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Abstract

Polyimide (PI) has good mechanical properties and thermal stability, while
high coefficient (COF) and wear rate limit its wide application. In order to
endow PI with better friction and wear resistance, Mo,Ti,C; MXene was used
as solid lubricant to prepare Mo,Ti,Cs/PI nanocomposites with different con-
tent of Mo,Ti,Cs. The effect of the amount of Mo,Ti,C; on the tribological
behavior of PI was explored and the tribological mechanism was also analyzed
Tribological tests showed that at 1.2 wt% of Mo,Ti,C; addition, the composite
material demonstrated superior friction and wear resistance, exhibiting a
19.9% decrease in the COF and a 79.7% decrease in the wear rate compared to
single PI due to the good self-lubricating properties of Mo,Ti,C; MXene. More-
over, Mo,Ti,C; can also effectively assist PI to form sleek transfer films with-
out interruption or gaps on the steel balls, resulting in a reduced friction COF
and wear rate of the material. This work demonstrates that Mo,Ti,C; MXene
is an aussichtsreich additive for polymers to improve the tribological properties
and broadens the applications of Mo,Ti,C3/PI composites in friction
material area.

Highlights

« Mo,Ti,C; significantly improves the tribological performance of polyimide.

« The thermal properties of Mo,Ti,Cs/polyimide are enhanced by the intro-
duction of Mo,Ti,Cs.

« The minimum coefficient of Mo,Ti,C5/PI composites was only 0.246 at the
1.2 wt% content of Mo,Ti,Cs.

« The wear rate of Mo,Ti,C5/PI composites was decreased by 79.7% at the
1.2 wt% addition of Mo, Ti,C;.

« Mo,Ti,C; promotes the establishment of tribo-film to protect the Mo, Ti,Cs/
PI composites from friction.
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1 | INTRODUCTION

Polyimide (PI) has the advantages of excellent thermal
stability, good anticorrosion ability, good mechanical
properties, self-lubrication property, and so forth."* PI
film can be used as the lubrication film on the surface of
gear, compressor, bearing and other tribological parts,
widely involved in aerospace, marine engineering,
machinery equipment and automobile industry.>* How-
ever, single PI also has the defect of high coefficient
(COF) and wear rate. In addition, complex friction condi-
tions such as high contact stress and different sliding
speeds may seriously deteriorate the tribological behav-
iors of single PI films.” Therefore, it is very important to
enhance the tribological behaviors of PI under diversi-
form friction conditions.

Compounding two-dimensional layered solid lubrica-
tion materials such as graphene, disulphide and carbon
nitride with the PI matrix is one of the resultful ways to
ameliorate the tribological behaviors of PI. Yang et al.°
fabricated thermosetting PI composite with MoS, as
lubricating filler. Because of the good self-lubrication
property and high crystallization of layered MoS,, trans-
fer films would be formed during the sliding process, pre-
venting the composite from the long-time direct contact
with the counterface during the sliding and finally ame-
liorate the tribological behaviors. The COF of the MoS,/
PI composite reached the lowest (0.11) when the additive
amount of MoS, got to 20 wt% and the wear loss is only a
quarter of single PI under this formulation. Zhu et al.”
prepared g-C;N,/PI composites with a sequence of pro-
portion. Scanning electron microscope (SEM) results
showed that the wear type transformed into abrasive
wear from adhesive wear after the addition of two-
dimensional layered material g-C;N,. When the g-C5Ny
filler entered the furrow during friction, it reduced the
roughness of the wear counterface and formed a continu-
ous transfer film that reduced the COF and wear rate. By
the time the additive amount of g-C;N, filler reached
10 wt%, the g-C5N,4/PI composite had the best tribological
performances. Previous researches have shown that the
tribological behaviors of PI matrix could be significantly
enhanced by introducing two-dimensional layered solid
lubrication materials into the matrix. However, two-
dimensional layered solid lubrication materials currently
studied have many problems, for example, the lack of
surface functional groups, easy to agglomerate, poor com-
patibility with matrix and other problems. As a result, it
is necessary to functionalize the surface of the materials.
Min et al® prepared amine-functionalized graphene
nanosheets (AGNS)/PI composites films. On account of
the good chemical compatibility and the strong interfa-
cial adhesion between AGNS and PI, the tribological

behaviors of PI could be observably improved, and the
abrasion marks on the surface of the composites could be
shallower and narrower. The addition of only 0.5 wt% of
AGNS reduced the COF and wear rate of the composite
by about 41.9% and 72.6%. The modified two-dimensional
laminated material after functionalization can certainly
improve the compatibility with the body, but it will
increase the treatment process and cost.

MZXene is a novel transition metal carbon/nitrogen com-
pound synthesized by Naguib et al® in 2011. It is a
two-dimensional layered material with an abundance of
functional groups for instance —F, —O, and —OH on the
surface.'® MXene possesses a unique lamellar structure, and
between the lamellae exists weak van der Waals' forces,
leading to good self-lubrication property that is promising
for improving polymer tribological properties. Meng et al.'!
used freeze-drying method to obtain Ti;C, MXene
nanosheets with three-dimensional lattices, and prepared
epoxy- TizC, 3DNS composites. Ti;C, MXene were prone to
produce flaky debris during friction. Some of the debris
existing between the friction pairs were compacted and
some of them are sliding, providing good lubricating
impact. The concentration of nanosheets of 1 g could lessen
the COF by 76.3% and wear rate by 67.3%. Bashandeh
et al'® prepared MXene nanosheet-reinforced aromatic
thermoset co-polyester (ATSP) wear-resistant composites,
and 5 wt% MXene/ATSP was experimentally measured to
have the minimum COF of 0.12. Yin et al."® utilized Poly-
amide acid (PAA) composites with MXene to construct
PAA-co-MXene-modified PLC films, and found that the
low molecular weight 0.45 MPAA-co-MXene composite
film was able to rapidly form an oxygen-rich carbon friction
layer during sliding, which reduced the COF and the wear
rate to 0.21 and 1.5 x 10 °mm’ N~ ' m™ ', respectively.
The above studies proved that the addition of MXene could
evidently enhance the tribological behaviors of polymer
matrix. In recent years, density functional theory has fore-
cast that Mo,Ti,C; and other Mo-based well-organized dou-
ble transition metal carbides MXenes also have lamellar
structures. These MXenes have hexagonal crystal structure
and large interlamellar spacing, possessing excellent electro-
chemical and chemical properties.'* Besides, previous
studies have proven that the oxides of Mo have good self-
lubricating properties.'> Therefore, we expect that the tribo-
logical behaviors of PI matrix could be significantly
improved by the incorporation of Mo,Ti,C; over the con-
ventional Ti;C, MXene.

In this study, the tribological performances of PI were
ameliorated by adding Mo,Ti,C; MXene as solid lubricant
to the PI matrix. The multilayer Mo,Ti,C; MXene powder
was obtained from Mo,Ti,C; MAX by HF etching. PAA
was prepared by amidation reaction between 4,4'-
oxydianiline (ODA) and 3,3',4,4'-Biphenyl tetracarboxylic

85UBO1T SUOWIWOD BAIEa1D) 3gedi|dde ay) Ag peusenob afe sopilie O 8sn JO SajnJ Joj Aeiq1 8U1jUO A8]1AA UO (SUOTIPUOI-PUB-SULLBIL0D B[ IM ARe1q 1 Ul UO//SdNY) SUONIPUOD PUe SWiB 1 8y} 89S *[20z/c0/2z] Uo Akeiqiauljuo A81IM ‘ ADOTONHOIL 40 NOILNLILSNI ONICI3E Aq 2T€829d/200T 0T/10p/wod A8 im A g1 puljuosuoiedljgndedsy//:sdny wouy pepeojumod ‘0 ‘695087ST



WANG ET AL.

INSPIRING Polymer

FIGURE 1 The chemical reaction
for the synthesis of polyimide.
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diandhydride (BPDA). Mo,Ti,C; MXene was blended with
PAA to obtain Mo,Ti,C3/PAA suspension, and flexible
Mo,Ti,C5/PI nanocomposite films were prepared by dry-
ing and thermal imidization. The tribological perfor-
mances of flexible Mo,Ti,C3/PI nanocomposite films were
carried out by a multi-function ball-on-disk tribometer.
The wear mechanism was investigated using 3D white
light interferometer and x-ray photoelectron spectroscopy
(XPS). The optimal amount of Mo,Ti,C; MXene added
was determined through the above experiments, which
affords an original way for the design of friction and wear-
resistant materials.

2 | EXPERIMENTAL SECTION

2.1 | Materials

ODA powder was supplied by Energy Chemical, China.
BPD powder was supplied by Meryer, China. N,N-
Dimethylacetamide (DMAc) was supplied by Jindong-
tianzheng Precision Chemical Reagent Factory, China.
Mo,Ti,AlC; MAX phase powder was supplied by Beike
Nano, China. Hydrofluoric acid (HF) was supplied by
Titan Scientific, China.

2.2 | Preparation of Mo,Ti,C; MXene
Mo,Ti,C; MXene powder was synthesized by selective
etching of aluminum layers of Mo,Ti,AlC;. The synthesis
procedure was in line with previous works.'*'° First, 1 g
of Mo,Ti,AlC; powder was gradually added to 10 mL of
50% HF. Then, the suspension was magnetically stirred
at 60°C and 500 rpm for 96 h. Deionized (DI) water was
added to the suspension and centrifuged at 3500 rpm for
5 min. This procedure was repeated until the supernatant
liquid reached neutral. The obtained multilayered
Mo,Ti,C; sediment was dispersed in DI water for 2 h
under ultrasonication and was centrifuged for 1 h at
3500 rpm. Strain and then freeze dry for 48 h to obtain
Mo, Ti,C; MXene powder.
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2.3 | Preparation of Mo,Ti,C;/PI
nanocomposite films

Figure 1 displays the chemical reaction of the synthesis
of PI. ODA and appropriate amount of DMAc were put
into a flask, and ultrasonically dispersed at room temper-
ature until ODA was completely dissolved and then stir-
red for 20 min at room temperature (25°C). BPDA was
added in three batches, and PAA was obtained by stirring
for 3 h. Mo,Ti,C; was mixed with DMAc, and ultrasoni-
cally dispersed for 30 min, and then mixed with PAA and
stirred magnetically for 30 min at room temperature. The
Mo,Ti,C3/PAA complex was uniformly coated on a
20 mm x 20 mm steel plate, dried at 70°C under vacuum
for 7 h to separate out the solvent, and finally put in a
tube furnace programmed to raise the temperature to
300°C for thermal imidization to prepare flexible
Mo,Ti,C5/PI nanocomposite films. In this work, single
PI, 0.4 wt% Mo,Ti,C3/PI, 0.8 wt% Mo,Ti,C5/PI, 1.2 wt%
Mo,Ti,C5/PI, 1.6 wt% Mo,Ti,C3/PI and 2.0 wt%
Mo,Ti,C5/PI composite films were prepared. The above
samples were named PI, MTPI-1~5, respectively.

2.4 | Friction and wear experiments
The friction and wear experiments were investigated on a
multi-function ball-on-disc tribometer (BOD, MS-M9000,
China). The tests were performed under dryly with
20 min, constant load of 3 N, rotational speed of
300 r/min, rotational radius of 3 mm. The steel balls with
a diameter of 4 mm used for the tribological experiments
were made of GCr15 bearing steel. The balls were washed
with anhydrous ethanol and dried before each experi-
ment. The samples were settled on a stainless-steel circu-
lar disc base for tribological experiments (Figure 2). To
acquire the mean COF and wear rate, three replicate
experiments were performed for each sample.

The wear rates were calculated by the equation:
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where W (mm?®/(m N)) indicates wear rate, V (mm?®) indi-
cates the volume of scratches that can be given by the 3D
white light interferometer, F (N) indicates the constant load
applied in the tests, and L (m) is whole sliding distance.

3 | RESULTS AND DISCUSSION

3.1 | Microstructure characterization of
Mo,Ti,C; MXene

In order to prove the successful preparation of Mo,Ti,Cj,
we performed SEM characterization of Mo,Ti,AlC; and

@® 4mm
7 Steelball

~ Film

~* Sample disk

S>

Rotating

FIGURE 2 Diagrammatic sketch of friction and wear tests.
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Mo,Ti,C;, and the consequences are exhibited in
Figure 3A,B. From Figure 3A, we can see that Mo,Ti,AlC;
has a close-packed layer morphology, and the interlamel-
lar spacing becomes larger after etching, showing a layer-
by-layer accordion morphology with different interlayer
distances. To obtain the lattice structure information of
Mo,Ti,C;, we carried out x-ray diffraction (XRD) charac-
terization of Mo,Ti,C;. The result of XRD test is exhibited
in Figure 3C. In the XRD pattern, the (002) characteristic
diffraction peak attributes to the typically characteristic
diffraction peak of Mo, Ti,C;."”

The surface chemical elemental states of the elemen-
tal Mo,Ti,C; were characterized by XPS. The XPS full
spectrum measurements of Mo,Ti,C; are shown in
Figure 3D. From it, we can see the existence of
elements C, O, Mo, and Ti on Mo,Ti,Cs. In addition, the
fine spectra of Ti 2p, Mo 3d of Mo,Ti,C; are exhibited in
Figure 3E,F. The fine spectrum of Ti 2p showed
in Figure 3E was deconvoluted into Ti-C 2p;, at
458.9 eV, Ti*" 2ps/, at 459.6 eV, Ti’" 2ps,, at 460.7 eV,
TiO, 2ps/, at 462.6 eV, Ti*" 2p;/, at 464.5 eV, Ti-C 2p,,,
at 464.9 eV, Ti*" 2p,, at 466.0 eV, TiO, 2p;, at 467.5 €V,
respectively.'® The XPS fine spectrum of Mo 3d (Figure 3F)
was deconvoluted into Mo-C at 228.0 eV, Mo*" 3ds), at
230.4 eV, Mo®" 3ds,, at 232.1 eV, Mo>" 3ds,, at 233.1 eV,
Mo®" 3ds, at 2353 eV, and Mo " 3ds;, at 236.2eV.**
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FIGURE 3 Scanning electron microscope images of (A) Mo,Ti,AlC; and (B) Mo,Ti,Cj3; x-ray diffraction (C) pattern of Mo,Ti,Cs; x-ray

photoelectron spectroscopy (D-F) profiles of Mo, Ti,Cs.
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FIGURE 4 Fourier transform infrared spectroscopy spectra of
PAA, PI and MTPI-1.
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FIGURE 5 DTG curves of single polyimide and MTPI-1~5.

Among them, Mo®" and Ti*" are the main oxidation states
of Mo and Ti in Mo,Ti,Cs.

3.2 | Structure and properties of
Mo,Ti,C;/PI composites

Fourier transform infrared spectroscopy (FT-IR) spectros-
copy was implemented so as to investigate the chemical
construction of PI as well as Mo,Ti,Cs/PI composites. The
FT-IR spectra of PAA, PI and MTPI-1 are displayed in
Figure 4. Observing the PAA spectrum, we can see that
the absorption bands at 1715 and 1551 cm ™' correspond to
the bending vibration of the —COOH functional group
and the stretching vibration of the —NH functional group,
respectively.'® For PI and MTPI-1, the above PAA charac-
teristic peaks disappeared, and the absorption peak at
1780 cm ™' corresponded to the stretching vibration of
symmetric C=O. The absorption peak at 725cm
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corresponded to the bending vibration of C=0 in the acyli-
mide ring, which was the characteristic peak of the acyli-
mide functional group, representing that PAA had been
successfully thermally iminated. Meanwhile, the C—N
stretching vibration at 1360 cm™ ! indicated that the polyi-
mide was successfully prepared.*

For the sake of investigating the effect of Mo,Ti,C;
MZXene on the thermal properties of PI, we performed
TGA tests of single PI and Mo,Ti,Cs/PI composites in N,
and the results of the tests are shown in Figure 5. There
is almost no weight loss of single PI and Mo,Ti,C5/PI
composites up to 500°C, which proves that the materials
have a better thermal stability and the addition of the
filler did not have any significant effect on the thermal
decomposition mechanism of the materials. From the
DTG data, the maximum decomposition temperature of
single PI is 585.5°C. With the addition of Mo,Ti,Cs, the
maximum decomposition temperature of Mo,Ti,Cs/PI
composites increased gradually. Among them, the maxi-
mum decomposition temperature of MTPI-4 was the
highest, which was 596°C. This is because the mixing of
Mo,Ti,C; with PI blocks the motion of the main chain
of PI molecules, increases the fracture energy of molecu-
lar chain relaxation, and increases the thermal decompo-
sition temperature.”’ At the same time, the unique
lamellar structure of Mo,Ti,C; facilitates heat transfer
and can avoid localized accumulation of heat. However,
when the content of M0,Ti,C; is too high, its dispersion
in the PI matrix becomes poor, leading to poor thermal
stability of the composite.*” In summary, the addition of
moderate amount of Mo,Ti,C; could evidently improve
the thermal properties of PI.

3.3 | Friction and wear properties of
Mo,Ti,C;/PI composites

The tribological performances of single PI and Mo,Ti,Cs/
PI composites with various Mo,Ti,C; contents were com-
paratively investigated under the conditions of the con-
stant load of 3 N and rotational speed of 300 r/min, and
results are displayed in Figure 6. Adding Mo,Ti,C; into PI
can significantly reduce the COF and the wear rate of sin-
gle PI, decreasing gradually as the content of Mo,Ti,Cs
increased. When the content of Mo,Ti,C; reached 1.2 wt%,
the COF and wear rate reached the lowest at 0.246 and
1.460, respectively. Thereafter the COF and wear rate of
the composites increased in the wake of the concentration
of Mo,Ti,C; continued to increase. The Mo,Ti,C; material
has good self-lubrication, and the partially exfoliated
flake layer is favorable to form a continuous transfer
film on the friction counterface during the sliding proce-
dure. However, if the content of Mo,Ti,C; is too high, it
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FIGURE 6 Tribological properties of Mo,Ti,Cz/PI samples (A) coefficient (COF) of single PI and MTPI-1~5; (B) variation of COF of

single PI and MTPI-1~5 with sliding time; (C) average wear rates of single PI and MTPI-1~5; (D) distance-depth curves of abrasion marks

for single PT and MTPI-1~5.

will be partially agglomerated, which increases the
hardness of the abrasive chips and worsens the tribolog-
ical performances.

Furthermore, the variation of COF of single PI and
Mo,Ti,C5/PI depending on sliding time is exhibited in
Figure 6B. During the beginning stage of the sliding pro-
cess, the distinct contact surface between the steel balls
and the composites was small, and the COF of single PI
and Mo,Ti,Cs/PI composites increased. Plastic deforma-
tion occurred because of shear stress. Especially, single PI
is susceptible to plastic deformation. As a result, its COF
rose rapidly at the initial stage.”® After the addition of
Mo,Ti,Cs, the plastic deformation of the sample while

sliding is decreased due to the reinforcing effect of
Mo,Ti,C; on PI, so that the increase of COF during the
initial stage of friction is reduced and the COF is more
stable. The tribological properties of the Mo,Ti,Cs/PI
composites prepared in this paper are superior, specifi-
cally, the COF and wear rate are lower than the data of
these samples in the recently published articles in this
field (Table 1). Therefore, Mo,Ti,C; can effectively
improve the tribological properties of PI and is a solid
lubricant with potential applications in polymer friction.
The transfer films and abrasive spots’ morphology on
the steel balls' surface as well as the morphology of the
abrasive marks on the wear surface were observed with a

85UBD17 SUOWILLOD BAIERID 3|qed![dde aup Aq peusenob o/ 3PN YO 138N JO SaIN Joj ARIqIT BUIIUO /8|1 UO (SUORIPUOD-PUE-SWLBILIOD" A3] 1M ARRIq1BUIIUO//SURL) SUORIPUOD PUB SWB L 8U3 885 *[7202/0/22] Uo ARIqIiauiiuo AB1M ‘ ADO TONHO3L 40 NOILNLILSNI ONICIZE Ad LT€82°2d/200T 0T/10p/u0d M| 1mAreiqjput|uo'suoea jgndadsy//Sdiy wo.y pepeojumoq ‘0 ‘695087ST



WANG ET AL.

TABLE 1 Comparison of the Refs
tribological properties of this paper with
other literatures. COF

Wear rate x10 >

(A) (B)

Abrasion spot

300 pm
52.721 pm
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0
150 pm
—
(G) -59.254 pm (H)
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0 -
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FIGURE 7
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This work
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White light interferometric fringing intensity map (A-C), (G-I) and 3D morphology (D-F), (J-L) of the surface of steel balls:

(A, D) single PI; (B, E): MTPI-1; (C, F): MTPI-2; (G, J): MTPI-3; (H, K): MTPI-4; (I, L): MTPI-5.

3D white light interferometry. As shown in Figures 7 and
8, single PI formed more abrasive chips adhering to the
surface of the steel ball while sliding, and there were
numerous grooves along the sliding direction on the steel
ball. The abrasion mark on the wear surface was deep and
have obvious grooves. This is due to the severe abrasive
wear between the abrasive chips generated by friction and
the softer PI substrate, resulting in the formation of deep

grooves. When a small amount of Mo,Ti,C; was added,
the tribological properties of the composites were slightly
improved, but the Mo,Ti,C; exposed to the wear surface
caused the wear spots on the friction surface to increase,
thus showing that the wear spots of MTPI-1 and MTPI-2
were larger than those of PI (Figure 7A-F). The tribologi-
cal properties of the samples were optimized when the
addition of Mo,Ti,C; reached the optimum value
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(Figure 7G,J). Once the addition of Mo,Ti,C; exceeds the
optimum value, the tribological properties of the compos-
ites decrease, which is manifested by the increase of the
abrasive spots (Figure 7H,LK,L). The experimental results
in Figure 6 correspond to the wear spot results in Figure 7.
In the wake of the increase of Mo,Ti,C; concentration, the
wear condition on the wear surface was alleviated and a
smoother transfer film gradually came into being. The
wear surface area was smooth, while the grooves became
shallow, and the wear form changed to slight abrasive
wear and adhesive wear.>° When the content of Mo,Ti,Cs
reached 1.2 wt%, a smooth and continuous transfer film
was formed on the steel ball, with the smallest area of

4147 pm

-5.447 pm

1.281 ym

-5.806 pm

abrasion spot and fewer abrasion chips. The abrasion
marks on the wear surface were the shallowest and nar-
rowest in width, which further proved that the composites
with the addition of 1.2 wt% Mo,Ti,C; had the best tribo-
logical properties. When the content of Mo,Ti,C; exceeded
1.2 wt%, the abrasion chips increased. The grooves on the
steel ball became more obvious. The samples produced a
large number of stripping and stuck to steel ball, and the
abrasion marks widen and the grooves became deeper.
This is due to the excessive Mo,Ti,C; in the PI matrix is
not easy to distribute uniformly,*’ prone to agglomeration.
As a consequence, the friction surface becomes rougher,
exacerbating the abrasive wear, so that the COF and the

©

5,048 pm

-5.866 pm

1.925 pm

-5.68 ym -4.;03 pm

FIGURE 8 White light interferometric fringing intensity map (A-C), (G-I) and 3D morphology (D-F), (J-L) of the abrasion marks:
(A, D) single PI; (B, E): MTPI-1; (C,F): MTPI-2; (G, J): MTPI-3; (H, K): MTPI-4; (I, L): MTPI-5.
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FIGURE 9 The x-ray photoelectron spectroscopy fine spectra of (A) C 1s (B) O 1s (C) Fe 2p of the transfer film formed by single PI and

(D) C 1s (E) O 1s (F) Fe 2p of the transfer film formed by MTPI-3.

wear rate rises. When the content of Mo,Ti,C; reached
2.0 wt%, microcracks came into being on the surface of the
abrasion marks (Figure S2f), illustrating that at this time
the form of wear was dominated by abrasive grain wear
and fatigue wear.

3.4 | Tribological mechanism analysis of
Mo, Ti,C;/PI composites

So as to better illustrate the wear mechanism, use XPS to
characterize the transfer films formulated on the steel
balls by single PI and MTPI-3 after friction wear experi-
ments. The results are demonstrated in Figure 9.
Figure 9A-C show the C, O, and Fe elemental fine spec-
tra of the transfer film formed by single PI. In the C 1s
fine spectrum, the peaks at 284.4, 285.8, 286.6, and
288.3 eV correspond to C—C, C—N, C—O, and C=0,*
which proves that the PI was successfully passed on to
the steel ball to generate a transfer film. In the O 1s fine
spectrum peaks at 530.0 and 531.2 eV correspond to
Fe;0, and Fe,03, respectively, which proves that an oxi-
dation reaction occurred during the friction process, con-
tributing to the generation of iron oxides on the steel
balls, and the peaks at 724.3 and 710.6 eV in the Fe 2p

fine spectrum further proves the generation of iron
oxides.*® The peaks at 532.3 eV in the fine spectrum of
O1ls and 713.2 eV in the Fe 2p fine spectrum, on the other
hand, corresponded to the metal chelate Fe(CO),. The
metal chelates have thermodynamic and thermal stabiliz-
ing properties, which can promote the stabilization of the
transfer film and ameliorate the tribological properties.**
In addition, peaks belonging to Fe(OH)O were also
found.

Figure 9A,E-G show the XPS full spectrum and C,
O, and Fe elemental fine spectra of the transfer film
formed by MTPI-3. From the O 1s and Fe 2p fine spec-
tra, we can find that the peak intensities belonging to
Fe,O; and Fe;0, are lower after the addition of
Mo,Ti,C3, which proves that the addition of Mo,Ti,C;
helps to reduce the oxidation of the friction surface.
Meanwhile, the peak intensity of Fe(CO), chelate is
enhanced, which proves that the content of stable metal
chelates in the transfer film is increased by the addition
of Mo,Ti,Cs, which promotes the generation of continu-
ous and stable transfer film. In addition, in the O 1s fine
spectrum, the peak at 530.1 eV proves the generation of
MoOy, which has better self-lubricating ability, and its
generation can better improve the tribological perfor-
mances of the composites.
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On account of the above results and analysis, the
reinforcement mechanism of Mo,Ti,C; on the tribolog-
ical performances of is displayed schematically in
Figure 10.

Figure 10A displays the wear mechanism of single
PI. Single PI generates a large amount of abrasion chips
when it receives shear stress and frictional heat. Then the
abrasion chips transfer to the steel ball to produce a
rough transfer film with many interruptions and gaps.
After adding Mo,Ti,Cj;, as shown in Figure 10B, the flake
layer of Mo,Ti,C5 is peeled off under the impact of shear
stress and assists the PI matrix to generate a consecutive
and glazed transfer film on the steel ball. This transfer
film provides a smoother friction counterface, and the
existence of MoOj offers good self-lubricating properties.
Therefore, the COF and the wear rate are reduced com-
pared to single PIL. In addition, under the influence of dry
friction conditions, without the presence of a lubricating
medium, the friction heat is difficult to dissipate. This
makes the material more susceptible to heat and deterio-
ration.>® After the addition of Mo,Ti,Cs, the thermal sta-
bility number of PI is less affected by frictional heat
during friction, which is aussichtsreich to the improve-
ment of the tribological behaviors of the materials.

4 | CONCLUSION

In this work, single PI film was synthesized using ODA
and BPDA, and a sequence of Mo,Ti,Cs/PI nanocompo-
site films were prepared by adjusting the additive amount
of Mo,Ti,C; in the PI matrix. The tribological perfor-
mances of single PI and Mo,Ti,Cs/PI composites were
tested. The test results indicate that when the addition of
Mo,Ti,C; was 1.2 wt%, the composites had the best tribo-
logical behaviors, and the COF and wear rate of the

FIGURE 10
sketch of the wear mechanism of
(A) single PI and (B) Mo,Ti,Cs/PI
composites.

Diagrammatic

composites were cut down by 19.9% and 79.7% compared
with single PI. This was due to the fact that the layered
material Mo,Ti,C; MXene could assist the PI polymer to
generate a smooth and consecutive transfer film on the
steel ball. The transfer film has good self-lubricating
properties, leading to preferable tribological behaviors of
the material. This study demonstrates the excellent fric-
tion and wear resistance of Mo, Ti,C3/PI nanocomposites,
which broadens the adhibition field of PI composites and
provides a reference for the application of two-
dimensional layered material Mo,Ti,C; MXene as a solid
lubricant.
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