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A B S T R A C T

Solid lubricants like carbon-based materials, transition metal dichalcogenide compounds, polymers and soft
metals, each with their specific merits and limitations, pursue the goal of reducing friction and wear between
two rubbing surfaces under substantially dry conditions. Newly emerging early transition metal carbides and
carbonitrides, such as Ti3C2Tx-nanosheets (MXenes), seem to be a promising candidate to be used as a solid
lubricant due to their weakly bonded multilayer structure with self-lubricating character. For the first time, this
paper aims at addressing the application of MXene nanosheets in higher loaded rolling-sliding contacts of ma-
chine elements by investigating their friction and wear behavior in thrust ball bearings under ambient condi-
tions. Thereby, a reduction of the frictional torque by a factor of up to 3.2, an extension of the service life by
about 2.1 times and a decrease of the linear cumulative wear rate by up to 2.9 compared to uncoated references
have been verified. Thus, the Ti3C2Tx-coating already featured results comparable to reports on graphene,
amorphous carbon coatings or advanced transition metal dichalcogenide, which demonstrates the tremendous
potential of MXene nanosheets as outstanding, next-generation solid lubricant in machine elements.

1. Introduction

Machine elements such as rolling bearings are usually operated with
mineral or synthetic oils to reduce friction and wear. In various appli-
cations, however, bearings cannot be conventionally lubricated due to
legal and environmental restrictions or physical limitations. Examples
are applications in food, textile, paper or medical industry as well as
limitations due to ultra-clean conditions, extreme temperatures, radia-
tion or vacuum. To avoid associated premature failures, solid lubricants
gain more and more attention due to the possibility to maintain es-
sential lubrication properties. Historically, there have been four distinct
classes of solid lubricant materials applied as thin films or coatings,
namely carbon-based materials, transition metal dichalcogenide (TMD)
compounds, polymers and soft metals [1].

Graphite with its hexagonal lattice and easy-to-shear basal planes by
intracrystalline slip due to low surface energies and little adhesion as
well as demands moisture or adsorbed gases to passivate the covalent
bonds and edges of the basal planes to maintain low friction [2]. Thus,

its use in dry environments, particularly in vacuum, is limited [3]. This
drawback can be partly overcome by its special form as graphene [4].
There are numerous studies on lower loaded sliding contacts at the
nano- [5,6] and micro-scale [4,7–9] thus verifying the excellent fric-
tional performance at favorable ambient conditions. However, only few
studies regarding its usage in higher loaded rolling-sliding contacts in
macro-scale systems similar as machine components such as rolling
element bearings can be found [10]. The most common usage of gra-
phite is in metal- and polymer-matrix self-lubricating composites or,
partially, as a loose or resin-bonded coating [1].

While initial studies on molybdenum disulphide (MoS2), as an ex-
ample for TMD compounds, were mainly driven by space exploration
[11,12], recent studies were rather ecologically motivated [13–15]. The
tribological properties of MoS2 as a solid lubricant have been ex-
tensively analyzed for sliding contacts, while there are fewer studies
when used in rolling contact conditions [16,17]. Despite the improve-
ment of tribological properties due to its hexagonal crystal structure
and the low coefficient of friction (COF) due to the ease of its basal
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plane shearing especially under vacuum conditions, MoS2 is susceptible
to ambient air with humidity due to oxidation [18–21]. Overall, the
achievable revolutions/overrollings until end of the service life of
rolling bearings vary depending on the coating system applied, the
number of coated components, the load and, in particular, the ambient
medium [22].

Among polymeric materials, polytetrafluoroethylene (PTFE) is well
known for its low friction performance due to its little intermolecular
cohesion [23]. This holds true in vacuum and atmosphere due to its low
chemical reactivity [3]. However, pure PTFE suffers from a poor wear
resistance and limited load carrying capacity, which can be partially
improved by the addition of suitable fillers [3,24]. Moreover, the low
thermal inertia of PTFE inhibits heat dissipation, resulting in premature
failure due to melting and limiting usage rather to low-speed sliding
applications [3].

Metals, such as gold, silver, indium, tin or lead and corresponding
alloys, possess low friction when being applied as a coating on rela-
tively hard substrates. Typically, soft metal film lubrication occurs by
shear within the coating rather than by surface transfer, resulting in
significantly higher friction compared to other solid lubricants [1].
Therefore, it is particularly useful in rolling and non-sliding applica-
tions and most relevant at higher temperatures and under vacuum [25].
For example, silver and barium films have been successfully used in
lightly loaded ball bearings in high X-ray tubes, while silver and gold
films have been successfully tested for usage in spacecraft [26,27].

This brief summary on existing well-established solid lubricants
makes evident that they have been extensively studied in fundamental,
model tribological test-rigs under various operating conditions.
However, their usage in applied machine components under more
realistic working conditions is still scarce. Moreover, it becomes ob-
vious that the aforementioned solid lubricants have all their respective
limitations and short-comings, which directly ask for more research in
this direction as well as new, more advanced solid lubricant systems.

In the last 5 years, early transition metal carbides and/or carboni-
trides based upon MAX-phases and named as MXenes as introduced by
Naguib et al. [28] have experienced considerable attention in the fields
of energy storage and catalysis due to their outstanding material’s
properties. Their main process route is to remove the A layers of Mn

+1AXn (M: early transition metal, A: group IIIA or IVA element and X: C
or N with n = 1, 2 or 3) by selective etching [28,29]. Besides energetic
and catalytic applications, MXenes are particularly interesting for tri-
bological purposes due to their graphite-like structure, low shear
strength and self-lubrication ability [30], which has already been ver-
ified by density functional calculations and molecular dynamic

simulations [31].
Although bearing tremendous potential, the use of MXenes for tri-

bological purposes is still very scarce [32–38]. Lian et al. [30] applied a
Ti3C2-film with a thickness of 200 nm on copper disks by spray coating
and verified a 3-fold friction as well as a 10-fold wear reduction in ball-
on-disk experiments. Rosenkranz et al. [39] studied the frictional per-
formance of thin layers of Ti3C2Tx-nanosheets drop casted on stainless
steel substrates under dry conditions. A pronounced three fold reduc-
tion in the COF combined with a significant reduction of wear was
observed. Guo et al. [40] studied nano-mechanical properties of
MXenes using atomic force microscopy as a function of the applied
normal force, temperature and pressure. Thereby, better frictional be-
havior and adhesional properties were observed at higher temperatures
and lower applied pressures. Yin et al. investigated MXene and MXene/
nanodiamond [41] as well as MXene/graphene quantum dots compo-
site coatings [42] under dry conditions and low contact pressures. For
coatings consisting of pure MXenes, they observed stable COFs around
0.3 against PTFE and almost no detectable wear, which was traced back
to the formation of a wear resistant tribofilm consisting of densified
MXene nanoflakes. In case of the MXene/nanodiamond coating or
MXene/graphene quantum dots composite coatings, COFs of about 0.16
and 0.20 as well as ultralow wear have been detected wear track. A
detailed investigation via focussed ion beam and transmission electron
microscopy revealed the formation of a nano-structured tribofilm.

Summarizing, MXene nanosheets can be considered as a promising
alternative to common solid lubricants, which may overcome some of
the aforementioned limitations with the potential use in machine
components under a wide range of environmental conditions and rea-
listic working conditions. Therefore, this contribution aims for the first
time at investigating the tribological performance of Ti3C2Tx-na-
nosheets as a solid lubricant used in higher loaded rolling-sliding con-
tacts of thrust ball bearings to assess their full potential.

2. Materials and methods

2.1. Materials

Commercially available thrust ball bearings 51,201 according to ISO
104 [43] consisting of shaft washer, housing washer and ball cage as-
sembly were used as substrates (Fig. 1a). These were chosen due to their
simplicity of the coating’s deposition and their high spinning friction as
well as high amount of slippage. Prior to deposition and testing, all
components were ultrasonically cleaned (BANDELIN, Sonorex Super RK
255H, 160 W, 35 kHz, room temperature) in acetone and isopropyl

Fig. 1. Housing washer, ball cage assembly and exemplarily Ti3C2Tx-coated shaft washer of a thrust ball bearing 51201 (a) and set-up within the tribometer for
service life testing (b).

M. Marian, et al. Applied Surface Science 523 (2020) 146503

2



alcohol for 10 min each and blow dried using nitrogen.
The initial Ti3AlC2-powder was purchased from FORSMAN SCIEN-

TIFIC Co. Ltd., Beijing (China). To synthesize multi-layer Ti3C2Tx-na-
nosheets, Ti3AlC2-powder (10 g) was immersed in 100 ml of a 40%
hydrofluoric acid solution. The mixture was stirred for 24 h at room
temperature. The as-prepared suspension was then washed using
deionized water several times until reaching a pH above 6 and subse-
quently centrifuged to separate the powder. Afterwards, the washed
powder was filtered under vacuum conditions and then dried at room
temperature for 24 h in a vacuum oven.

For deposition, the Ti3C2Tx-nanosheets were dispersed in acetone
with a concentration of 12 mg/ml. Good dispersion was assured by
ultrasonication (BANDELIN, Sonorex Super RK 255H, 160 W, 35 kHz,
room temperature). Subsequently, to exploit the available volume,
300 μl onto each, shaft and housing washer, as well as 400 μl onto the
ball cage assembly were deposited by drop casting using a syringe
(Hamilton, 1000 series gastight 81420). Special attention was paid to a
rather homogenous distribution of the Ti3C2Tx-nanosheets after sol-
vent’s evaporation.

2.2. Characterization of the Ti3C2Tx-nanosheets

The number of layers, structure and an overall quality of the MXene
nanosheets has been investigated using high-resolution transmission
electron microscopy (HR-TEM; FEI, Tecnai F20) with an acceleration
voltage of 200 kV. Their chemical composition was analyzed by energy
dispersive X-ray spectroscopy (TEM-EDX) using EDAX detector.
Information related to their surface chemistry and surface terminations
has been gained by Raman spectroscopy, X-Ray photoelectron spec-
troscopy (XPS) and X-Ray diffraction (XRD). To perform Raman spec-
troscopy (WITEC, Alpha 300 RA), an excitation wavelength of 633 nm,
a grating of 300 g/mm and 10% of the maximum laser intensity were
utilized. The spectra were obtained using four seconds of integration
time and a total number of 256 accumulations to ensure a sufficiently
high signal-to-noise ratio. The MXene nanosheets were examined by
XPS (Physical Electronics model 1257) using non-monochromatic MgKα
radiation, operating the source at 15 kV and 400 W. The scans were
acquired using a pass energy of 44.75 eV. Narrow scans of the C1s, F1s,
O1s and Ti2p regions were recorded using a step size of 0.025 eV. The
MULTIPAK package has been used for data processing. Energy correc-
tion was performed by assigning 274.8 eV to the maximum of the C1s

peak. The Shirley method was used for background subtraction for the
C1s, F1s, O1s regions, while linear subtraction was utilized for the Ti2p
region. The peaks were fitted with Lorentz Gaussian functions, main-
taining the number of curves as low as possible to provide an acceptable
match: two singlets for the F1s and O1s regions, three singlets for the C1s

region, and three doublets for the Ti2p region. The XRD analysis was
done using a powder diffractometer in Bragg-Brentano configuration
(PANalytical Empyrean) operating at 40 kV and 40 mA with CuKα ir-
radiation. The respective angular step size was 0.026° while using a
dwell time of 1396.89 s for each measuring point.

2.3. Tribological testing

A tribometer (WAZAU, TRM1000) with a modified setup according
to Fig. 1b was used for tribological testing. All tests were carried out
under laboratory conditions (temperature≈ 20 °C, relative humidity≈
50%). Frictional torque, normal force and cumulative wear distance
were detected on the stationary shaft mounting. The latter was carda-
nically mounted for uniform load application. The housing washer
mounting constantly rotated at 1000 min−1. The applied axial force of
130 N resulted in initial maximum Hertzian pressures of 800 MPa in the
ball/raceway-contact. The maximum service life of the bearing has
been reached when the measured frictional torque increased to a value
of 1.3 Nm due to successive wear. In order to obtain results independent
of the number of rolling elements, the amount of overrollings of each

volume element of the raceway endured until failure was taken as the
reference value for bearing service life and wear rate. Moreover, the
chemical composition of the as-deposited as well as the worn Ti3C2Tx-
coatings was analyzed by Raman spectroscopy (HORIBA, LabRAM HR
800). Thereby, an excitation wavelength of 633 nm and 50% of the
maximum laser intensity were used. To evaluate failure modes and
wear mechanisms, the specimens were subjected to optical analysis
using photo documentation (CANON, EOS 70D), digital light micro-
scopy (LEICA, DM4000) and laser scanning microscopy (KEYENCE, VK-
X200). Moreover, the masses of the ball cage assemblies were grav-
imetrically measured (KERN, ALJ 500-4A) prior to and after testing.
Prior to ex-situ characterization, the bearing components were ultra-
sonically cleaned (BANDELIN, Sonorex Super RK 255H, 160 W, 35 kHz,
room temperature) in isopropyl alcohol for 10 min.

3. Results and discussion

3.1. Characterization

In order to assess the overall quality of the MXene nanosheets, HR-
TEM combined with EDX has been conducted. The regular and homo-
genous multi-layered nature of the MXene nanosheets with a layer
distance of about 820 pm can be well recognized in Fig. 2a and b. The
analysis by TEM-EDX (not shown here) revealed that the main elements
are titanium, carbon, oxygen and fluorine with only a minor and neg-
ligible signal stemming from aluminum (0.3 wt-%). XRD, Raman
spectroscopy and XPS have been utilized to fully characterize the re-
spective surface chemistry. The observed diffraction peaks (Fig. 2c) can
be clearly correlated with different surface terminations, namely eOH,
sbndO and eF groups [44]. The most dominant peak correlated well
with hydroxyl (eOH) terminations, followed by weaker eF and eO
contributions. The occurrence of these terminations can be explained by
the selective etching process to synthesize the MXene nanosheets.
During synthesis, the aluminum has been etched by HF and replaced by
the observed surface terminations. The presented Raman spectrum
(Fig. 2d) confirms the observed surface terminations in XRD, since the
spectrum showed pronounced peaks at 125, 212 and 701 cm−1 as well
as broad peaks around 285, 376 and 600 cm−1. The observed Raman
bands can be directly connected with vibrations coming from Ti3C2O2,
Ti3C2F2 and Ti3C2(OH)2 [44–46].

Obtained XPS results after the respective peak fitting and back-
ground correction are summarized in Table 1. The peak fitting of C1s

revealed the main contribution at 284.7 eV (86%), which can be di-
rectly correlated to CeC chemical environment and adventitious
carbon. The 281.6 eV peak characterizes the contribution of metal
carbides and can be associated with C-Ti-Tx [47,48], while the con-
tribution at 286.7 eV mainly matched with hydrocarbons/organic
compounds [47,49]. Regarding the O1s peak, the most pronounced
contribution (90%) lays at a binding energy of 532.2 eV, which is as-
signed to hydroxides suggesting eOH terminations. Following the in-
terpretation from Halim et al. [47], this may stand for organic com-
pounds or C-Ti-(OH)x. Having the results of XRD and Raman
spectroscopy in mind, the latter seems to be reasonable. A minor con-
tribution (10%) at 529.6 eV is characteristic for TiO2 [50]. The domi-
nant contribution of F1s (75%) at 685.2 eV can be assigned to fluori-
nated TiO2 (TiO2-xFx) [51]. The second F1s contribution (25%) at
687.1 eV can be assigned to fluorine in C6F6 (graphite fluorides) [52].
The main contribution of the Ti2p peak (62%) located at 454.9 and
460.1 eV is correlated to titanium carbides (MXenes) [44,49,53]. The
second one (17%) at 456.1 and 461.4 eV can be assigned in a general
way to Ti+2 in a variety of moieties, consisting of titanium bounds to
carbon and/or to oxygen or hydroxides such as C-Ti-OH, which matches
again with the results of XRD and Raman spectroscopy [44,47]. The last
contribution (21%) at 457.8 and 462.7 eV can be assigned to Ti+3 and
C-Ti-O [44,47], which goes again hand in hand with the results of XRD
and Raman spectroscopy.
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3.2. Frictional torque and service life

Representative frictional torque curves over time (overrollings) for
an uncoated reference and Ti3C2Tx-coated sample are depicted in
Fig. 3a, whereas the averaged values within the first 250 000 over-
rollings for both types are illustrated in Fig. 3b. The mean number of
overrollings until frictional torque reached the termination criterion
(service life) is summarized in Fig. 4a, while the averaged mass loss of
the ball cage assembly is shown in Fig. 4b. Respective photographic,
light microscopic and laser scanning microscopic images of unworn,
reference and Ti3C2Tx-coated bearing components are depicted in
Figs. 5–7. Representative cumulative wear distances and averaged
linear wear rates for an uncoated reference and Ti3C2Tx-coated sample
are illustrated in Fig. 8a and b, respectively.

For the uncoated reference sample, after a short running-in, the
frictional torque reached stable and high levels with strongly

pronounced fluctuations (Fig. 3a, grey) due to the lack of lubricant,
accompanied by a severe noise development already at the beginning.
The mean torque value of the reference samples was about 0.35 Nm
(Fig. 3b, grey). After a sudden increase in the frictional torque, the
uncoated specimens failed after an average of 436∙103 overrollings
(Fig. 4a, grey). The analysis of the failure causes of the bearing com-
ponents indicated that the distinct rise in the frictional torque at the end
of the test was not due to rolling contact fatigue but rather to massive
damage to the sheet metal cage. The severe cage wear resulted from a
pronounced cage instability, which was promoted by the lack of
damping by a lubricant. The associated orbital and tilting movements of
the rolling element guided cage increased stresses acting between balls
and cage pockets. When a critical wear condition was reached,
clamping, fretting and overheating of the balls in the cage terminated
the bearing’s service life (Fig. 5c). Even the raceways of the washers
already showed strong signs of wear (Fig. 5d, 6b and 7b), with pittings,

Fig. 2. Characterization of the as-synthesized Ti3C2Tx-nanosheets by HR-TEM (a and b), XRD (c) and Raman spectroscopy (d).

Table 1
Summary of the respective peak fitting of the different photoelectron peaks and their characteristics such as binding energy, FWHM, fraction and assignment. The
values given in the parenthesis correspond to the Ti2p1/2 component. The column “Elemental fraction” is the nominal contribution of each element to the spectrum.
Notice that the superficial Ti:C ratio is 1:10, which reflects that the surface composition deviates strongly from the body composition of the nanoparticles. However,
no confident quantitative assessment can be provided, since the sample incorporates carbon at the surface after the exposure to the atmosphere.

XPS peak BE in eV FWHM peak fraction in % elemental fraction in % Assigment reference

C1s 284.7
281.6
286.7

1.8
1.2
1.7

86
7
7

70 C-C, adventitious
Titanium carbide C-Ti-Tx

Hydrocarbons

[4847,4847,49]

Ti2p3/2 454.9 (460.1)
456.1 (461.4)
457.8 (462.7)

1.5 (1.9)
1.8 (1.7)
1.8 (1.8)

62
17
21

7 Titanium carbide (MXene)
C-Ti-(O or OH)
C-Ti-O

[44,49,534444,47]

O1s 532.2
529.6

3.0
1.1

90
10

14 C-Ti-(OH)x
TiO2

[4748,50]

F1s 685.2
687.1

1.9
2.2

75
25

9 TiO2-xFx
Graphite fluorides (C6F6)

[51]
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slip marks and smearing. Thus, comparatively severe wear was already
apparent in the middle range of the service life. The cumulative wear
increased continuously during operation until dropping abruptly and
becoming negative when the bearing failed due to hot running and
thermal expansion of the components (Fig. 8a and b, grey).

In contrast, the frictional torque curve of the Ti3C2Tx-coated bear-
ings can be subdivided into five phases (Fig. 3a, green). After a short
running-in phase (I), friction dropped and stabilized at a certain fric-
tional torque. During the operating phase (II), a steady friction level
with low fluctuations and averaged values around 0.11 Nm (Fig. 3b,
green) was observed. Compared to the uncoated reference, this corre-
sponded to a reduction of frictional torque by a factor of 3.2, which was
attributed to the self-lubricating behavior of the MXene nanosheets and
the potential formation of a beneficial tribo-film consisting of densified
MXene nanosheets [39,41]. At times for which the reference bearings
were already threatening to fail, cage, rolling elements and raceways of
the Ti3C2Tx-coated bearings were still well protected against wear
(Fig. 4b, blue, Fig. 5e and f, 6c, 7c). This was followed by a transition
phase (III) in which friction gradually increased. The latter, in turn, was
replaced by a further interim phase (IV), in which the friction increased
more strongly and proceeded with stronger fluctuations at the level of
the uncoated reference. Finally, clear signs of bearing malfunction were
observed in the failure phase (V). Thus, the MXene coated bearings

failed on average after approximately 936 ∙ 103 overrollings (Fig. 4,
green), an increase by a factor of about 2.1 compared to the reference.
It is worth to mention that, despite the early stage of tribological re-
search since the discovery of MXene nanosheets, they have already
reached runtimes in dry-running rolling bearing applications achieved
with graphene [10], amorphous carbon coatings [54,55] or transition
metal dichalcogenide evolved over the last 50 years [22]. Therefore, it
may be assumed that further research on MXene nanosheets such as, for
instance, optimized synthesis methods leading to tailored functional
groups, can further boost the tribological performance thus out-
performing the existing state-of-the art solid lubricants. Again, the end
of the service life was primarily driven by cage wear (Fig. 5g), resulting
in fretting and overheating of the rolling elements within the cage. This
is also well reflected in the corresponding mass loss of the ball cage
assembly (Fig. 4b). Due to the fatal failure with clamping and hot-
running rolling elements, however, further chemical ex-situ analysis of
the bearing component was not possible (Fig. 2d). However, the race-
ways particularly showed fewer signs of wear than reference bearings
(Fig. 5h, 6d and 7d) and it is assumed that the Ti3C2Tx-nanosheetss still
had a friction and wear-reducing effect even after this long operating
time. This was also reflected in the linear cumulative wear (Fig. 8a,
green) and the up to 2.9-fold lower wear rate compared to reference
bearings.

Fig. 3. Representative frictional torque versus overrollings (a) and averaged frictional torque within the first 250 000 overrollings (b) for the reference and Ti3C2Tx-
coated samples.

Fig. 4. Averaged service life (a) and mass loss of the ball cage assembly (b) for the reference and Ti3C2Tx-coated samples.
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4. Conclusions

For the first time, accurate material characterization and tribolo-
gical experiments were used to assess the influence of Ti3C2Tx-na-
nosheets on energy efficiency and operating time when used as a solid
lubricant in higher loaded rolling-sliding contacts of machine elements.
Thereby, a reduction of the frictional torque by a factor of up to 3.2, an

extension of the service life by about 2.1 times and a decrease of the
linear cumulative wear rate by up to 2.9 compared to uncoated refer-
ences was observed. These results were already comparable to those
from various reports in literature on graphene, amorphous carbon
coatings or advanced transition metal dichalcogenide. Consequently,
this strongly emphasizes the outstanding friction-reducing and wear-
protecting properties of MXene nanosheets when applied as solid

Fig. 5. Photographic images of a ball cage assembly and a washer after bearing failure of an unworn (a, b), a reference at end of service life (c, d), a Ti3C2Tx-coated
sample after 250 000 overrollings (e, f) and at end of service life (g, h).

Fig. 6. Light microscopy images of the raceway of an unworn (a), a reference at end of service life (b), a Ti3C2Tx-coated sample after 250 000 overrollings (c) and at
end of service life (d).

Fig. 7. Laser scanning microscopy images of the raceway of an unworn (a), a reference at end of service life (b), a Ti3C2Tx-coated sample after 250 000 overrollings
(c) and at end of service life (d).
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lubricants in machine components.
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