was introduced in the microwave oven to perform the chemical 
reaction at 30 ◦C for 10 min. Lastly, the acidic blend was washed with 
deionized water and ethanol various times till reaching a pH > 5.0. After 
that, the MXene solution was centrifuged for 5 min at 5000 rpm to 
finally carry out a lyophilization process with the aim of obtaining the 

Fig. 4. FTIR characterization of synthesized MXene Ti3C2Tx (a) and CaCO3-OA 
(b) NPs.

Fig. 5. Raman characterization for synthesized MXene Ti3C2Tx (a) and CaCO3- 
OA (b) NPs.

Fig. 6. XRD patterns of synthesized MXene (a) and CaCO3-OA (b) 
nanomaterials.

J.M. Liñeira del Río et al.                                                                                                                                                                                                                     Wear 572-573 (2025) 206041 

4 



Ti3C2Tx MXene NPs as a black powder.

2.2. Preparation of nanolubricants

Nanodispersions based on Ti3C2Tx nanosheets, CaCO3-OA and hybrid 
CaCO3-OA/Ti3C2Tx NPs were formulated using the following mass 
concentrations: 0.05 %, 0.10 %, 0.15 % and 0.20 % in PAO8 base, to 
discover the optimal concentration with the greatest friction and wear 
properties. In case of hybrid additives, the same mass was added for both 
NPs. To prepare the potential nanolubricants the conventional two-step 
method was employed, being the NPs (Ti3C2Tx or/and CaCO3-OA) 
added to the PAO8 base oil. In order to achieve homogeneity of the 

nanolubricants, ultrasonic treatment is required which was performed 
by means of a Fisherbrand FB11203 ultrasonic bath for a period of 3 h 
and changing the water to avoid the overheating of lubricant samples. 
Following the preparation of the nanolubricants, an investigation was 
conducted into their temporal stability, employing visual control and 
refractometry.

2.3. Tribological characterization

Friction experiments with PAO8 and Ti3C2Tx and CaCO3-OA nano
lubricants were done with a tribology cell T-PTD200 connected with an 
Anton Paar MCR 302 rheometer operating in a ball-on-three-pins rota
tional design. Further details regarding friction measurements can be 
located in Table 1 and in previous research paper [36]. Three replicates 
were done for each lubricant sample to reach representative values of 
the average friction coefficient. Lastly, the wear caused in pins and balls 
during these experiments was characterized by a 3D optical profilometer 
using various parameters, which are outlined in Table 1 together with 
the measurement conditions. Furthermore, a confocal Raman micro
scope (WITec alpha300R+) and SEM microscope were employed to 
inspect the worn surfaces and achieve information about the tribological 
mechanisms that could occur.

3. Results and discussion

3.1. Characterization of synthesized NPs

The synthesized nanomaterials (CaCO3-OA and Ti3C2Tx nanosheets) 
were characterized by means of diverse techniques, like transmission 
electron microscopy (TEM) to know their appearance and dimensions, 
Raman and infrared spectroscopy (FTIR) to identify the principal func
tional groups and X-ray powder diffraction (XRD) to obtain information 

Fig. 7. Visual stability of Ti3C2Tx nanolubricants after 0 h (a) and 24 h (b), CaCO3-OA nanolubricants after 0 h (c), 24 h (d), 48 h (e) and 72 h (f) and hybrid 
lubricants after 0 h (g) and 24 h (h).

Fig. 8. Refractive index evolution for Ti3C2Tx and CaCO3-OA nanolubricants.
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of their crystallinity. Fig. 3 displays the appearance of CaCO3-OA and 
Ti3C2Tx NPs through TEM images and their respective size distributions, 
which were obtained through the Image J software. Thus, the CaCO3-OA 
NPs show a perfect cubic shape and average size around 70 nm, whereas 
the Ti3C2Tx nanosheets have a laminar flake-like structure with sizes 
mainly around 40–75 nm, similar TEM images of Ti3C2Tx MXenes were 
recently found by Kamal Kamarulzaman et al. [17].

Furthermore, to find information regarding functional groups of NPs, 
FTIR spectroscopy was used. Thus, Fig. 4a exhibits the FTIR spectrum of 
Ti3C2Tx, in which the absorption bands at 3344 and 1620 cm− 1 are given 
to the stretching -OH, which has strong hydrogen bonds, and bending of 
C-OH group, correspondingly. In addition, the bands located at 2924 
and 2852 cm− 1 are recognized to C-H bond stretching (symmetric and 
asymmetric), while the peak at 1167 cm− 1 is given by C-F bond 
stretching. In addition, the deformation of Ti-O-Ti bond and Ti-O bond 
may be responsible for the peaks at 906 and 534 cm− 1, respectively. All 
the peaks that appear in the FTIR spectrum show good correspondence 
with previous characterizations of Ti3C2Tx [37]. Hence, it is likely that 
the surface of Ti3C2Tx contains -F, -H, -O elements or -OH groups. With 
regard to the FTIR spectrum of CaCO3-OA NPs, Fig. 4b exhibits an 
intense peak at 1707 cm− 1 that matches with the deprotonated carboxyl 
group (typical position around 1710 cm− 1). If this functional group was 
protonated, a broad and intense band between 2500 and 3500 cm− 1 

would have been observed. Thus, it is confirmed the coating of oleic acid 
is bound to the calcium carbonate particles through an ionic interaction 
between the -COO- group of oleic acid and the Ca2+ cation. Furthermore, 
the intense peaks around 2850 and 2922 cm− 1 are attributed to C-H 
bonds of an alkyl chain that further confirms the presence of oleic acid 
on the calcium carbonate surface. The peaks and bands observed in the 
region below 1500 cm− 1 are located within the so-called fingerprint 
zone. The carbonate (CO3

2− ) peaks at 1457 cm− 1 (asymmetric C-O 
stretching), 937 cm− 1 (out-of-plane vibration) and 721 cm− 1 (in-plane 
vibration) are associated with calcite (CaCO3) [38]. These obtained FTIR 
results show a high correlation with those reported by Shentu et al. [39] 
for the CaCO3-OA NPs.

Regarding the Raman characterization of Ti3C2Tx, Fig. 5a shows the 
Raman spectrum of these nanosheets performed with a 532 nm laser. A 
particularly pronounced band is observed at 198 cm− 1 that is related to 
out of plane vibrations of C and Ti atoms, corroborating the successful 
synthesis of Ti3C2Tx nanosheets [40]. Furthermore, other bands at 128, 
268, 379, 574, 619, 721 and 734 cm− 1 are also observed. The signals in 
section 220–480 cm− 1 correspond to in-plane vibrations (Eg) of surface 
groups linked to Ti, whereas those of the area among 570 and 740 cm− 1 

are ascribed generally to Eg and A1g carbon vibrations. Thus, these re
sults have a high correspondence with those previously obtained by 
other researchers for other Ti3C2Tx nanosheets [40,41]. Regarding the 
Raman analysis of CaCO3-OA (Fig. 5b), the spectrum displays very 

intense peaks at 2854 and 2894 cm− 1 that are associated to νs(CH2) and 
ν(=C–H), respectively [42]. In addition, 1655 cm− 1 band is attributed to 
ν(C=O), which corroborates the successful functionalization of CaCO3 
NPs with OA [42]. Additionally, peaks related to CaCO3 appear at 285, 
715, and 1091 cm− 1 [43].

Additionally the synthesized nanomaterials were characterized 
through X-ray diffraction, and the resulting XRD spectrum of the Ti3C2Tx 
and CaCO3-OA nanomaterials are presented in Fig. 6a and b, respec
tively. This analysis was done with a Bruker D8 Advance. XRD pattern of 
Ti3C2Tx MXene nanosheets exhibits peaks at 2θ = 8.9◦, 17.0◦ 19.0◦, 
20.9◦ and 30.1◦. Thus, owing to Ti3C2Al starting substance reacting with 
HF, peaks were substantially changed to inferior angles (8.9◦ and 19.0◦) 
in XRD pattern of Ti3C2Tx. This change indicates an expanded spacing in 
MXene compared to the starting Ti3AlC2 compound [40]. Additionally, a 
new peak at 27.0◦ (008) has been detected; which can be attributed to 
Ti3C2(OH)2 creation, in accordance with findings described by Li et al. 
[44]. Moreover, the presence of extra peaks was ascribed to residual Al 
in the Ti3C2Tx that is difficult to remove entirely and forms AlF3 [45,46]. 
Concerning XRD pattern of CaCO3-OA NPs, Fig. 5b, peaks were observed 
at 2θ = 19.6◦, 29.5◦, 36.1◦, 39.5◦, 43.3◦, 47.5◦, and 48.7◦, which 
correspond to the (012), (104), (110), (113), (202), (018) and (016) 
crystal planes [47]. Therefore, the XRD spectrum matches with 
98–004-0107 ICSD Card of Calcite [47]. Due to functionalization of 
CaCO3-OA NPs, intensity of XRD peaks is considerably reduced in 
comparison with bare CaCO3 [48].

3.2. Nanolubricants stability

Fig. 7 illustrates the visual stability control of the nanodispersions, 
observing that for CaCO3-OA nanolubricants, the stability is better 
compared to Ti3C2Tx and hybrid CaCO3-OA/Ti3C2Tx nanolubricants. 
Thus, Fig. 7b and h shows that the Ti3C2Tx nanosheets and hybrid 
CaCO3-OA/Ti3C2Tx nanoadditives seem to be sedimented after 24 h 
whereas in the case of CaCO3-OA NPs the sedimentation starts to appear 
after 48 h (Fig. 7e).

With the aim of quantifying the stability of CaCO3-OA and Ti3C2Tx 
nanolubricants refractometry technique was employed. Therefore, Fig. 8
depicts the progression of the refractive index for the 0.05 wt% CaCO3- 
OA and Ti3C2Tx nanolubricants. For 0.05 wt% Ti3C2Tx nanodispersion 
after the first 10 h the Ti3C2Tx nanosheets seem to be fully sedimented, 
while for the 0.05 wt% CaCO3-OA nanodispersion the sedimentation 
rate is slower. Precisely, for the Ti3C2Tx nanolubricant the refractive 
index raised 0.30 % after 10 h of study whereas for CaCO3-OA nano
lubricant it raised only 0.16 %. This fact evidenced that the oleic acid 
surface modification certainly improves the stability of nanolubricants.

Table 2 
Mean friction coefficients, μ, wear scar diameter, WSD, wear track depth, WTD and worn transversal areas of pins together with their standard deviations, σ, for Ti3C2Tx 
and CaCO3-OA nanolubricants.

μ σ WSD/μm σ/μm WTD/μm σ/μm Area/μm2 σ/μm2

PAO8 0.137 0.009 572 22 4.08 0.03 1547 37

+0.05 wt% Ti3C2Tx 0.144 0.002 528 22 4.08 0.23 1434 83
+0.10 wt% Ti3C2Tx 0.143 0.002 490 21 4.00 0.20 1293 91
+0.15 wt% Ti3C2Tx 0.143 0.002 617 10 6.94 0.41 2923 246
+0.20 wt% Ti3C2Tx 0.161 0.003 595 28 4.56 0.40 1756 214

+0.05 wt% CaCO3-OA 0.083 0.003 572 48 5.50 0.99 2156 551
+0.10 wt% CaCO3-OA 0.076 0.002 540 11 4.68 0.23 1700 121
+0.15 wt% CaCO3-OA 0.090 0.004 420 28 2.18 0.34 601 127
+0.20 wt% CaCO3-OA 0.095 0.009 420 33 2.16 0.26 606 118

+0.05 wt% CaCO3-OA/Ti3C2Tx 0.147 0.002 525 16 4.50 0.99 1553 412
+0.10 wt% CaCO3-OA/Ti3C2Tx 0.140 0.001 498 22 3.68 0.23 1242 124
+0.15 wt% CaCO3-OA/Ti3C2Tx 0.139 0.001 515 15 4.18 0.34 1201 115
+0.20 wt% CaCO3-OA/Ti3C2Tx 0.141 0.001 530 20 4.16 0.26 1304 108
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3.3. Friction and wear properties of nanolubricants

Friction analyses were performed with PAO8 base oil, Ti3C2Tx 
nanolubricants, CaCO3-OA nanolubricants, and hybrid Ti3C2Tx/CaCO3- 
OA nanolubricants with mass concentrations of 0.05 wt %, 0.10 wt %, 
0.15 wt% and 0.20 wt% using the tribometer previously described. For 
the hybrid additives the same mass was added for both NPs. The average 
values of the friction coefficient, μ, are reported for all lubricant samples 
in Table 2. As illustrated in Figs. 9 and 10, nanolubricants containing 
Ti3C2Tx nanosheets or hybrid nanoadditives did not reduce the coeffi
cient of friction compared to PAO8 oil. In contrast, the incorporation of 
CaCO3-OA NPs led to a notable enhancement in friction, with a 
maximum friction decrease of 44 % for the greatest concentration of 
0.10 wt% CaCO3-OA. Thus, Figs. 9 and 10 also demonstrate advanced 
antifriction performance for CaCO3-OA nanolubricants in comparison to 

those containing Ti3C2Tx nanosheets or hybrid nanoadditives. More
over, CaCO3-OA NPs decreases the friction for all the mass concentra
tions. However, beyond the best concentration (0.10 wt%), friction 
reductions worsen a bit (from 44 % for the optimal to 31 % for the 
highest mass concentration). Regarding the Ti3C2Tx nanolubricants, a 
similar trend was observed, obtaining the worst antifriction perfor
mance with the highest mass concentration. These results may be 
explained as an excess of NPs beyond the greatest concentration could 
origin little agglomeration that provokes a drop in the tribological 
behavior of CaCO3-OA and Ti3C2Tx nanolubricants, as evidenced in 
certain studies [49,50]. For hybrid nanolubricants, similar friction 
values were found for all mass concentrations and base oil (Fig. 9c), 
demonstrating that there are no antifriction synergies between 
CaCO3-OA and Ti3C2Tx nanoadditives.

As can be observed in Table 2 and Fig. 11, the use of Ti3C2Tx and 
CaCO3-OA nanomaterials with PAO8 leads to a substantial improvement 
in antiwear behavior compared to the base oil without nanoadditives. 
Particularly, the biggest wear decreases were reached for CaCO3-OA 
nanolubricants, with maximum wear reductions at a mass concentration 
of 0.15 wt%: 27 % in terms of WSD, 47 % in WTD, and 61 % in the worn 
area. The best antiwear performance for these CaCO3-OA nanolubricants 
was achieved at high concentrations (0.15 wt% and 0.20 wt%). At small 
CaCO3-OA concentrations (0.05 and 0.10 wt%), NPs can certainly be 
dispersed in PAO8 oil, nevertheless NPs do not protect entirely metal 
surfaces; consequently, the uncovered surfaces would slide between 
them producing wear. Therefore, only a minor decrease in wear is 
detected (6 %). When CaCO3-OA NPs concentration rises (0.15 wt%), 
the wear improvement is significant. This circumstance could be due to 
the filling of CaCO3-OA NPs on metal surfaces up to a saturation point is 
reached. At highest concentration (0.20 wt%), the excess of NPs can 
provoke a bit drop in the wear improvement, since they may operate in a 
similar manner to debris particles, creating abrasive wear. The greatest 

Fig. 9. Friction coefficients, μ, achieved over time for PAO8 base oil and 
Ti3C2Tx (a) CaCO3-OA (b) and hybrid CaCO3-OA/Ti3C2Tx (c) nanolubricants.

Fig. 10. Average friction coefficients, μ, obtained with the base oil and its 
nanolubricants.

Fig. 11. Average WSD observed in pins lubricated with PAO8 and its Ti3C2Tx 
and CaCO3-OA nanolubricants.
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antiwear performance for a medium mass concentration has also been 
noted in other investigations [49,50]. Regarding the Ti3C2Tx nano
lubricants, wear improvements were achieved at low concentrations 
(0.05 and 0.10 wt%) with the greatest behavior for the 0.10 wt% 
nanolubricant: 14 % in terms of WSD, 2 % in WTD, and 16 % in the worn 
area. Finally, for hybrid nanolubricants, slight wear improvements were 
found for all the mass concentrations with the greatest behavior for the 
0.10 wt% nanolubricant: 13 % in terms of WSD, 10 % in WTD, and 20 % 
in the worn area. Therefore, the hybrid nanolubricants have better the 
antiwear performance than the PAO8 base oil and Ti3C2Tx nano
lubricants, but worse than the CaCO3-OA nanolubricants.

To better distinguish the wear enhancements, Fig. 12 displays the 

worn surface profiles achieved with the pins lubricated with PAO8, the 
best nanolubricants of Ti3C2Tx (0.10 wt%), of CaCO3-OA (0.15 wt%) and 
of the hybrid nanoadditive (0.10 wt%). It is evident that the greatest 
reductions were achieved with the CaCO3-OA nanolubricants.

Additionally, to better visualize the wear produced by using the 
different studied lubricants during friction experiments, the upper 
specimens (balls), lubricated with PAO8 base oil and with the Ti3C2Tx, 
CaCO3-OA and hybrid nanolubricants were also analyzed with the 
profilometer. As Table 3 and Fig. 13 shows, for the ball lubricated with 
0.10 wt% Ti3C2Tx nanolubricant a slight width wear decrease was 
observed (3 %), whereas for the ball lubricated with 0.15 wt% CaCO3- 
OA a great wear decrease was reached (60 %), while for the balls 
lubricated with hybrid nanolubricants a maximum reduction of 4 % of 
wear track width was reached (0.10 wt%). These wear results of balls are 
aligned with the previous ones obtained for worn pins, confirming the 
better lubrication performance for CaCO3-OA nanolubricants.

Once the friction and wear have been analyzed, it seems clear that 
CaCO3-OA nanoparticles have better tribological properties than 
Ti3C2Tx nanosheets (both friction and wear). To find out if this better 
tribological behavior is due to the presence of functionalization, the 
tribological results of the Mxenes are compared below with those ob
tained by CaCO3 nanolubricants in PAO8 carried out in a previous study, 
with the same operating conditions. Thus, Liñeira del Río et al. [51] 
achieved maximum friction reductions of 13 % for nanolubricants 
containing 0.05 wt% CaCO3 nanoparticles and greatest wear reductions 
of 28 % in WSD (0.15 wt % CaCO3). Comparing these previous results 
with the present work, oleic acid functionalization improves the friction 
performance (44 % reduction for the optimal concentration of 0.10 wt% 
CaCO3-OA and 13 % for nanolubricants containing a 0.05 wt% of un
coated CaCO3) but antiwear properties are practically the same (27 % 
reduction for CaCO3-OA and 28 % for uncoated CaCO3). Based on these 
results, uncoated CaCO3 NPs have superior lubrication properties than 

Fig. 12. 3D mapping and 2D section profile of surfaces of the pins tested with the optimal Ti3C2Tx and CaCO3-OA nanolubricants and PAO8.

Table 3 
Wear track width, WTW and wear track depth, WTD, of balls together with their 
standard deviations, σ, tested with Ti3C2Tx, CaCO3-OA and hybrid 
nanolubricants.

WTW/μm σ/μm WTD/μm σ/μm

PAO8 462 36 150 21

+0.05 wt% Ti3C2Tx 428 23 122 15
+0.10 wt% Ti3C2Tx 448 27 125 16
+0.15 wt% Ti3C2Tx 513 15 113 18
+0.20 wt% Ti3C2Tx 495 27 145 18

+0.05 wt% CaCO3-OA 272 24 68 9
+0.10 wt% CaCO3-OA 245 11 62 10
+0.15 wt% CaCO3-OA 184 12 53 7
+0.20 wt% CaCO3-OA 265 26 61 8

+0.05 wt% CaCO3 -OA/Ti3C2Tx 449 21 64 11
+0.10 wt% CaCO3-OA/Ti3C2Tx 446 21 67 5
+0.15 wt% CaCO3-OA/Ti3C2Tx 482 12 78 9
+0.20 wt% CaCO3-OA/Ti3C2Tx 467 35 72 8
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uncoated Ti3C2Tx.

3.4. Surface analysis

The study of roughness (Ra and Rq) of worn surfaces was conducted 
to gain an expanded insight into the antiwear properties of Ti3C2Tx, 
CaCO3-OA and hybrid nanolubricants. Three replications were made for 
PAO8 and each lubricant. As indicated in Table 4, surfaces tested with 
CaCO3-OA nanolubricants have less roughness than those tested with 
PAO8. The smoothest surfaces were found for those tested with CaCO3- 
OA nanolubricants. Precisely, a Ra of 39 nm was reached for the worn 
track tested with PAO8, while for pin lubricated with optimal 0.15 wt% 
CaCO3-OA nanolubricant a lowered Ra was achieved (13 nm) that 
resulted in a 67 % roughness drop. These results demonstrate that 
CaCO3-OA NPs can act repairing and patching the surfaces obtaining a 
more regular surface.

With the aim of analyzing the distribution of the Ti3C2Tx and CaCO3- 
OA nanoadditives in the worn surfaces created in friction experiments, 
Raman mappings of these worn tracks were performed. Firstly, the 
Raman spectrum of lubricant components, PAO8 [32], Ti3C2Tx and 
CaCO3-OA NPs (Fig. 5) were acquired to recognize them in Raman 
mappings. These mappings were completed to envisage the surfaces 
lubricated with nanolubricants exhibiting the greatest tribological 
operation of Ti3C2Tx (0.10 wt%) (Fig. 14a) and of CaCO3-OA (0.15 wt 
%), (Fig. 14b). Both mappings were conducted by means of a confocal 

Raman microscope (532 nm). For Raman mapping of surface tested with 
Ti3C2Tx nanolubricant, small green areas that match with the Ti3C2Tx 
spectrum are observed. The Ti3C2Tx nanosheets are placed along the 
furrows of sliding surfaces, demonstrating the formation of a tribofilm, 
which prevents the metal-metal interaction and reduces the produced 
wear. The improved tribological properties generated by Ti3C2Tx MXene 
nanoadditives in the base oil are related to the formation of a 
Ti3C2Tx-rich tribofilm created by tribochemical reactions. These tribo
films usually contain oxide compounds derived from the counterbody 
and substrate, which are combined with the structurally degraded 
MXene nanosheets [18]. Tribofilm growth initiates at the beginning of 
the friction test, and the greatest behavior is attained when a consistent 
tribofilm is developed throughout the entire tribological contact. Af
terwards, the produced tribofilm is transmitted to the rubbing coun
terbody, reducing the contact of tribological surfaces, therefore 
facilitating energy dissipation in tribofilm-tribofilm system. The tribo
films that are produced have easy-to-shear ability, which is a conse
quence of the weak interflake interactions of the Ti3C2Tx MXenes sheets, 
resulting in a wear reduction [52,53].

Regarding the mapping Raman of the surface tested with CaCO3-OA 
nanolubricant, Fig. 14b, it can be observed that there are significant 
green areas placed on the sliding furrows, which correspond to the 
Raman spectrum of CaCO3-OA NPs. These CaCO3-OA deposits posi
tioned in the sliding path can create a protecting cover of low shear 
strength within worn surfaces that improves the lubrication properties 
of PAO8 nanolubricants. Since NPs have high surface energy, they are 
capable of chemically reacting with the rubbing surfaces to make a tri
bofilm that minimizes direct contact between surfaces. Considering 
these facts and the enhanced roughness results (Table 3) for CaCO3-OA 
nanolubricants, the formation of tribofilm and self-repairing mecha
nisms are proposed as responsible for the observed improvements. The 
self-repairing mechanism consists of the nano-sized particles deposited 
on the contact surface filling the valleys and asperities in the worn 
surfaces and also compensating for the loss of mass, it is also known as 
“mending effect” [54]. Similar tribological mechanisms were identified 
by Sunqing et al. [29] who examined the tribological qualities of CaCO3 
NPs as additive of 500SN oil. These authors found that the NPs had 
decomposed into CaO during friction tests when the temperature and 
pressure reach a certain level, resulting in the creation of a tribofilm 
composed by CaCO3 and CaO. Similarly, Zhang et al. [55] examined the 
antiwear properties of CaCO3 NPs as additives of PAO10 base oil. These 
authors ascertained that the tribological mechanism is attributable 
entirely to the deposition of CaCO3 NPs, which results in the film for
mation of CaO from CaCO3 and other elements on the worn metal 

Fig. 13. 2D images of worn balls tested with the Ti3C2Tx, CaCO3-OA and hybrid nanolubricants with the best antiwear capabilities and with PAO8.

Table 4 
Mean roughness, Ra and Rq together with their standard deviations of surfaces 
lubricated using Ti3C2Tx, CaCO3-OA, hybrid nanolubricants and PAO8.

Ra/μm σ/μm Rq/μm σ/μm

PAO8 0.039 0.014 0.048 0.019

+0.05 wt% Ti3C2Tx 0.031 0.023 0.038 0.029
+0.10 wt% Ti3C2Tx 0.032 0.010 0.039 0.012
+0.15 wt% Ti3C2Tx 0.055 0.028 0.066 0.034
+0.20 wt% Ti3C2Tx 0.069 0.043 0.085 0.052

+0.05 wt% CaCO3-OA 0.031 0.002 0.037 0.002
+0.10 wt% CaCO3-OA 0.032 0.002 0.038 0.002
+0.15 wt% CaCO3-OA 0.013 0.007 0.016 0.008
+0.20 wt% CaCO3-OA 0.014 0.009 0.017 0.012

+0.05 wt% CaCO3 -OA/Ti3C2Tx 0.035 0.009 0.045 0.011
+0.10 wt% CaCO3-OA/Ti3C2Tx 0.038 0.012 0.047 0.010
+0.15 wt% CaCO3-OA/Ti3C2Tx 0.056 0.015 0.068 0.022
+0.20 wt% CaCO3-OA/Ti3C2Tx 0.064 0.022 0.074 0.021
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surface.
With the aim of expanding the knowledge concerning tribological 

mechanisms, SEM characterization of pin surfaces tested with PAO8 
(Fig. 15a) and optimal nanolubricants PAO8 + 0.10 wt% Ti3C2Tx 
(Fig. 15b) and PAO8 + 0.15 wt% CaCO3-OA NPs (Fig. 15c) was done. As 
Fig. 15 illustrates, there are grooves in the direction of friction, thus 
indicating abrasive wear when the PAO8 oil was utilized, as proven by 

the creation of deep furrows. Nevertheless, in the worn surfaces lubri
cated with PAO8 containing Ti3C2Tx or CaCO3-OA NPs (Fig. 15b and c), 
the friction surfaces exhibited a notable degree of smoothness, particu
larly in the case of CaCO3-OA NPs. Regarding Ti3C2Tx, Ren et al. [56] 
observed similar behavior for the surfaces of the wear tracks lubricated 
with Ti3C2Tx quantum dots as additives of PEG200 oil. These authors 
observed that the surfaces became smoother with decreased furrows, 

Fig. 14. Raman Mapping of worn pins tested with greatest Ti3C2Tx (a) and CaCO3-OA (b) nanolubricants.
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which were narrower and shallower than those of pure PEG200, being 
effectively improved. Regarding CaCO3 NPs, similar worn surfaces were 
observed by Caixiang et al. [57] who observed that the worn surface 
lubricated with CaCO3 nanolubricants was narrower and flatter than the 
one obtained with the base oil.

It should be noted that our SEM observations are aligned with the 
results of the other techniques, which confirm the formation of protec
tive tribofilms containing Ti3C2Tx or CaCO3-OA nanoadditives.

In summary, considering the roughness studies, Raman mapping and 
SEM micrographs of the worn tracks, it was determined that the present 
tribological mechanisms are tribofilm creation due to the Ti3C2Tx 
nanosheets and tribofilm formation and self-repairing mechanisms for 
CaCO3-OA NPs. To better visualization, these mechanisms are illustrated 
in Fig. 16.

4. Conclusions

- CaCO3-OA and Ti3C2Tx nanopowders were succesfully synthesized to 
serve as potential additives for transmission fluids.

- The addition of CaCO3-OA nanoparticles to PAO8 base oil resulted in 
a notable improvement in friction. The optimal concentration for this 

enhancement was found to be 0.10 wt% CaCO3-OA, with the greatest 
decrease of 44 %.

- The addition of Ti3C2Tx or CaCO3-OA NPs to PAO8 lead to a 
considerable enhancement in the antiwear performance compared to 
base oil, with greatest width wear enhancements of 27 % and 14 % 
for 0.15 wt% CaCO3-OA and 0.10 wt% Ti3C2Tx nanolubricants, 
respectively.

- Tribological synergies between CaCO3-OA and Ti3C2Tx were not 
found. Hybrid nanolubricants (CaCO3-OA/Ti3C2Tx) did not present 
improvements in friction, and they presented slight improvements in 
wear with the best behavior for the 0.10 wt% nanolubricant (13 % 
reduction in wear scar diameter).

- Through Raman mapping and roughness evaluation, it was deter
mined that tribological mechanisms which govern the tribological 
improvement are the tribofilm formation for Ti3C2Tx nanolubricants 
and tribofilm formation and self-repairing for CaCO3-OA 
nanolubricants.

- CaCO3-OA additives have the potential to remarkably increase the 
efficiency of transmission fluids of electric vehicles, leading to fric
tion and wear savings and reducing CO2 emissions.

Fig. 15. SEM images of surfaces lubricated by PAO8 base oil (a) and optimal Ti3C2Tx (b) and CaCO3-OA (c) nanolubricants.
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- Prior to the implementation of these nanolubricants in EVs, further 
research is necessary. This includes tribological tests conducted over 
extended periods under high loads to assess their potential degra
dation over time. Additionally, the analysis of the incorporation of 
supplementary additives, such as viscosity index improvers or 
corrosion inhibitors, is needed.

- The reduced success of utilizing MXenes as oil additives could be due 
to their inherent hydrophilicity. However, it is noteworthy that 
functionalization with non-polar terminations could be a promising 
avenue for future research.
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