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Black phosphorus (BP) as an emerging two-dimensional material has been found that it possesses excellent
potential applications in a variety of fields. Recently, it has been also proved that BP can exhibit excellent
lubricating properties when it was used as water- or oil-based lubricant additive. In the present work, in
order to explore the tribological properties of BP nanoflakes used as the solid filler in polytetrafluo-
roethylene (PTFE), spark plasma sintering (SPS) was used to prepare the BP/PTFE composites. Meanwhile,
in consideration of the characteristics of BP easy to be oxidized, BP was actively oxidized to prepare the
degraded BP (d-BP)/PTFE composites. Then Si3N4 balls were used as counterpart balls to conduct tribo-
logical experiments. The results of tribological experiment showed d-BP/PTFE composites with a d-BP
content of 5 wt.% exhibited the best tribological properties under dry sliding and water environment
condition. The characterizations and analyses of the counterpart balls and worn surfaces demonstrated that
a layer of transfer film composed of phosphorus oxide reduced the coefficient of friction (COF) and wear
rate. Besides, when the composites were used in an environment of water, the phosphorus oxide on the
surface can dissolve in water and form a hydrogen bond network and thus further reduced friction.
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1. Introduction

Polytetrafluoroethylene (PTFE) is a kind of polymer mate-
rial which has a chemical structure of -[-CF2-CF2-]n-. In
consideration of the high bond energy of C-F and the highly
symmetrical atomic structure of F elements, PTFE showed the
excellent thermal and chemical stability. In addition, PTFE also
has high electrical resistivity and low coefficient of friction
(COF). Owing to the excellent properties, PTFE has been
widely used as artificial blood vessel material (Ref 1), flexible
electronic matrix material (Ref 2), high speed bearing material
(Ref 3) and self-lubricating materials (Ref 4-7) in various fields
since it was developed in 1938. In particular, when it was used
as self-lubricating material, PTFE exhibits low COF ( £ 0.1)
because of the rapid formation of a lubricating transfer film in
the contact region. However, PTFE also exhibits some obvious

disadvantages when it is used as the self-lubricating material.
The poor mechanical properties and the tendency to form the
transfer films would limit the service life of the PTFE-based
component. Hence, many researches have been done to reduce
the wear rate of PTFE without losing the low COF (Ref 8-13).
So far, it is a common way to improve the wear resistance of
PTFE by adding fillers. The commonly used fillers can be
divided into particles, fibers, and two-dimensional (2D) mate-
rials according to the shape of the fillers. Normally, different
kinds of fillers can provide different enhancement effects. Wang
et al. added four kinds of micrometer-sized ceramic particles
(SiC, Si3N4, SiO2 and h-BN) into PTFE to evaluate the
tribological properties of the composites. It is found that the
wear rate of the composite with 20 wt.% SiO2 particles addition
could decrease about three orders of magnitude. Meanwhile,
the lubricating films formed on the worn surface can steady
exist for a long time, which hindered the further wear of the
composites (Ref 14). High-strength fiber could also be used as
additive in PTFE to improve its mechanical properties and wear
resistance. However, the COF of the composites are always
increased at the same time (Ref 15-17). Some other kinds of
polymers also exhibit excellent self-lubricating and wear
resistance properties (Ref 18-21). Polyimide (PI) is also a
polymer which is well known for possessing excellent mechan-
ical properties and chemical stability, when it was mixed with
PTFE, the resulting composite can obtain outstanding tribo-
logical and mechanical properties. Mu et al. prepared PI/PTFE
composite and reinforced by ZnO nanoparticle, it was found
that the wear loss of the composite decreased as well as the
COF, the strong interfacial interaction between additive and
matrix effectively improved the mechanical properties (Ref 22).
2D materials are well known for the unique physical and
chemical properties. Some 2D materials such as graphene,
MoS2 and h-BN, exhibit low COF because of the low interlayer
interaction and easy sliding nature between neighboring atomic
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layers. Besides, when the atomic layers of the 2D materials are
sliding against other counter surfaces, they also showed low
surface friction (Ref 23). Based on the excellent tribological
properties, a lot of researches focused on the studies of PTFE
filled with 2D materials. Wang et al. produced the PTFE
composites with MoS2 and carbon fiber (CF) addition. The CF/
MoS2/PTFE composites exhibited the high hardness and the
low COF of about 0.04, which was 61% reduction as compared
with that of the pure PTFE (Ref 24). Recently, black
phosphorus (BP) as a new kind of 2D materials has exhibited
outstanding properties in electronic, optics, thermology, bio-
compatibility and other fields, which have made it the potential
graphene alternative (Ref 25-28). Besides, BP also exhibits
excellent lubricating property. Since Wang et al. found that BP
nanosheets can be used as oil-based lubricant additives and the
reinforcement phase in polymer in 2018 (Ref 29), a lot of
studies started to focus on the application of BP in tribology
(Ref 30-32). Moreover, Peng et al. compared the tribological
behavior of pure PTFE, BP-PTFE and graphite-PTFE compos-
ite films, and it was found that BP could help PTFE to form a
durable film, which lead to the composite displayed a COF
reduced by 61% (Ref 33). Lv et al. prepared BP/PEEK/PTFE
and BP/CF/PTFE composites and then compared their tribo-
logical properties with other PTFE-based composites. The
results showed that the additive of BP nanosheets can
efficiently reduce the COF and wear rate (Ref 34) The studies
of Peng and Lv demonstrated that BP nanosheets have a
positive effect on the tribological property of PTFE-based
composites. BP has the characteristic to be easily oxidized in
air. In order to prevent the oxidization of BP and keep the
excellent electrical properties, many experiments have been
done (Ref 35, 36). However, it was found that the oxidization
of BP was beneficial to reduce the friction coefficient when it
was used as lubricant additives (Ref 37). It was observed that
an interfacial water layer intercalated between the degraded BP
flake and the SiO2/Si substrate, resulting in the superlubricity
behavior at the BP/SiO2 interface (Ref 39). Being inspired by
the above-mentioned work, a way of using degraded BP to
realize low-friction was presented herein. In this work, BP/
PTFE and degraded BP (d-BP)/PTFE composites were pre-
pared to evaluate and discuss the effect of black phosphorus
oxidation on macroscopic friction. In addition, the tribological
behaviors of BP/PTFE and d-BP/PTFE composites in water
environment was also investigated. After the friction and wear
tests, a scanning electron microscopy (SEM) and an x-ray
photoelectron spectroscopy (XPS) were used to characterize the
worn surfaces and the tribopair surfaces to propose the possible
lubrication mechanisms.

2. Experimental Details

2.1 Materials

The materials used in this study are PTFE powders (average
particle size: 10lm, Jinhong Suhua), red phosphorus (RP) (AR,
98.5%) powders and H2O2 (30 wt.%, Aladdin). The BP
nanoflakes were obtained by a method of high energy
mechanical milling (HEMM) technique (Ref 30). After the
ball milling, the BP powders were analyzed with x-ray
diffraction (XRD; D8-Advance, Bruker) and x-ray photoelec-
tron spectroscopy (XPS; PHI Quantera II, Ulvac-Phi Inc.).

2.2 Characterizations of BP Nanoflakes

The crystalline composition of the powder was determined
by XRD. Figure 1 exhibits the XRD results of the RP powders
and the BP powders obtained by HEMM, respectively. It can be
seen that there is no obvious crystal diffraction peak in the
curve of RP powders, which corresponded to the amorphous
structure of RP, while obvious diffraction peaks were found in
the curve of obtained BP powders. According to the previous
report (Ref 40), the peak positions of BP indicated that the RP
powders have been converted successfully to BP after the ball
milling. The chemical composition was also characterized by
XPS. Figure 2 shows the XPS spectrum of the P 2p peaks of the
BP powders. Two peaks at 129.3 and 130.1 eV appear,
corresponding to the characteristic peaks of the P-P bond in the
P 2p3/2 and P 2p1/2 orbitals in the BP crystal, respectively (Ref
39). Besides, there also exists a broad peak at 134.0 eV, which
is consistent with the oxidized phosphorus (PxOy). It is because
that BP is very susceptible to oxidation in the air (Ref 38).

2.3 Preparation of Composites

The powders used for sintering were mixed as the following
method: BP nanoflakes and PTFE powders were dispersed in
40 ml ethanol with an ultrasonic dispersion for 30 minutes, and
then, the dispersion liquid was magnetically stirred for 1 hour
to ensure the powders were dispersed completely. After stirring,
the dispersion liquid was pumped and filtered to obtain the
mixture powders, and the damp powders were vacuum dried at
60 �C for 5 h. In this way, we prepared BP/PTFE and degraded
BP(d-BP)/PTFE composite powders with the filler mass
fractions of 3, 5, 7 and 9 wt.%, respectively. It should be
noted that during the preparation of the d-BP/PTFE composites,
the BP powders were firstly oxidized with H2O2 in ethanol, and
the ratio of H2O2 to BP powders was 0.3:1. After oxidization,
PTFE powders were added into the dispersion liquid. For the
sintering process, spark plasma sintering (SPS) was chosen as
the sintering method, which has the ability to heat while
loading. Pure PTFE and composite materials were prepared
with the condition shown in Fig. 3. In this process, the applied
pressure was 10 MPa, and the powders were heated to 240 �C
in 20 min, then kept at the temperature for 20 min. After
sintering, the samples were cooled in the furnace. When the
temperature of the composite material was under 80 �C, the

Fig. 1 The XRD results of RP and BP powders
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sintered samples could be taken out of the furnace. At last, the
prepared composite material was polished with abrasive papers
to obtain a smooth surface (abrasive paper grade: #800 � #
4000).

2.4 Tribological Tests

The reciprocating mode of ball-counting contact on a
multifunctional friction and wear tester (UMT-3, Brucker) was
used to characterize the tribological properties, with the linear
sliding module as the fixture. When the water environment was
needed, 30lL deionized water was introduced into the gap
between the ball and composite. Silicon nitride balls with a
diameter of 4 mm were used as the tribopair (Ra=0.25lm). The
experimental condition was atmospheric environment, and
temperature was 26 ± 2 �C, relative humidity was 40 � 55
RH%. Prior to the tribological experiment, the silicon nitride
balls and composites were ultrasonically cleaned in ethanol for
20 min. The parameters of reciprocating sliding friction
experiment are set as follows: normal load was 3 N; frequency

3 Hz (corresponding maximum pressure:76.13 MPa); vibration
stroke 4 mm; experimental time 1800 s; and a new silicon
nitride ball was used for each experiment. After the tribological
tests, a 3D surface of white light interference profilometer
(ZYGO NexView) was used to characterize the grinding crack
region and measure the wear volumes, and then the wear rate
(Q) of each sample was obtained by:

Q ¼ Vw

FS

where Vw was wear volume (mm3); F and S represent applied
load (N) and total distance (mm), respectively (Ref 41).

2.5 Morphological Analysis of Wear Surfaces

The wear area was characterized with a HITACHI SU8220
field emission scanning electron microscope (SEM) at an
operating voltage of 5 kV. The energy-dispersive spectroscopy
(EDX) was used to observe the wear surfaces and the upper ball
surface after tests. PHI Quantera II x-ray photoelectron
spectroscopy (XPS) with monochromatic Al Ka source was
also used to analyze the chemical composition of the transfer
film. Finally, the possible wear mechanism of BP/PTFE and d-
BP/PTFE composites was discussed.

3. Results and Discussion

3.1 Friction and Wear Properties of the Prepared
Composites Under Dry Sliding Conditions

Figure 4(a) shows the variation curves in the COFs of PTFE
and the composites with different BP and d-BP contents over
the sliding time. It can be seen that all the curves are relatively
smooth, and the PTFE exhibits the highest COF among the
samples. The average COFs are shown in Fig. 4(b). All the
average COF of the composites showed a decreasing trend
initially and then an increasing trend with the increase of BP
content or d-BP content. The lowest COFs are the samples both
with a content of 5 wt.%. It is apparent that the variation of
COF is nonlinear. Compared with the COF of pure PTFE
(0.12), the COF of the composite with 5 wt.% BP addition
(0.092) reduces about 23.3%, while the COF of the composite
with 5 wt.% d-BP/PTFE has a sharp decrease (reduced about
35%, with a COF of about 0.078). The wear volumes of the
composites were measured with a white light interference
profilometer, and the wear rates were calculated, as summarized
in Fig. 5. The wear rate of pure PTFE was about 5.345 9 10�4

mm3ÆN�1Æm�1. Corresponding to the results of COF, the wear
rate showed the same trend that decreases initially with the
increase of the filler content. When the contents of BP and d-BP
were about 5 wt.%, the wear rates reached the lowest values.
The wear rate started to increase with the further increase of the
filler content. The pure PTFE still exhibited the highest wear
rate, and the wear rates of d-BP/PTFE composites were always
lower than that of BP/PTFE. Apparently, the addition of BP and
d-BP increased the tribological properties of the composites,
and the reason why the content of d-BP was 5 wt.% showed the

Fig. 2 X-ray photoelectron spectra of P 2p peaks of the BP
powders

Fig. 3 Heating curve of the sinter stage
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best result can be concluded as the follows: When with a low
content of fillers (3%), BP in the composite was totally
oxidized and almost no surplus, resulting in BP was unable to
exert its lubricating effect. And when the contents were high (7
and 9%), BP was not sufficiently oxidized, many powders still
existed in the composites and aggregated, thus the correspond-
ing COF were high. Herein, it is apparent that the composites
both exhibit excellent tribological properties with the filler
content of 5 wt.%. Thus, the composites with 5 wt.% d-BP and
BP addition and the pure PTFE were chosen for further
discussion.

3.1.1 Morphology of the Transfer Film. PTFE is easy to
form a transfer film on the surface of the friction pairs during
the friction process (Ref 42). Therefore, it is important to
evaluate the transfer film. A digital microscope (VHX-6000,
Keyence) was used to observe the transfer films on the
counterpart balls. Obviously, each ball has a transfer film on the
surface, and there is wear debris on the surface of counterpart
balls. Apparently, the transfer film formed on the counterpart
ball for the case of pure PTFE is not successive in Fig. 6a,
indicating the poor wear resistance of PTFE. Besides, it can be
easily speculated that the major component of the transfer film
is PTFE, because nothing else was introduced during the
friction process between the Si3N4 ball and the pure PTFE. As
for the transfer film formed for the BP/PTFE and d-BP/PTFE
composites, it is difficult to define the main components.
Figure 7 exhibits the SEM and EDX results of the counterpart
balls against with the BP/PTFE composite. The main element
of the wear debris is F, indicating that the PTFE was peeled
from the matrix and adhered on the surface of the ball, forming
the wear debris. Meanwhile, the transfer film was mainly
consisted of O and P. It can be speculated that the transfer film
was formed by the oxidized BP. The result of the EDX patterns
shows that the phosphorus oxides formed by the oxidation of
BP played an important role in improving the wear resistance
properties. Figure 8 shows the SEM and EDX results of the
counterpart ball against the composites with 5 wt.% d-BP
addition. Similar to the results shown in Fig. 7, PTFE was still
the main part of wear debris, while the transfer film was mainly
phosphorus oxides. Compared with the observed counterpart
ball against PTFE, both the composites with BP and d-BP
formed the steady, thin and smooth transfer films on the
surfaces of the counterpart balls. The results exhibited that
during the friction process, BP nanoflakes and d-BP nanoflakes
were separated from the composites and formed a PxOy transfer
film. The PTFE adhered on the surface of counterpart ball was
pushed apart to form wear debris.

Fig. 4 (a) Variation curves in COFs as a function of time for pure PTFE- and PTFE-based composites with different BP and d-BP contents; (b)
the average COFs of pure PTFE and the composites

Fig. 5 Average wear rates of pure PTFE and the composites
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3.1.2 Morphology of the Surface. In order to further
explore the influence of the transfer film on the lubrication
mechanism, SEM and EDX were carried out to analyze the
worn surfaces on the composites. Figure 9 exhibits the
morphology and the element distribution of the worn area on
the BP/PTFE composite with 5 wt.% BP addition. It is obvious

that typical flaky adhesion spalling pits and furrows along the
sliding direction are the major surface characteristics. Com-
pared with the element distribution images of F and P, BP was
the main reason of the spalling pits. During the friction process,
BP was subjected to shear forces and fell off from the surface
and adhered on the surface of the counterpart ball. Meanwhile,

Fig. 6 SEM images of the counterpart balls: (a) PTFE; (b) 5 wt.% BP/PTFE; (c) 5 wt.% d-BP/PTFE

Fig. 7 (a) SEM image of the counterpart ball against 5 wt.% BP/PTFE; (b)-(d) are the element distribution images of oxygen, fluorine and
phosphorus on the surface of the ball, respectively
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there is less O on the surface, exhibiting a small fraction of P
was oxidized. The surface and the element distribution images
of the worn area on the 5 wt.% d-BP/PTFE composite is shown
in Fig. 10. Compared with the surface of 5 wt.% BP/PTFE, the
number of spalling pits was significantly reduced, and the edge
of the spalling pits were approximately perpendicular to the
sliding direction. From the element distribution images, it can
be seen that P still appeared at the position of the spalling pits,

but the content of P in the observed region decreased. However,
it is obvious that the content of O increased, and O is basically
in the same place as P, proving that most of the P was oxidized,
being consistent with the results of the actively control of BP
oxidation. In order to further investigate the binding form of the
elements on the worn surface, XPS was carried out to
characterize the worn surface of the composites. The core-
level spectra of P 2p and O 1s on the two kinds of composites

Fig. 8 (a) SEM image of the counterpart ball against 5 wt.% d-BP/PTFE; (b)-(d) are the element distribution images of oxygen, fluorine and
phosphorus on the surface of the ball, respectively

Fig. 9 (a) SEM image of the worn surface on the 5 wt.% BP/PTFE; (b)-(d) are the element distribution images of oxygen, fluorine and
phosphorus of the surface, respectively
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are shown in Fig. 11 and 12, respectively. As shown in Fig
12(a), the peak at 129.3 eV corresponds to the P-P bonds of
black phosphorus (Ref 43), while the peak in the range of 132-
136 eV corresponds to the phosphorus oxide (Ref 44).
Figure 11(b) shows the spectra of O 1s, and the peak at
530.9 and 532.2 eV represent the P=O bond and the P-O-P
bond, respectively. The appearance of P=O bond and P-O-P
bond further proved the oxidization of BP, owing to the easily
oxidation character. On the basis of these results, it can be
inferred that during the friction process, BP on the surface of
the BP/PTFE composite was oxidized to PxOy for the formation
of a lubricant film. With the constant relative movement of the
counterpart ball and the composite, PxOy absorbed moisture

from the air and then adhered on the surface of the ball, forming
a transfer film on it. The direct contact of PTFE and the ball
was converted to the contact of PTFE and the PxOy film.
Meanwhile, the film protected PTFE from constantly transfer-
ring to the surface of the counterpart ball, and thus the COF and
wear rate decreased. Figure 12 exhibits the XPS results of P 2p
and O 1s on the worn surface of 5 wt.% d-BP/PTFE. Compared
with the spectra of P 2p shown in Fig. 12 (a), the characteristic
peak intensity of P-P in the spectrum of P 2p decreases. It was
mainly due to the actively controlled oxidation of BP
nanoflakes and this phenomenon was also confirmed by the
peaks of O-P=O and P2O5. The peaks of O 1s in Fig. 13(b) also
proved that a large amount of BP in 5 wt.% d-BP/PTFE was

Fig. 10 (a) SEM image of the worn surface on the 5 wt.% d-BP/PTFE; (b)-(d) are the element distribution images of oxygen, fluorine and
phosphorus of the surface, respectively

Fig. 11 X-ray photoelectron spectra of the elements on the worn surface of 5 wt. % BP/PTFE; (a)P2p; (b) O1s
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oxidized to PxOy, and the results exhibited that only a small
amount of BP remained in the worn area. Due to the active
oxidation of BP, more PxOy was present in the friction region,
and thus the transfer film formed on the counterpart ball against
5 wt.% d-BP/PTFE was more continuous and compact. The
transfer film led to the low COF of 5 wt.% d-BP/PTFE.

3.2 Tribological Tests Under Water-Lubricated Conditions

In consideration of the fact that the PxOy is easy to absorb
moisture in the air, the tests under water-lubricated conditions
were designed to further study the tribological performances of
BP/PTFE and d-BP/PTFE composites. Because of the good
lubrication performance of the composites with 5 wt.% of BP
and d-BP under dry conditions, they were selected for the
tribological experiments under water-lubricated conditions. The
pure PTFE was also tested as the control experiment. As shown
in Fig. 13(a), the COF values of the composites under water-
lubricated conditions can be stabilized after about 200 s and
then kept stable for a long time. The COF of the composite with
5 wt.% d-BP addition can even reduce to about 0.03. The
average COFs of the three composites can be arranged as
follows: PTFE (0.043)> 5 wt.% BP/PTFE (0.033) > 5 wt.%
d-BP/PTFE (0.026), what should be noticed is that the COF of
5 wt.% d-BP/PTFE was reduced by 39.5% when compared
with pure PTFE. The COF results indicated that the composites
still had excellent lubrication performance when they were used
in water environment. However, the results of the wear rates
showed different trends: the 5 wt.% BP/PTFE had the highest

wear rate, the 5 wt.% d-BP/PTFE composite intermediate, and
PTFE the lowest wear rate. The reason can be explained as
follows: During the friction process, BP and d-BP played the
role to reduce friction. However, BP was unstable in water and
oxygen phenomenon, it was easy to be oxidized to PxOy, which
had a strong affinity for water and could be transformed to
phosphoric acid. The resulting phosphoric acid would be
carried away owing to the relative movement of the water.
These reactions led to the reduction of the BP content in the
materials, and thus, the wear was further aggravated as
compared with the PTFE in the composites under water-
lubricated conditions. In order to further explore the wear
mechanism under water-lubricated conditions, SEM and XPS
were used to characterize the counterpart balls and the worn
surfaces. As shown in Fig. 14, the transfer film was very
shallow and even hardly to be observed in the SEM image.
However, the generation of P and O revealed that there was a
thin film on the surface of the counterpart ball. The same case
also appeared on the surface of the counterpart ball against the
d-BP/PTFE composite. Figure 15 shows the SEM image and
the corresponding element distribution. It can be seen that the
transfer film is also very shallow, and P and O concentrate on
the surface as the main components of the transfer film. The
topography of the worn area of the 5 wt.% BP/PTFE after the
tribological tests under water-lubricated conditions is shown in
Fig. 16a. Significant exfoliation can be observed on the surface,
proving that the main wear form was adhesive wear. In
addition, the P and O elements on the surface reduced as
compared with those after dry-friction tests. The phenomenon

Fig. 12 X-ray photoelectron spectra of the elements on the worn surface of 5 wt.% d-BP/PTFE; (a) P2p; (b) O1s

Fig. 13 (a) Variation curves in COFs as a function of time for pure PTFE and PTFE-based composites with 5 wt.% BP and d-BP under water-
lubricated conditions; (b) the average COFs and the wear rates of pure PTFE and the composites under water-lubricated conditions
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can be explained by the characteristics of BP that it is easy to be
oxidized when exposed to oxygen and water. During the
friction process, BP was oxidized to the PxOy, which was partly
adhered on the surface of the counterpart ball, resulting in the
exfoliation of the worn surface. Besides, part of the PxOy

converted into phosphoric acid owing to the strong water
solubility of PxOy. Most of the phosphoric acid was carried
away with the relative motion of water. Thus, the amount of BP
in the composite was sharply reduced, resulting in the high

wear rate. In the case of the worn surface on the d-BP/PTFE
composite after the tribological tests under water-lubricated
conditions, as shown in Fig. 17, although there is still
exfoliation, the wear mark is shallower. Besides, with the
actively controlled oxidation of the BP nanoflakes, the formed
PxOy could protect the internal residual BP from being further
oxidized (Ref 46). Therefore, less P element was observed on
the surface. XPS was used to characterize the binding form of
the elements on the worn surfaces. As shown in Fig. 18, the

Fig. 14 (a) SEM image of the counterpart ball against 5 wt.% BP/PTFE after the tribological tests under water-lubricated conditions; (b) and
(c) are the element distribution images of oxygen and phosphorus on the ball

Fig. 15 (a) SEM image of the counterpart ball against 5 wt.% d-BP/PTFE after the tribological tests under water-lubricated conditions; (b), (c)
are the element distribution images of oxygen and phosphorus on the ball surface
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oxidation of BP was more obvious in water environment, which
can be verified by the new P2O5 peaks in the spectra of P 2p.
Meanwhile, the peak intensity of P-P bond in Fig. 18c
decreases sharply as compared with that in Fig. 18a, proving
that most of the BP flakes has been oxidized. A new peak
representing P-OH also appears in the spectra of O 1s. The
hydrogen in the hydroxyl group can form hydrogen bonds with
O in the water molecules, and hence, the hydroxyl groups in the
phosphorus oxide on the surfaces of the composite and the

counterpart ball could form a strongly adsorbed water layer at
the friction interface, protecting the surface from direct dry-
contact (Ref 45). Therefore, the COF of the composites had a
sharp decrease in the water environment. On account of the
actively controlled oxidation of BP, more hydroxyl groups
existed on the surface of the d-BP/PTFE composite, giving rise
to the lower COF than the BP/PTFE composite.

Fig. 16 (a) SEM image of the worn surface on the 5 wt.% BP/PTFE after the tribological tests under water-lubricated conditions; (b-d) are the
element distribution images of oxygen, fluorine and phosphorus of the surface, respectively

Fig. 17 (a) SEM image of the worn surface on the 5 wt.% d-BP/PTFE after the tribological tests under water-lubricated conditions; (b-d) are
the element distribution images of oxygen, fluorine and phosphorus of the surface, respectively
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4. Conclusions

The tribological behaviors of the BP/PTFE and d-BP/PTFE
composites as well as pure PTFE against Si3N4 balls were
investigated under dry-friction and water-lubricated conditions,
and the underlying lubrication mechanisms were explored. The
conclusions are summarized as follows

1) As compared with the pure PTFE, the BP/PTFE and d-
BP/PTFE composites exhibited excellent lubrication
properties. When the content of BP or d-BP was 5 the
composites corresponded to the optimal tribological prop-
erties. For the experiments under dry-friction conditions,
as compared with the pure PTFE, the COF were reduced
by 23.3 and 35% for the composites with 5 wt.% BP
and 5 wt.% d-BP, respectively, and the wear rates were
reduced by 62.9 and 63.4%.

2) Under the dry-friction conditions, the oxidation of BP
caused the low COF of the composites, and the PxOy

produced by BP oxidation could form a lubricating trans-
fer film, which can reduce the COF and wear rate.

3) For the experiments under water-lubricated conditions,
the COF can be reduced by 39.5% for the composite
with 5 wt.% d-BP. Although the 5 wt.% d-BP/PTFE has
a slightly higher wear rate than pure PTFE, it showed
the best comprehensive tribological properties among all
the composites investigated in this work.

4) The P-OH bonds on the surfaces of composites could ab-
sorb water molecules when they were in the water envi-
ronment, forming an adsorbed water layer at the friction
interface, giving rise to the reduction of the COF.

5) All the above work has demonstrated that adding d-BP
can bring a positive effect in the tribological properties
of PTFE, and the further experiment illustrated that the
composites can play a better role in water. This has given
us an inspiration about using such composites as engi-
neering material, especially in fabricating some essential
parts of equipment work under water.
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