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Abstract

To address the challenges of regulating micropore properties and improving the tribological
performance of porous polyimide (PPI), PPI/PTFE composites were fabricated via cold
pressing–sintering. The effects of PTFE content on porosity, oil absorption/retention, and
tribological behavior were systematically studied. Results show that PTFE addition signifi-
cantly reduced porosity—by 1.8% to 7.9% as PTFE increased from 5 wt% to 30 wt%—while
markedly enhancing dry friction performance. The friction coefficient decreased from 0.22
to 0.06 with 30 wt% PTFE, with optimal performance at 20 wt% (friction coefficient: 0.068;
wear rate: 1.5 × 10−6 mm3/N·m). Oil-impregnated samples exhibited further improved
tribological properties (friction coefficient ≈ 0.047), attributed to lubricant release forming
a protective oil film. Although PTFE promotes lubricant release, it increases wear at higher
contents. A PTFE content of 0–10% balances porosity control and tribological performance.

Keywords: PPI; PTFE; micropore properties; friction and wear

1. Introduction
Porous polymers are advanced materials with abundant porous structures in their

frameworks. They exhibit advantages such as light weight, corrosion resistance, excellent
self-lubricating performance, and continuous oil supply, making them ideal for high-
precision, long-life space bearing cage materials [1–3]. Commonly porous polymer cage
materials include porous nylon [4], porous phenolic laminated fabric tubes [5–7], porous
polyimide (PPI) [8,9], and porous polyetheretherketone [10].

Among these materials, polyimide (PI) has been widely used in space bearing cages
or oil reservoirs owing to its excellent mechanical properties, high- and low-temperature
resistance, and radiation resistance [11–14]. However, with the rapid development of space
technology, increasing stringent requirements have been imposed on the lubrication perfor-
mance and service life of bearings. Consequently, extensive research has been focused on
the tribological and lubrication characteristics of PI cage materials. Qiu et al. demonstrated
that PI can form a continuous ‘ink-bottle’ porous structure, which can release lubricating
oil to form a stable oil film, thereby reducing friction [15]. Xu et al. studied the effects of
porosity on the mechanical and oil-containing tribological properties of PI, revealing that
while increased porosity reduces the friction coefficient, it also compromises mechanical
properties [16]. Ye et al. adjusted the surface pore size of PI using laser scanning technology
and found that smaller pores contribute to a lower friction coefficient. Their study also in-
dicated that under oil-containing conditions, the friction interface operates in the boundary
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lubrication regime [17]. Sun et al. impregnated PPI with four types of space lubricants and
investigated their tribological performance under different working conditions. They found
that oil-containing PPI exhibits the best compatibility with 4123 lubricant and excellent
self-lubricating ability [18].

To further improve friction–wear performance, modified materials are often added
to enhance the properties of PPI. For example, Zhou et al. prepared carbon nanotube-
containing PPI and found that carbon nanotubes can adhere to the surface of PI particles,
contributing to increased porosity and surface adsorption capacity [19]. Zhang et al. selec-
tively improved the oil-containing rate and retention rate of PPI for silicone oil through
direct chemical modification [20]. Polytetrafluoroethylene (PTFE), a self-lubricating mate-
rial with excellent lubrication performance, has also been used as a modifier additive for
PI materials. For instance, Samyn et al. studied the friction and wear properties of carbon
fiber-reinforced thermoplastic PI filled with PTFE, noting that the layered structure of PTFE
and the low shear resistance of its parallel planes effectively reduce the friction coefficient
of the composite [21]. Wang et al. fabricated PPI/PTFE cage materials with varying PTFE
contents and demonstrated that although PTFE incorporation reduces ring tensile strength,
it contributes to lower friction, offering valuable insights for bearing material selection [22].
Jiang et al. developed a rolling-sliding friction test to evaluate the tribological behavior of
PTFE-modified porous oil-containing PI. Their results indicated that black wear debris gen-
erated in this mode leads to more severe wear, while PTFE itself does not undergo chemical
changes during friction [23]. Despite evidence supporting the beneficial role of PTFE in
enhancing the tribological performance of PPI, research on the lubrication mechanisms and
comprehensive tribological properties of PTFE-modified porous oil-containing PI remains
limited. This gap hinders the development of long-life PPI cages and porous oil-containing
bearings for aerospace applications.

Therefore, this study fabricates PTFE-filled PPI composites with the aim of investigat-
ing their properties to elucidate control strategies for the microporous structure of PPI and
optimize its friction and wear performance. The findings are expected to provide valuable
insights and guidance for the lubrication design of PPI-based bearing cages.

2. Experiments
2.1. Preparation of PPI/PTFE

As shown in Figure 1, PI was used as the matrix, with 0%, 5%, 10%, 15%, 20%, and
30% PTFE added, respectively. In order to mix PTFE and PPI powders evenly, a high-speed
tissue mixer was used. The PPI/PTFE materials were prepared via cold pressing and
vacuum sintering. The PI molding powder was an ether-anhydride type polyimide with a
glass transition temperature of 266 ◦C, a particle size of 15 µm, and a width of 14. PTFE
was purchased from Daikin, Osaka, Japan.

2.2. Preparation of Oil-Containing PPI/PTFE (OCPPI/PTFE)

The prepared PPI/PTFE materials were cleaned and then immersed in lubricating oil
under vacuum conditions to fill the internal pores with oil, as shown in Figure 1 [24]. The lu-
bricating oil was poly-α-olefin (PAO) with the grade 4129, and a viscosity of 59.5/9.48 mm2

(40/100 ◦C), purchased from Sinopec Lubricant Co., Ltd. (Beijing, China) The samples
were weighed using an analytical balance before and after oil immersion, and the mass
difference was taken the mass of stored lubricating oil.
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Figure 1. Schematic diagram of the experimental process.

2.3. Materials Characterizations

An Auto Pore IV 9500 mercury intrusion porosimeter (Norcross, GA, USA) was used
to test the porosity and pore diameter according to GB/T 21650.1-2008 [25]. A Zeiss EVO-18
scanning electron microscope (SEM) (Oberkochen, Germany) was used to analyze the
porous structure. The composition of the porous structure was analyzed using an X-MAXN

X-ray energy dispersive spectrometer (Oxford, UK). A DataPhysics OCA 20 contact angle
goniometer (Stuttgart, Germany) was used to measure the contact angle of PAO on PPI
materials. A Thermo Fisher-ESCALAB 250Xi (Waltham, MA, USA) was utilized for XPS
characterization of friction transfer components. The excitation source is monochromatic
Al Kα rays (E = 1486.68 eV, voltage 15.1 kV), and the vacuum degree of the sample chamber
is maintained below 1 × 10−9 mBar. The test is divided into two steps: (1) full spectrum
scanning (Binding Energy: conduction energy of 100 eV, step size of 1 eV, scan once),
qualitative analysis of element composition; (2) Perform high-resolution scanning on the C
1s characteristic peak (with a conduction energy of 20 eV, a step size of 0.05 eV, and 5 scans
accumulated). A LSM 7000 laser confocal microscope (Oberkochen, Germany) was used to
characterize the wear scar morphology.

Table 1 shows the micropore properties and oil-containing rates of the prepared
OCPPI/PTFE. After adding 5%, 10%, 15%, 20%, and 30% PTFE, the porosity decreased by
1.8%, 2.3%, 4.4%, 5.4%, and 7.9%, respectively, while the pore size and oil-containing rate
also decreased.

Table 1. Micropore properties and oil-containing rates of OCPPI/PTFE.

PTFE/wt% 0% 5% 10% 15% 20% 30%

Porosity/% 25.1 23.3 22.8 20.7 19.7 17.2
Pore diameter/µm 1.92 1.56 1.39 1.33 1.26 1.14

oil-containing rate/% 21.3 19.3 17.0 15.4 14.0 10.2

2.4. Tribological Performances

As shown in Figure 2, a MFT 3000 (RTEC) friction tester (San Joze, CA, USA) was
used to evaluate the tribological performance of the composites. The bottom sample was a
PPI/PTFE composite with a diameter of 20 mm, and a bearing steel ball (GCr15) with a
diameter of 4 mm was used for ball-on-disk reciprocating friction against the composite.
The test conditions were: load 20 N, reciprocating frequency 20 Hz, and reciprocating
stroke 5 mm. All friction tests were conducted under atmospheric conditions for 60 min,
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with 3 repetitions per group. The friction coefficient was the average of the instantaneous
friction coefficients from the 3 groups. After each test, a CFT-I material surface performance
tester was used to measure the wear volume (∆V) of the composite. The wear rate (K) was
calculated using the following formula:

K = ∆V/PL (1)

where ∆V is the wear volume (mm3), P is the load (N), and L is the sliding distance (m).

Figure 2. Diagram of the friction and wear testing.

3. Results and Discussion
3.1. Mechanical Properties

Figure 3a presents the cyclic tensile strength of the composites. As indicated, the
incorporation of PTFE leads to a reduction in the porosity of PPI, resulting in a denser
material structure. However, the tensile strength decreases significantly with increasing
PTFE content—by 17.18% at 10% PTFE and by 52.14% at 30% PTFE. At such higher filler
content, the strength becomes insufficient to meet the application requirements for bearing
cages. When the PTFE proportion is low, it exists as discrete particles dispersed within
the polyimide matrix, as visible in Figure 4. As the PTFE content increases beyond a
certain threshold, it forms a continuous phase. In this case, the mechanical properties of the
composite are predominantly governed by the polyimide matrix. Consequently, the tensile
strength of the composite progressively declines with higher PTFE loading. Figure 3b
illustrates the change in hardness of the PPI composites. The hardness decreases by 2.00%
at 10% PTFE and by 6.12% at 30% PTFE. This reduction in hardness is expected to adversely
affect the wear resistance of the material.

Figure 3. Mechanical properties of composites with different PTFE contents: (a) Tensile strength,
(b) hardness.
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Figure 4. SEM of PPI with PTFE content of (a1) 0% (a2) 5% (a3) 10% (a4) 15% (a5) 20% (a6) 30%.

3.2. Micropore Properties

Figure 4 shows SEM images of PPI with different PTFE contents. As shown in
Figure 4(a1), after cold pressing and thermal sintering, the PI particles assume a spher-
ical shape and are evenly distributed. And the PI particles are relatively independent,
with low levels of aggregation and connectivity. Consequently, the gaps between these
formed particles create continuous and interconnected pores. Upon the addition of PTFE,
as illustrated in Figure 4(a2–a6), the PI becomes more densely packed, and the particles
are connected by dispersed PTFE, which seals the micropores. When the PTFE content
increases to 15%, due to its higher concentration, PTFE tends to accumulate more easily,
leading to the appearance of chain-like PTFE dispersions in the pore structure. At a 30%
PTFE content, significant accumulation occurs, significantly reducing the porosity and
pore size. Figure 5 illustrates the element distribution of the porous structure with a 30%
PTFE content. It can be observed that the F element is evenly distributed, with a dense
concentration in areas where PTFE accumulates.

Figure 5. EDS mapping of PPI with 30% PTFE.

The micropore structure was further characterized using the intrusion and extrusion
curves from the mercury porosimeter, as shown in Figure 6a. The extrusion curves of the
five materials lag significantly and do not return to zero, indicating that the capillary effect
of the micropore channels restricts mercury outflow, leaving some mercury trapped in the
material. This confirms that the micropore structure is an interconnected ‘bottleneck pore’
structure. Figure 6b shows the pore size distribution curves of the six materials, revealing a
concentrated pore size distribution, indicating uniform micropore formation.
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Figure 6. (a) Intrusion and extrusion curves and (b) pore size distribution curves of PPI.

3.3. Tribological Properties
3.3.1. Dry Friction

Figure 7a,b present the dry tribological performance of the materials. The friction
coefficient of pure PI increases rapidly to 0.25 during the initial stage and subsequently
fluctuates between 0.2 and 0.3. This behavior is attributed to direct solid–solid contact
between the pure PI and the steel ball, leading to high friction and significant fluctuation.
With the addition of PTFE, the friction coefficient remains low initially owing to its effective
friction-reducing properties. At 5% PTFE content, the friction coefficient increases through-
out the sliding period. At 10% PTFE, it gradually rises to 0.19 within the first 2000 s, then
decreases and stabilizes around 0.18. This suggests that low PTFE content is insufficient
to rapidly form and maintain a stable transfer film. In contrast, at higher PTFE contents
(15%, 20%, and 30%), the material continuously generates PTFE debris under shear forces,
facilitating the formation and maintenance of a transfer film. This results in significantly
reduced and stable friction coefficients of 0.082, 0.069, and 0.064, respectively. Figure 7b
illustrates the average friction coefficient and wear rate. As the PTFE content increases,
the average friction coefficient decreases gradually. The wear rate also decreases initially
but increases at 30% PTFE. This trend can be explained by the reduced porosity and lower
surface roughness at higher PTFE contents, which contribute to a lower friction coefficient.
However, the weak molecular structure of PTFE compromises the load-bearing capacity of
the composite. Although friction is reduced, the wear resistance deteriorates, leading to
more severe wear at elevated PTFE levels.

 
Figure 7. Dry friction and wear properties of six groups of specimens (a) friction coefficient curves
(b) average friction coefficient and wear rate.
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3.3.2. Oil-Containing Friction

Figure 8 illustrates the oil-containing tribological performance of PPI. Figure 8a shows
that the friction coefficient of oil-containing samples remains between 0.04 and 0.06, which
is significantly lower compared to that of samples without oil, and the friction curves remain
stable. This is because PPI releases lubricating oil stored in its microporous structure to
the contact interface under load and frictional heat, forming an oil film. In contrast, PTFE
does not form a transfer film. Instead, lubrication is achieved via the interfacial oil film.
In addition, the microporous structure of PPI can reabsorb lubricating oil via capillary
force. As shown in Figure 9, contact angle measurements of PAO oil on PPI samples were
conducted to investigate wettability. The results show that the contact angle decreases
rapidly within 1.0 s, indicating good wettability between PPI and PAO oil. This reflects
the excellent oil reabsorption capacity of PPI materials. This ensures a release-reabsorption
cycle of lubricating oil during long-term friction, enabling the recycling of lubricant and
extending lubrication life. Furthermore, increased PTFE content reduces the porosity of
PPI, worsening the wettability between PPI and PAO oil and increasing the contact angle.

Figure 8. Oil-containing friction and wear properties of six groups of specimens (a) friction coefficient
curves (b) average friction coefficient and wear rate.

Figure 9. (a) Curves and (b) dynamic change diagram of contact angle of PPI materials with time.

As depicted in Figure 9b, the average friction coefficient of oil-containing PPI decreases
significantly to approximately 0.047. The friction coefficients of PPI with different PTFE
contents are very close, indicating that the lubricating oil adsorbed on the friction interface
plays a dominant role, with a minor contribution from PTFE. However, the wear rate of
OCPPI slightly increases with increasing PTFE content. The wear rates at 0%, 5%, and
10% PTFE are 8.28 × 10−7 mm3/N·m, 8.43 × 10−7 mm3/N·m, and 9.42 × 10−7 mm3/N·m,
respectively. In contrast, the wear rates at 15%, 20%, and 30% PTFE content increase to
1.36 × 10−6 mm3/N·m, 1.37 × 10−6 mm3/N·m, and 1.42 × 10−6 mm3/N·m. This indicates
that wear resistance gradually decreases when the PTFE content exceeds 10%, due to the
poor load-bearing capacity and wear resistance of PTFE.
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3.4. Wear and Lubrication Mechanism

To investigate the tribological mechanism, wear morphologies were observed.
Figure 10(a1–a6,b1–b6) show the dry friction wear scars and their 3D morphologies. At 0%
and 5% PTFE, severe wear occurs, with obvious transverse cracks in the wear scars, which
have a width of approximately 600 µm and a depth of approximately 16 µm. This is because
a continuous PTFE transfer film cannot form or is difficult to form. As a result, the PI matrix
comes into direct contact with the steel ball, leading to solid–solid friction. Additionally,
the high shear strength of PI causes hard particles to be generated during sliding. These
particles cause abrasive wear, as shown in Figure 11(a1,a2). In these figures, a large amount
of flake and block wear debris accumulates on the steel ball surface, with slight scratches
visible. Furthermore, prolonged sliding leads to fatigue wear on the material surface. At
10% PTFE, slight scratches appear on the wear scar along the sliding direction, as shown in
Figure 10(a3–a6). At 15%, 20%, and 30% PTFE, only minor pits are observed on the wear
scar surface, with a reduced depth of 10 µm. Figure 11(a3–a6) show only a small amount
of fine wear debris on the steel ball surface, as PTFE molecular chains break under load,
generating debris that gradually forms a transfer film under shear force. This transfer film
results in adhesive wear, which significantly reduces both friction and wear [26–29].

Figure 12 compares the C 1s XPS spectra of mixtures on the steel ball surface, with
Figure 12a for pure PI and Figure 12b for PI/15% PTFE. Without PTFE, four C 1s peaks are
observed in the binding energy range of 282–290 eV. These peaks are assigned to C-C/C-H
at 284.8 eV, C-N/C-O near 285.5 eV, and C=O near 288.4 eV, which are characteristic peaks
of PI. After adding PTFE, a new peak appears near 292.0 eV, corresponding to the C-F
characteristic peak of PTFE. This indicates that both PI and PTFE form solid transfer films.

As shown in Figures 13(a1–a6,b1–b6) and 14(b1–b6), wear is significantly reduced
after lubricating oil impregnation compared to oil-free PPI, with a relatively smooth wear
scar surface, a width of approximately 400 µm, and a depth of approximately 6 µm. A
large amount of lubricating oil is also observed on the contact area of the steel ball surface.
At PTFE contents above 10%, obvious wear scars form, but the surface remains smooth.
There is slight solid contact and gradual formation of a solid PTFE transfer film. At 30%
PTFE, the wear scar width is approximately 600 µm, and the depth is approximately 10 µm.
Observations of the mixture on the steel ball surface show that a clear transparent oil film
forms on the friction surface at low PTFE contents. However, as the PTFE content increases,
the oil film becomes turbid with solid wear debris, appearing as sludge. At this point, the
friction pair operates under solid–liquid mixed lubrication. This condition is characterized
by a certain oil film thickness and slight surface contact, which leads to a slight increase in
wear of PPI.

Similarly, as shown in Figure 15, XPS analysis of the mixture on the friction steel ball
surface of oil-containing PPI reveals a C-F peak near 292.0 eV. This indicates that PTFE
forms a lubricating transfer film at the friction contact interface. In addition, changes in
C-C/C-H content before and after PAO oil impregnation are compared in Table 2. For
pure PI, the C-C/C-H content increases from 69.1% to 72.6% after PAO impregnation, with
slight decreases in C-N/C-O and C=O contents, due to the introduction of a large amount
of C-C/C-H from PAO oil. Similarly, for PI/PTFE, the C-C/C-H content increases from
62.1% to 74.5% after PAO impregnation. This increase is accompanied by decreases in the
contents of C-N/C-O, C=O, and C-F. These changes indicate that PAO oil is successfully
released to the friction contact interface, participating in the formation of a friction mixed
film. Moreover, compared to pure PI, the introduction of PTFE reduces the surface energy
of the material, which promotes lubricant release and lubricating film formation.
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Figure 10. Dry friction wear scars (a1–a6) and 3D morphologies (b1–b6) of 0%~30% PTFE-modified
PPI.

Figure 11. Surface morphology of steel balls after friction with PTFE-modified PPI containing 0%
(a1), 5% (a2), 10% (a3), 15% (a4), 20% (a5), and 30% (a6) PTFE, respectively.
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Figure 12. C 1s XPS spectra of mixtures on the steel ball surface: (a) pure PPI, (b) PI/15% PTFE.

Figure 13. Oil-containing friction wear scars (a1–a6) and 3D morphologies (b1–b6) of 0%~30%
PTFE-modified PPI.
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Figure 14. Surface morphology of steel balls after friction with PTFE-modified OCPPI containing 0%
(b1), 5% (b2), 10% (b3), 15% (b4), 20% (b5), and 30% (b6) PTFE, respectively.

Figure 15. C 1s XPS spectra of mixtures on the steel ball surface (a) pure OCPPI (b) OCPPI/15%
PTFE.

Table 2. Changes in C-C/C-H content before and after PAO oil impregnation.

C 1s Component C-C/C-H C-O/C-N C=O C-F

Binding energy
(eV) 284.8 285.5 288.4 292.0

Area fraction (%)

PI 69.1 24.4 6.5 0
PI-PAO 72.6 23.9 3.5 0

PI/PTFE 62.1 17.7 10.0 10.2
PI/PTFE-PAO 74.5 19.9 2.4 3.2

According to the above analysis, the friction lubrication mechanism of PPI/PTFE is
shown in Figure 16. The steel ball comes into direct contact with the PPI, causing severe
friction and wear, ultimately resulting in fatigue wear. Figure 16b shows a schematic
diagram of the mechanism of oil friction. It can be seen that the PAO lubricating oil stored
in the porous structure is slowly released to the friction interface under the action of load
and frictional heat, forming a lubricating oil film. After adding PTFE modification, the
dry friction is illustrated in Figure 16c. The large molecules of PTFE are pulled out of the
crystalline region and transferred to the dual plane, forming a PTFE solid transfer film
that is highly oriented along the sliding direction. This significantly reduces the degree of
friction and wear, resulting in an adhesive wear state. When there was oil friction, as shown
in Figure 16d, both the lubricating oil stored in the porous structure is transferred to the
contact interface, and a very small amount of PTFE is transferred to the friction interface,
but the formation of a continuous film of liquid lubrication is dominant.
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Figure 16. PPI friction lubrication mechanism diagrams: (a) without PTFE and oil, (b) without PTFE
and with PAO oil, (c) with PTFE and without oil, (d) with PTFE and PAO oil.

4. Conclusions
In this study, PPI/PTFE composites with different porosities were prepared via cold

pressing–sintering. The effects of PTFE on micropore characteristics and the tribological
mechanism were revealed by investigating the microstructure, oil-containing performance,
and friction–wear performance under oil-containing and oil-free conditions. The conclu-
sions are as follows:

(1) PPI/PTFE forms an interconnected microporous structure. With increasing PTFE
content, the pore size and porosity of PPI decrease, and the oil-containing rate also
decreases.

(2) Under dry friction conditions, the friction coefficient of PPI gradually decreases with
increasing PTFE content. When PTFE content is below 10%, fatigue wear occurs.
When it is above 10%, adhesive wear occurs, with PTFE forming a continuous transfer
film. The optimal tribological performance is achieved at 20% PTFE, with the lowest
friction coefficient and wear rate.

(3) Under oil-containing friction conditions, PPI releases lubricating oil stored in its
porous structure to the friction interface under frictional heat and load. This forms
an oil film that significantly reduces friction and wear. The addition of PTFE can
promote lubricant release to a certain extent but also increases the wear rate. Therefore,
within the PTFE content range of 0–10%, both the regulation of porosity and good
friction–wear performance can be achieved.
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