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Highly lubricating and wear-resistant Ti;C,T,@SiO,/PI
composites based on the action of transfer film at the
friction surface
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Technology, Beijing, China Polyimide (PI) is a special engineering plastic, widely involved in mechanical
components, instruments, and petrochemicals. However, single PI material is
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Email: chaicp@bit.edu.cn resistance and lubrication properties of PI by intercalating SiO, into the inter-

layer of Ti;C,T, sheets. Ti;C,T,@SiO,/PI composites were fabricated in two
steps to test the tribological performances. SiO, particles change the form of
interfacial friction from sliding to rolling, thus relieving direct friction between
material and steel ball. So, the composites have a minimum COF (COF = 0.33)
when the content of Ti;C,T,@SiO, is 0.80 wt%. Moreover, the average value of
wear rate was 0.24 x 10> mm’/(N-m) when Ti;C,T,@SiO, content was
1.60 wt%, which was 91.0% lower compared to the PI matrix. During the friction
process, the abrasive chips of the material migrate to the surface of the steel ball
to form a transfer film, which protects the material and thus reduces the wear
rate. Therefore, the hybrids Ti;C,T,@SiO, are effective and important wear-
resistant agents and solid lubricants to improve the wear resistance and lubricity
of PI or other polymer materials.

Highlights

» Si0O, insert Ti;C,Ty is a key factor in changing sliding friction into rolling
friction, effectively reducing the COF.

« The average wear rate was 91.0% lower than that of the polyimide matrix
when Ti;C,T,@SiO, content was 1.60 wt%.

o The minimum COF of Ti;C,T,@SiO,/PI composites reached 0.33 when the
content of Ti;C,T,@SiO, was 0.80 wt%.

« The transfer film effectively reduces further wear of the material during
friction.
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1 | INTRODUCTION

Polyimide (PI) is a commonly used engineering polymer
material with low-temperature resistance, and excellent
mechanical properties, widely involved in microelectron-
ics, polymer coatings, aerospace, protective coatings for
mechanical components, etc."? However, when polyi-
mide is subjected to friction and wear, its properties
deteriorate, making it difficult to meet the needs of the
application.” The main strategy that has been reported
to improve the friction properties of polyimide materials
is to fill the polyimide matrix with wear-resistant rein-
forcement materials.*> Common wear-resistant reinfor-
cing materials include granules, rods, lamellae, and
hybrids between them.® Lamellar reinforcements can
provide lubricity to the polymer matrix through weak
van der Waals forces between the layers. Common
lamellar reinforcements include MoS,, BN, graphene,
MXene, etc.”® Especially, MXene is a 2D reinforcing
material with abundant functional groups on the sur-
face, which can interact well with other molecules
through surface chemical modification.”'® MXene mate-
rials can be added to the polymer matrix to effectively
improve the thermal and mechanical properties of the
matrix, especially the tribological properties. Zhang
et al.'' filled Ti;C,T, into ultrahigh molecular weight
polyethylene (UHMWPE) to explore the mechanical per-
formance of UHMWPE. It was found that Ti;C,T, could
act as a nucleation site to improve the crystallinity and
surface hardness of UHMWPE. Du et al.'* composited
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MZXene with epoxy resin (EP) to investigate the friction
performance of the samples, and the study revealed that
MZXene effectively enhanced the tribological properties
of epoxy resin. Specifically, the COF of the composite
containing 70 wt% MXene was 0.39 and the average
wear rate was 4.57 x 10°* mm’/(N-m). 0D particle
intercalation is an effective way to reduce the COF of
2D materials.'® The particles can make 2D-layered mate-
rials with increased spacing making the layers easy to
peel, which will improve the lubrication characteristics
of the 2D material.*

SiO, particles with nanosphere structure are a typical
0D reinforcing material in the field of modified polymer
tribological properties.'” During the friction process, SiO,
particles can act as rolling bearings, changing the type of
friction of the polymer material from sliding friction to
rolling friction, thus reducing the friction of the material.
In addition, SiO, can also carry and transfer frictional
stresses transferred from the polymer, thereby reducing
the wear of the polymer material.'®'” Zhang et al."® filled
SiO, into the PI matrix and found that the composite
with a modified SiO, content of 10.0 wt% had superior
wear resistance, with a 71.0% reduction in wear rate com-
pared to PI. Therefore, the effect of hybrids made by
depositing SiO, on Ti;C,T, nanosheets and interlayer
deposition on the tribological properties of PI is a worth-
while investigation.

In this work, SiO, was innovatively intercalated in
situ between the Ti;C,T, sheet layers to act as a rolling
axis, which will allow the relative sliding of the Ti;C,T,
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FIGURE 1

The process of preparing Ti;C,T,@SiO,/PI composites.
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Chemical structure and component of Ti;C,T, and Ti;C,T,@SiO,. (A) XRD image of samples. (B) FT-IR spectrum of

samples (C) Raman analysis of samples. (D) XPS full spectrum of Ti;C,T,@SiO, sample.

sheet layers under frictional stress to be transformed into
rolling, thereby increasing the lubrication. Therefore,
Ti;C,T,@SiO,/PI composites were prepared by filling
Ti;C,T,@SiO, hybrids into the PI matrix. The effect of
Ti;C,T,@SiO; on the thermal and tribological properties
of polyimide substrates was analyzed in terms of friction
surface chemistry. Moreover, the mechanism of the trans-
fer film on the wear resistance and lubrication perfor-
mance of the composites was also explored.

2 | EXPERIMENTAL SECTION

2.1 | Materials

TizAlC, was obtained from Jilin Eleven Technology Co., HF
(AR) and Homophthalic dianhydride (PMDA, AR) were
purchased from Shanghai Aladdin Materials, Co. Acetic

acid (AR) and 4,4-oxydianiline (ODA, AR) were supplied
by Shanghai Maclean Materials, Co. Tetraethyl orthosilicate
(TEOS, AR) and ammonia (NH;s-H,0, 25%-27%) were pur-
chased from Anhui Zesheng Technology Co. Anhydrous
ethanol (EtOH, AR) was obtained from Beijing Tongguang
Fine Chemical Company.

2.2 | Preparation of Ti;C,T,@SiO,

The preparation details of Ti;C,T, are shown in
Supporting Information.’® Based on the method in the
literature,® Ti;C,T,@SiO, was prepared as follows:
TisC,T, powder (0.20 g) was ultrasonically dispersed in a
mixture of anhydrous ethanol (130 mL) and deionized
water (25 mL). The above mixture was magnetically stir-
red in a flask and NH;-H,O (6 mL) was added dropwise
until the pH of the solution was up to 10. TEOS (2 g) was
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dissolved in anhydrous ethanol (20 mL) and the TEOS
solution was added dropwise to the Ti;C,T, dispersion
with a dropwise acceleration of 1 drop/s. After the drop-
wise addition was completed, the temperature was raised
to 35°C and the reaction was carried out for 4 h under
magnetic stirring. When the reaction was finished, the
above mixture was centrifuged several times and
removed NH;-H,O and other by-products. Eventually,
the sediment was dried under 60°C to capture the hybrids
TizC,T,@Si0,.

2.3 | Fabrication of Ti;C,T,@SiO,/PI
composite film

The composite film was fabricated as follows: In the first
step, PAA was prepared, and the process is shown in
Supporting Information. In the second step, TisC,T,@SiO,

was dispersed by N,N-dimethylacetamide and mixed with
the prepared PAA (8 g) at room temperature. The mixture
was stirred for 0.5 h and uniformly coated to 304 steel and
dried for 4 h. The above samples were heated in a tube
furnace to implement thermal iminization. (The tempera-
ture was 100°C, 150°C, 200°C, 250°C, 300°C and 350°C,
2°C/min.) The preparation procedure of Ti;C,T,@SiO,/PI
is displayed in Figure 1. The name of Ti;C,T,@SiO,/PI
samples is in Table S1.

2.4 | Characterization and measurement
X-ray diffraction (XRD) patterns were recorded with a D8
Advance diffractometer. The target material used was Cu
and at a scanning speed of 10°/min. Ti;C,T,@SiO, and
transfer film were characterized with Thermo ESCALAB
250XI x-ray photoelectron spectroscopy (XPS) and
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FIGURE 3 Elemental analysis of TizC,T,@SiO,. (A) Cls, (B) O1s, (C) Si2p, and (D) Ti2p.
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LabRAM HR evolution Raman spectroscopy (the excitation
wavelength was 633 nm.). Morphology and microstructures
were observed with a Gemini 300 scanning electron micro-
scope (SEM) and JEM-2100plus high-resolution transmis-
sion electron microscope (HRTEM). Atomic force
microscope (AFM) analysis of composite surface morphol-
ogy using Bruker's Dimension XR model. FT-IR test was
obtained from a NICOLET IS10 Fourier transform infrared
spectrometer (Nicolet, USA). Thermogravimetric analysis
(TGA) of Ti;C,T@SiO,/PI composites was collected by
Shimadzu thermomechanical analysis system (The heating
interval was 50-800°C, the heating rate was 10°C/min, N,
atmoball). The COF and wear rate of the samples were
tested by the friction and wear tester model MS-M9000
(Lanzhou, China). Friction experiments were conducted at
room temperature using a 4 mm diameter bearing steel
(GCr15) ball as the upper counterpart ball, a cured PI com-
posite as surface film, and a steel (304) disc as the underly-
ing counter-facing plate. The rotating speed is 300 r/min,
and the rotating radius is 3 mm. The normal load is 5N,
and the experimental duration is 30 min.

3 | RESULTS AND DISCUSSION

3.1 | Structural analysis of hybrids
Ti;C, T, @SiO,

The phase composition of hybrids was studied by x-ray
diffraction and Raman spectroscopy. The intercalation of
SiO, between the Ti;C,T, lamellae results in a shift of the

(002) diffraction peak to a lower angle with a decrease of
26 (from 9.69° to 7.17°), which indicates the expansion of
the layer spacing of Ti;C,T,. Meanwhile, diffraction
peaks of amorphous SiO, appeared near 20 ~ 23°, indi-
cating that SiO, was successfully loaded on the Ti;C,T,
lamellae (Figure 2A).*" The FT-IR spectra show that four
characteristic peaks about SiO, appear in the curve of
Ti;C,T,@SiO, compared to Ti;C,T, (Figure 2B). Specifi-
cally, the asymmetric telescopic and bending vibrations
of Si—O—Si appear at 1093 and 472 cm ™", respectively. A
characteristic peak of Si—OH at 947cm ' and the
stretching vibration of the Si—O bond at 797 cm™ .
Therefore, the FT-IR spectra can also prove the successful
loading of SiO, on TizC,T, nanosheets.”

The extent of defects in carbon materials can usually
be reflected from Raman spectroscopy (Figure 2C). The D
peak (1360 cm™') is due to the sp’ hybridization of
graphene-like six-membered ring carbon atoms and
represents defects, voids, and disorder in the carbon mate-
rial. The G peak (1580 cm ') is associated with the sp”
hybridization of carbon atoms in graphene-like. The ratio
In/Is is used to express the degree of graphitization of car-
bon materials, where an increase in the ratio represents
an increase in defects and disorder.?*** The I/I; value of
Ti;C,T, modified by SiO, increased from 0.72 to 0.92, indi-
cating an increase in the degree of defects in the hybrids
and a decrease in the percentage of ordered crystal struc-
ture, confirming the successful modification of Ti;C,T,.

The Ti;C,T,@SiO, hybrids were further analyzed by
XPS to reveal the chemical composition. Compared to
the full XPS spectrum of Ti;C,T, (Figure S1), the full

FIGURE 4 The SEM images of (A) Ti;C,T, and (B), (C) Ti;C,T,@SiO,. (D) EDS element mapping image of Ti;C,T,@SiO,. (E) TEM

image and (F) HRTEM image of Ti;C,T,@SiO,.
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spectrum (Figure 2D) and the fine spectrum (Figure 3C)
of Ti;C,T,@SiO, show characteristic peaks of elemental
Si, which is attributed to the fact that the SiO, produced
by the hydrolysis of TEOS has adhered to the Ti;C,T,
lamellae. The generation of C—Si bonds (Figure 3A). is
mainly as a result of the interaction between Ti;C,T, and
SiO, nanoparticles, the chemical bonding results in the
solid “anchoring” of SiO, on the surface of Ti;C,T, or in
the interlayers.”> Additionally, the three characteristic
peaks appear at 101.8 eV, 102.9 eV, and 103.5 eV corre-
spond to SiC, SiO; s, and SiO,, and the strong peak at
103.5 eV confirms the successful preparation of nano-
SiO,. SiO,s corresponds to the formation of Si-O-Ti
bonds (Figure 3B,C), which is due to the condensation
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reaction between SiO, and hydroxyl groups on the
surface of Ti;C,T, during the sol-gelation process. The
Ti2p narrow spectrum in Figure 3D can be divided
into Ti"2p,; (454.7 €V), Tit2p,,, (460.3 eV), Ti*"2p,/3
(455.7€V), Ti*"2p;, (461.4eV), Ti*'2p;, (457.2 V),
Ti**2p,,» (462.9 €V), Ti**2p,/, (458.5 eV), and Ti**2p,,,
(464.7 eV) due to energy level splitting. The peaks of Ti-O
bonds are shown at 460.3 and 464.7 eV, and the Ti—C
bonds correspond to 462.9 eV.*°

Figure 4A shows an accordion-shaped multilayer
TizC,T,. After sol-gel hybridization, SiO, nanoparticles are
loaded on the surface of Ti;C,T,, and some SiO, is interca-
lated between the TisC,T, layers (Figure 4B,C). SiO,
enlarges the layer spacing, which conforms with the XRD
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FIGURE 5 Chemical structure and surface morphology of samples. (A) XRD analysis of composite samples. (B) FT-IR of composite
samples. (C) surface of polyimide. (D-H) the surface of composite samples.
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patterns. The EDS images reflect the elemental distribution
of Ti;C,T,@SiO,, indicating the loading of SiO, on the
Ti;C,T, surface (Figure 4D). SiO, nanoparticles grow on
the surface of TizC,T, and between layers. The SiO, nano-
particles outside the lamellae have a larger particle size,
and the particles formed between the layers are smaller.
After intercalation, the lattice spacing of Ti;C,T, enlarged
to about 1.210 nm, corresponding to the (002) crystalline
surface, resulting in the enlarged layer spacing of Ti;C,T.

3.2 | Friction properties

The composite samples were fabricated through the
mixture of PAA and Ti;C,T,@SiO,. Polyimide and
Ti;C,T,@SiO,/PI samples demonstrate characteristic
peaks at 20 =~ 22°, which is attributed to the amorphous
structure of polyimide (Figure 5A). The diffraction peaks
of SiO, and PI partially overlap and broaden, and a weak
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diffraction peak appears near 26 ~ 7.17°, indicating that
the PI matrix contains Ti;C,T,@SiO,. The chemical
structure of polyimide and Ti;C,T,@SiO,/PI samples
were tested by FT-IR (Figure 5B), which demonstrated
the successful preparation of composite samples.”’ The
Ti;C,T,@SiO,/PI composites have highly similar charac-
teristic peaks with PI, indicating the introduction of
Ti;C,T,@SiO, has a slight effect on thermal imidization.
As shown in Figure 5C-H, the surface of polyimide is
smooth. The hybrids create recessed or protruding struc-
tures on the surface of the composites, resulting in
increased roughness. Specifically, the value of Ra reached
6.300 nm when Ti;C,T,@SiO, reached 2.00 wt% in
Ti;C,T,@SiO,/PI composites. In addition, the hybrid
Ti;C,T,@SiO, gives the material better thermal stability
(Figure S2a,b).

The value of COF and wear rate are key indicators of
a material's tribological properties. Low wear rates
increase material life, and small COFs provide lubricating
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Friction properties of composite samples. (A) COF. (B) average value of COF. (C) abrasion depth. (D) wear rate.
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properties. Frictional heat also causes bonding of the poly-
mer and thus deteriorates the lubrication properties.
TizC,T,@SiO, effectively minimized the COF and wear
rate. According to Figure 6, the COF decreased and then
increased with the increase of the hybrid content in the
composites. When Ti;C,T,@SiO, content was 0.80 wt%, the
composites had the lowest average COF (0.33), which was
13.2% lower than the polyimide (Figure 6A,B). Similarly,
the wear rate also shows a tendency to increase and then
decrease with the addition of Ti;C,T,@SiO,. Moreover, the
average wear rate was 0.24 x 107° mm3/(N-m) when
Ti;C,T,@SiO, content was 1.60 wt%, which was 91.0%
lower than polyimide (Figure 6C,D). This may be due to
the fact that Ti;C,T,@SiO, can perform their lubricating
and wear-resistant function better when their content is
low, but once the optimal amount is exceeded, it will cause
abrasive wear on the surface of the material, which is
instead detrimental to the friction performance of the mate-
rial. Overall, the superior friction reduction and anti-wear
performance are owing to the function of Ti;C,T,@SiO,. In
detail, the interlayer sliding of the Ti;C,T,@SiO, contrib-
utes to the lubricity of the composites. On the other hand,
the presence of lamellar Ti;C,T, and SiO, further protects
the polymer matrix from severe wear and tear. Moreover,
the interface of composites also promotes stress transfer
from the PI matrix to the Ti;C,T,@SiO,, which avoids
stress concentration.”* >

The abrasion of polyimide and composite samples
were photographed using SEM. The abrasions of polyi-
mide are wider and show deeper grooves (Figure 7A).

Light groove

Ti;C,T, can narrow the abrasion marks of PI
(Figure 7B-F). However, once the Ti;C,T,@SiO, addition
exceeds 0.80 wt%, the roughness of the wear interface
increases. This is because the excess Ti;C,T,@SiO, is
exposed to the friction interface, which increases the
roughness of the contact interface. Therefore, the
increased roughness at the friction interface is a result of
TizC,T,@SiO, wear.

3.3 | Friction mechanism

During the friction process, the abraded material will trans-
fer to the friction pair and form a transfer film. The topog-
raphy of transfer film has a prominent influence on the
friction performance of composites. To explore the friction
reduction mechanism of Ti;C,T,@SiO, on PI substrate, the
topography and elemental distribution were characterized
by SEM (Figure 8A,B). From the EDS results, the Ti and Si
elements originating from Ti;C,T,@SiO, are attached to
the ball, indicating that the Ti;C,T,@SiO, transferred to
the ball.

The ingredients of the transfer film were analyzed to
explain the mechanism of friction reduction and anti-
wear from the perspective of friction chemistry. There-
fore, we used XPS and Raman spectra to analyze the
transfer film. Figure S3 mainly shows the C, N, O, Ti,
and Si elements of the transfer film. Elements Ti and Si
are derived from Ti;C,T,@SiO,. Figure 9A indicates a
transfer of the composites to the steel ball under

Groove i=»

FIGURE 7 Abrasion scar morphology of the Ti;C,T,@SiO,/PI composites: (A) PI; (B) MS1/PL; (C) MS2/PI; (D) MS3/PI; (E) MS4/PI;

and (F) MS5/PL.
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FIGURE 8

frictional stress and frictional heat. The binding energies
at 530.3 and 531.4 eV in Figure 9B, correspond to those
at 710.6 and 725.2 eV in Figure 9D, representing the for-
mation of the metal oxides Fe;0, and Fe,Os. This result
suggests that oxidative reactions were induced to take
place at high temperatures during friction. The peaks of
Ti—O bonds are shown at 460.3 and 464.7 eV indicating
that MXene is oxidized during friction. The narrow spec-
tral peak shapes of Ti2p in the transfer film are similar to
those of Ti;C,T,@SiO,, which may be attributed to the
dehydration-condensation reaction of hydroxyl groups on
the surface of Tiz;C,T, with TEOS during friction
(Figure 9C). SiO, is attached to the TisC,T, functional
groups, which mitigates the oxidation of Ti;C,T, to a cer-
tain extent. In addition, the signals of metal oxide
Fe(CO), appear at 531.9 eV and 532.2 eV in the O1s nar-
row spectrum and 712.7 eV in the Fe2p narrow spectrum,

SEM image of TizC,T,@SiO,/PI composites friction spot and the EDS images: (A) transfer film; (B) partial enlargement.

which is due to the chelating reaction between the
Ti;C,T,@SiO,/PI composites and ball under friction. The
narrow spectra of Si 2p can also indicate that the transfer
film contains SiO, (Figure 9E). Raman spectra show that
the value of D/G of Ti;C,T,@SiO, is 0.92, while the value
of the D/G of the transfer film reaches 1.02 (Figure 9F).
This increased ratio indicates a shift in the carbon compo-
sition of the transfer film towards an amorphous graphite
structure and an increase in the degree of Ti;C,T,@SiO,
defects. The alternating ball-sheet structure of Ti;C,T,@-
SiO, has good stress-carrying capacity and lubricity, which
provides a good friction and wear reduction effect.

The principle of Ti;C,T,@SiO, improving friction
performance of polyimide was shown in (Figure 10). Dur-
ing the friction, the composites peeled and tore under
shear and friction stresses, generating lots of grinding
debris. These abrasive debris containing TizC,T,@SiO,
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FIGURE 9 Analysis of transfer film (A-E) XPS narrow spectra of transfer film and (F) Raman analysis.
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FIGURE 10 The mechanism of tribological property enhancement of PI by Ti;C,T,@SiO,.

hybrids, PI, Ti3C,T,, SiO,, TiO,, Fe,03, and Fe;0,, adhere
to the steel ball and create a transfer film. This transfer
film separates the polymer matrix from the steel ball,
effectively reducing the level of wear on the matrix. Specif-
ically, frictional stress transfers along the PI matrix to
SiO,, and the energy transferred to SiO, propagates along
the chemical bonds to the Ti;C,T, nanosheets. Ti;C,T, is

stripped under stress, creating more energy dissipation
paths and thus reducing the wear of the composites. The
lamellae are peeled off easily because of the interpolated
SiO, between Ti;C,T, lamellae. Spherical SiO, changes
the form of interfacial friction from sliding to rolling, thus
relieving direct friction between the material and the steel
ball and reducing the COF.*' Moreover, unbonded SiO,
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spheres can also transfer or dissipate frictional stress by
sliding on Ti;C,T, nanosheets. Therefore, Ti;C,T,@SiO,
effectively improves the lubricating properties of PI.

4 | CONCLUSIONS

In this study, Ti;C,T,@SiO, hybrids were prepared by
sol-gel method, and it was added into the PAA to fabri-
cate Ti;C,T,@SiO,/PI samples with a method of thermal
iminization. The intercalation of SiO, spheres between
Ti;C,T, sheets increases the layer spacing of TizC,T,,
which facilitates the exfoliation of the Ti;C,T, sheets,
thus improving the lubrication performance of the com-
posites. In addition, the lowest COF of the composites is
0.33 when the content of Ti;C,T,@SiO, reaches 0.8 wt%.
The Ti;C,T,@SiO, hybrids can also significantly improve
the thermal stability and wear resistance of PI. The wear
rate was 91.0% lower than that of PI when the content of
Ti;C,T,@Si0, was 1.60 wt%. The unique structure
of Ti;C, T, @Si0; facilitates the propagation and diffusion
of sliding stresses from the PI matrix to the hybrids dur-
ing friction. The hybrids, together with the PI matrix,
tend to transfer to the surface of the steel ball to form a
transfer film, which is an important factor in reducing
the wear rate of the material. Therefore, the prepared
Ti;C,T,@SiO, hybrids are effective solid lubricants and
wear-resistant agents, which are potentially valuable for
research in the field of improving the wear-resistant and
lubricating properties of polymer materials.
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