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ABSTRACT: Halloysite nanotubes (HNTs)/polytetrafluoroethylene (PTFE) nanocomposites were
prepared by the cold compression moulding method. The effects of addition of HNTs (HNTs ‘filling’) on
the performances of PTFE were explored using X-ray diffraction, Fourier Transform infrared
spectroscopy, scanning electron microscopy and thermogravimetric analysis which showed that HNTs
were well dispersed in the PTFE matrix by means of physical mixing at lower contents of 2–5 wt.%; the
introduction of HNTs into PTFE could improve the heat stability of the PTFE. Furthermore, the
mechanical and tribological performances of the nanocomposites were measured to examine the filling
effect. The tensile strength of the HNTs/PTFE nanocomposites at 2–5 wt.% HNTs content increased by
∼3.5% while their wear rates decreased by 55–90% relative to pure PTFE, clear proof of the filling effect
of HNTs with a high aspect ratio.
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Polytetrafluoroethylene (PTFE) is a common material.
Due to the superior thermal stability, chemical
resistance and lower friction coefficient of PTFE, it is
found in many fields: e.g. aerospace, chemical,
medical, automotive and electronics. Its poor wear
behaviour, however, limits the applications in wear
resistance. In recent decades, fillers, especially nano-
materials, have been added to the PTFE to investigate
possible improvements to the wear resistance.

The filling method has been demonstrated to be the
most effective and convenient way of improving the
wear resistance. Recent use of micro- or nano-scale
particles as fillers has been studied extensively to
improve the thermal stability, hardness and wear
behaviour of the PTFE composites.

Polymer composites reinforced by microscale fibres
have been used widely in high-technology industries
for many years because of their outstanding mechan-
ical and tribological properties. In a study of carbon
fibre/PTFE composites, Liu et al. (2012) reported that
the composites filled with 50 vol.% filler content
showed the lowest friction coefficient (0.15), which
was 24.6% less than pure PTFE while the wear rate fell
by a factor of 100 times compared to the pure PTFE.
Vohra et al. (2016) reported that the wear loss of the
glass fibre/PTFE composites decreased substantially
with increase in the glass fibre content and the
minimum wear loss was at 25% for glass-filled
PTFE. Klaas et al. (2005) studied three forms of
glass:. glass fibres, glass beads and glass flakes, each
with a content of 25 wt.% filled PTFE, finding that the
glass fibres showed least wear.

Nanoscale materials have attracted much interest
because of the unique characteristics of nanoparticles,
including large surface area, surface reactivity and
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dramatic improvement in the wear behaviour of the
composites. Vail et al. (2009) reported that the wear
resistance of the single-walled carbon nanotube
(CNT)-filled PTFE composite with 2 wt.% filler
content improved by >20 times and the friction
coefficient increased by ∼50%. McElwain et al.
(2008) studied the PTFE composites filled with
nanoscale alumina particles. When the addition of
alumina nanoparticles was at 5 wt.%, the wear rate was
reduced drastically to ∼10–7 mm3/Nm, 1000 times
less than that of pure PTFE. Krick et al. (2015) reported
that the nanostructured alumina microfiller-filled
PTFE exhibited an extraordinary wear resistance at a
small filling amount of alumina (<5 wt.%) and the
wear rate of the PTFE composites reduced by more
than four orders of magnitude. Chen et al. (2003)
studied the tribological behaviour of CNTs-filled
PTFE composites and the results showed that the
wear rate of the CNTs/PTFE composite with 20 vol.%
CNT filling was only 1/290 that of pure PTFE. Lee
et al. (2007) reported the wear and frictional properties
of PTFE nanocomposites reinforced with carbon
nanoparticles. The wear resistance of PTFE nano-
composites was found to be enhanced by the addition
of 2 wt.% of carbon nanoparticles and the wear
coefficient of PTFE film decreased from 16.2 to
3.5 × 10−6 mm3/Nm by the addition of carbon-based
nanoparticles heat-treated at 1000°C.

Halloysite nanotubes are naturally occurring alumi-
nosilicates (Al2(OH)4Si2O5·nH2O) with nanotubular
structures. The HNTs are found widely in soils in wet
tropical and subtropical regions, in weathered rocks
and in soils generated from volcanic ash and are
available in abundance in China, Japan, France, Brazil,
Belgium, Australia and New Zealand. Due to the
nanotubular shape of HNTs, they possess highly meso/
macroscopic pore structure and large specific surface
area. The HNTs range in length from 0.2 to 2 μm. The
inner and out diameters range 10–40 nm and
40–70 nm, respectively. Most of the hydroxyalumi-
nium groups (Al-OH) are located in the interior of the
HNTs, while the outer portions of the HNTs contain
primary siloxanes and a few silanol/aluminol groups
that are exposed in the edges of the sheets. HNTs as
fillers have exhibited many promising applications in
polymers due to their inherent hollow nanotube
structure and different outer and inner chemistry (Liu
et al., 2007a,b, 2013a,b, 2016a,b; Lvov & Abdullayev,
2013). Compared to CNTs, HNTs also have the
advantages of high stability, resistance to organic
solvents and ease of disposal or reusability. The HNTs
have been shown to be an ideal reinforcement agent for

fabricating polymeric composites with improved
mechanical performance (Ismail et al., 2008;
Pasbakhsh et al., 2009; Jia et al., 2009).

Many HNTs-filled polymer nanocomposites used as
fillers have been discovered in recent years. Liu et al
(2007a,b) studied HNTs co-cured with epoxy/cyanate
ester resin to form organic-inorganic hybrids and found
that the moduli of the hybrids in the glassy state and
rubbery state were significantly greater than those for
the plain cured resin. They also developed HNTs
compounded with polylactide (PLA) via melt mixing
which formed biodegradable and biocompatible clay
polymer nanocomposites (CPN) (Liu et al., 2013a).
Their results showed that the modulus, strength and
toughness of the HNTs-PLA nanocomposites were
substantially greater than those of unmodified PLA.
The study reported by Handge et al. (2010) showed
that HNTs were promising and inexpensive candidates
for improving the stiffness of PA6 while retaining other
properties. The study of Čermák et al. (2016) showed a
certain increment in the tensile modulus from
99.57 MPa (pure LLDPE) to 121.41 MPa (LLDPE
filled with 7 wt.% HNTs), an increase of ∼21%
compared to pure LLDPE. The report by Carli et al.
(2014) indicated that the toughness, strain at break and
impact strength of the polyhydroxybutyrate valerate
copolyester (PHBV) nanocomposites filled with HNTs
modified with several silane coupling agents with 3 wt.%
HNTs were increased by ∼4, 3 and 1.10 times,
respectively. Ye et al. (2011) reported that both the
storage modulus and Tg of the HNT-toughened epoxy/
carbon fibre composites were slightly improved with
the addition of HNTs and the Izod impact strength was
enhanced by as much as 25% at a 2 wt.% HNTs
content. Dong et al. (2015) reported that the tensile
modulus and strength of the fabricated PLA/HNTs
nanocomposite were increased by 3 and 1.34 times at
10 wt.% and 1 wt.% HNTs contents, respectively.

Here, the PTFE nanocomposites filled with different
amounts of HNTs were prepared by the cold
compression moulding method. The structure and
properties of the HNTs/PTFE nanocomposites were
determined using a range of techniques. The mechan-
ical properties and tribological behaviours of the
nanocomposites were also studied.

EXPER IMENTAL PROCEDURES

Materials and methods

The HNTs were purchased from Yangzhou Xigema
New material Co. Ltd. They were purified before use
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by repeated acid-washing (Cheng & Sun, 2016). An
amount of HNTs powder was dispersed in 0.5 wt.%
HCl aqueous solution under vigorous stirring at 60°C
for 6 h, followed by centrifugation and acid-washing at
least three times. Finally, the purified product was dried
at 60°C in the oven for further use. The morphology of
the purified HNTs with few impurities was illustrated
in Fig. 1. The chemical composition of the acid-treated
HNTs is: SiO2 (54.51 wt.%), Al2O3 (28.84 wt.%),
Fe2O3 (2.96 wt.%), CaO (4.25 wt.%), MgO (0.21%),
Na2O (1.45 wt.%), K2O (2.89 wt.%), TiO2 (1.39 wt.%),
ZnO (0.22 wt.%), ZrO2 (0.45 wt.%), SO3 (0.65 wt.%)
and other (2.18 wt.%).

The PTFE (purchased from Shanghai 3F New
Material Co. Ltd.) and HNTs were mixed mechanically
using a high-speed (3000 rpm) stirrer for 2 h. The
specimenswere prepared by compressionmoulding at a
pressure of 10 MPa at room temperature. The speci-
mens were then sintered at 375°C and held for 2 h.
Finally, the samples were cooled to room temperature.
The mass fraction of HNTs in the nanocomposite
ranged from 0 to 20 wt.%, as listed in Table 1.

Mechanical performance testing

The tensile testing was carried out using a WDW-5
instrument (Shanghai Longhua, China). The tensile
speed was 50 mm/min. The sample size was
42.8 mm × 5.9 mm × 0.8 mm. Each specimen was
tested five times to acquire the mean value. The
thickness of each specimen was the average of five
measurements taken along the gauge length with a
digital micrometer. All the data were shown as a mean
± standard deviation. A one-way analysis of variance
(ANOVA) was performed to compare the mean values
among different groups.

Tribological-property testing

Tribological testing was performed using a MMW-1
instrument (Jinan Chenda Ltd. Co., China), a ring-on-
ring friction and wear tester. The contact schematic
diagram of frictional parts is shown in Fig. 2.

The test parameters and environmental conditions
were as follows:

Applied load: 200 N
Rotating speed: 200 rpm
Test duration: 60 min
Temperature: 25 ± 2°C
Relative humidity: 50 ± 10%

The friction coefficient was obtained automatically.
The wear rate, K (cm3/h) was calculated according to
the following equation:

K ¼ dv

dT
(1)

V ¼ Dm

r
(2)

FIG. 1. The morphology of the acid-washed HNTs: (a) TEM; (b) SEM.

TABLE 1. The composition of PTFE nanocomposites.

Material PTFE (wt.%) HNT (wt.%)

PTFE 100 0
PTFE-1 98 2
PTFE-2 95 5
PTFE-3 90 10
PTFE-4 85 15
PTFE-5 80 20
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where dV and dt were the volume loss and the sliding
time, respectively; Δm was the mass loss (mg) and ρ
was the density of PTFE composites (g/cm3).

Characterization

X-ray diffraction (XRD) analysis was performed
using a Bruker D8 Advance instrument (Germany)
(Cu-Kα radiation; background noise: <0.4 CPS;
voltage: 40 kV; current: 40 mA; scanning speed: 0.1°2θ;
scanning range: ∼5–70°2θ. The Fourier transform
infrared spectra were recorded on a Cary 610/670
micro IR spectrometer with a resolution of 4 cm−1 over
the range 4000–400 cm−1 using KBr wafers contain-
ing 0.5% of sample in single reflection ATR attachment
(Varian, USA). Scanning electron microscopy (SEM)
images were recorded using an Hitachi S-4800 SEM
(Japan) at an acceleration voltage of 10 keV on
gold-coated samples. Thermogravimetric Analysis

(TGA) was performed using a Perkin Elmer (USA)
Pyris 1 analyser at a heating rate of 5°C/min in a
nitrogen atmosphere. The wear-scar images were
captured using an LSM 700 3D laser scanning
microscope (CARL ZEISS, Germany).

RESULTS AND DISCUSS ION

Characterization of PTFE filled with different
amounts of HNTs

Figure 3a shows the XRD patterns of the as-received
HNTs, pure PTFE and HNTs/PTFE nanocomposites.
The as-received HNTs show three diffraction maxima
at 7.3, 4.5 and 3.6 Å, corresponding to the (001), (020)
and (002) reflections (Pasbakhsh et al., 2010; Dong
et al., 2015). The lack of a 10 Å maximum suggests
that the as-received HNTs used are fully dehydrated,
i.e. 7 Å-HNTs (Liu et al., 2013a,b,c; Dong et al.,

FIG. 2. Schematic diagram of wear tester: (a) ring-on-ring contact; (b) counterpart ring; and (c) sample ring.

FIG. 3. XRD patterns and FTIR spectra of as-received HNTs, pure PTFE and HNTs/PTFE nanocomposites.
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2015). As for the HNTs/PTFE nanocomposites, the
typical peaks above appear gradually with increase in
the HNTs contents in the PTFE nanocomposites. The
(020) peak of HNTs disappeared in the nano-
composites because the HNTs have a uniform
orientation in the HNTs/PTFE nanocomposites. The
orientation is a result of the shear force during
processing and suggests that interfacial interactions
occur between the PTFE and the HNTs. The
orientation of HNTs can improve the mechanical and
thermal properties of the polymer (Liu et al., 2014).
The typical peaks for pure PTFE and for HNTs/PTFE
nanocomposites located at 18.1°2θ are strong and
sharp, indicating that both the pure PTFE and HNTs/
PTFE nanocomposites have high proportions of
crystalline structures. The addition of HNTs does not
alter the crystalline structures of the PTFE.

The FTIR spectra of HNTs, pure PTFE and HNTs/
PTFE nanocomposites are shown in Fig. 3b. The as-
received HNTs have two intense bands at 3621 and
3694 cm−1 which represent AlAlOH stretching. The
bands at 1033 and 910 cm−1 are associated with
stretching of Si-O and Al-OH groups, respectively (Liu
et al., 2014). With respect to pure PTFE, the intense
absorption bands at 1145 and 1201 cm−1 are associated

with C–F stretching vibrations, characteristic absorp-
tion bands for PTFE (Kwong et al., 2006). In the
HNTs/PTFE nanocomposites, the intense bands at
3621 cm−1 and 3694 cm−1 disappear. This might be
because of either the destruction of the OH groups at
the surface of HNTs by sintering or due to to the
dilution of the HNTs contents in the PTFE matrix. The
intensity of the HNTs bands at 1033 and 910 cm−1 in
the PTFE/HNTs nanocomposites is less than those of
pure HNTs due to the small mass fraction of HNTs in
nanocomposites. These results suggest that HNTs were
incorporated successfully into the PTFE matrix.

Figure 4 displays the TGA curves of as-received
HNT, of pure PTFE and of HNTs/PTFE nano-
composites. The main weight loss of HNTs due to
dehydroxylation occurs at ∼488°C. The weight loss of
pure PTFE takes place at ∼500°C. The weight loss of
nanocomposites of PTFE filled with 1–2 wt.% HNTs is
in range 2–15 wt.% and occurs at a slightly higher
temperature than the pure PTFE. The best thermal
stability for polymer clay nanocomposites was observed
for larger amounts of HNTs, due to the good heat
resistance of HNTs, in agreement with previous studies
(Lim et al., 2002; Ahmadi et al., 2005; Leszczyńska
et al., 2007). The special structure of HNTs protects the

FIG. 4. TG curves of PTFE and HNT/PTFE nanocomposites: HNTs, PTFE, PTFE-1, PTFE-2, PTFE-3, PTFE-4 and
PTFE-5.
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polymer by slowing the escape of volatile products
during degradation. These results indicate that HNTs
enhance the thermal stability of PTFE (Du et al., 2006).

Micrographs of broken surfaces of the pure PTFE
and HNTs/PTFE nanocomposite illustrating the dis-
persion of HNTs are shown in Fig. 5. The pure PTFE
contains many ductile microfibrils and drawn liga-
ments (Fig. 5a). Fracturing of PTFE generates a large
volume of intense fibrillation and ductile tears
indicating that it consumes much energy. This is in
accordancewith the high tensile strength of pure PTFE.

The HNTs/PTFE nanocomposites have a porous
structure with a few extended HNTs (Fig. 5b,c).
Some HNTs are separated from the PTFE matrix
during fracturing, but otherwise, the dispersion of
HNTswas good, probably because the concentration of
HNTs was low. The aggregation level of the HNTs
increased significantly with increase in the concentra-
tion of HNTs (Fig. 5d–f ). In addition there is poor
adhesion between the HNTs and the PTFEmatrix. This
is the reason for the decrease in the tensile stress of the
nanocomposites with a high proportion of HNTs.

FIG. 5. SEM images of broken surfaces of PTFE and HNT/PTFE nanocomposites: (a) PTFE; (b) PTFE-1; (c) PTFE-2;
(d) PTFE-3; (e) PTFE-4; and (f ) PTFE-5. Scale bars: 1 μm.
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Mechanical and friction performance of HNTs/
PTFE nanocomposites

Figure 6 shows the tensile strength and elongation at
break of pure PTFE and HNTs/PTFE nanocomposites.
The nanocomposites with 2 wt.% HNTs show an
increase in tensile strength compared with that of pure
PTFE (Figure 6a). At low HNTs content, the HNTs can
be dispersed uniformly in the matrix leading to the
increase in tensile strength. The uniform filler disper-
sion is important in terms of allowing the matrix to
distribute the force to the fillers which carry most of the
applied load and which are thus able to stand the stress
(Razi et al., 2003). However, as the mass fraction of
HNTs is increased, the tensile strength of the
nanocomposites drops. This is due to stronger filler–
filler interaction than filler–resin interaction which is
responsible for lower tensile strength as obtained at a
greater proportion of HNTs (Ahmadi et al., 2005). As

can been seen in Fig. 6b, the elongation at break of the
HNTs/PTFE nanocomposites reduces with successive
additions of HNTs to the polymer. Addition of further
HNTs to the PTFE matrix increases the stiffness of the
resulting nanocomposites which leads to a reduction in
the value of elongation at break.

Figure 7 shows the variation of friction coefficient
and volume loss of pure PTFE and HNTs/PTFE
nanocomposites. The friction coefficients of the
nanocomposites are in the range 0.14–0.23; they
change rapidly at the beginning and then maintain a
constant value due to the formation of the steady
transfer films on the counterface during the repetitive
sliding action. The friction coefficients of PTFE and
PTFE-1 decrease a little with increase in the friction
time. The friction coefficients of other nanocompo-
sites, however, have the opposite tendency. Changes in
the friction coefficients for PTFE-2 and PTFE-3 are
between ∼0.18 and 0.19, a small improvement

FIG. 7. Friction coefficients and volume wear rates of PTFE and PTFE nanocomposites: (a) PTFE; (b) PTFE-1;
(c) PTFE-2; (d) PTFE-3; (e) PTFE-4; and (f ): PTFE-5.

FIG. 6. Tensile strength and elongation at break of PTFE and PTFE/HNT nanocomposites.
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FIG. 8. SEM images of the wear debris of PTFE and PTFE nanocomposites: (a) PTFE; (b) PTFE-1; (c) PTFE-2;
(d) PTFE-3; (e) PTFE-4; and (f ) PTFE-5.
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FIG. 9. SEM (a–f ) and 3D laser scanning microscope (g,h) images of the worn surface of PTFE and HNT/PTFE
nanocomposites: (a,g) PTFE; (b) PTFE-1; (c,h) PTFE-2; (d) PTFE-3; (e) PTFE-4; and (f ) PTFE-5.

435Halloysite nanotubes-reinforced PTFE nanocomposites

https://doi.org/10.1180/claymin.2017.052.4.02 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2017.052.4.02


compared to PTFE. However, the friction coefficients
of PTFE-4 and PTFE-5 increased from 0.18 at the
beginning to 0.23 at the end. The addition of larger
amounts of HNTs to PTFE results, therefore, in a
distinct increase in the friction coefficient, which is
attributed to the poor dispersion of HNTs at high filling
contents in the PTFE matrix. It may be that the transfer
film formed on a counterface during sliding plays an
important role in the tribological behaviour of poly-
mers. The enrichment of HNTs in the transfer film leads
to the obvious improvement in the friction coefficient.

Figure 7b shows the volume wear rate of pure PTFE
and of PTFE nanocomposites. The testing of the
nanocomposites ensured a steady-statewear rate, which
can be quantified. The results show that the incorpor-
ation of HNTs could cause a dramatic improvement in
the wear behaviour of PTFE. Compared to unfilled
PTFE, the volume wear rate of the HNTs/PTFE
nanocomposites at 2 wt.% HNTs is 21 times less
than that of pure PTFE; meanwhile the tensile strength
increased by 3.5%. To the present authors’ knowledge,
a crystal of PTFE has a ribbon-like structure and a
smooth surface and consists of macromolecular chains.
A single crystal is hexagonal and 20–50 nm thick.
Because the outer diameter of HNTs is ∼40 nm, i.e. of
the same order of magnitude as the dimensions of
single crystals of PTFE, HNTs can intertwine with
crystals of PTFE. Because of their stronger mechanical
properties and greater aspect ratio, HNTs are able to
reinforce PTFE composites significantly, and thus to
prevent the crystal structure of PTFE from being
destroyed during the friction test. Although crystals of
PTFE are drawn out from a PTFE surface by shear
during a friction test, HNTs impede this drawing-out of
PTFE crystals effectively, and thus improve the wear
resistance of HNTs/PTFE composites significantly.
Furthermore, the presence of HNTs in the friction
interface act as effective barriers to prevent large-scale
fragmentation of PTFE and slow the formation of a
transfer film. When sliding against the steel counter-
part, the load can be transferred to the HNTs, the wear
resistance of which is much greater than that of pure
PTFE.

Figure 8 shows the wear debris for pure PTFE and
HNTs/PTFE nanocomposites. In Fig. 8a1–f1 the wear
debris fragments produced by the friction process are
smaller for the pure PTFE than for the nancomposites.
It is likely that the smaller wear debris remains at the
contact for longer during the friction process. Some
smaller debris particles and HNTs could even remain
in ‘roughness valleys’ throughout the entire process
(Wang & Yan, 2006).

From Fig. 8a2–f2 the debris surface of pure PTFE
with some gaps looks smoother (Fig. 8a2). With the
addition of small amounts of HNTs (2 wt.%), the wear
debris of the nanocomposite is more like that of pure
PTFE except for some where there is dispersion of the
HNTs. Thus, the amount of debris increases with
increase in the amount of HNTs. During the sliding
process, the wear debris which is smooth and large is
extruded more easily from the contact region and this
explains the poor wear behaviour of pure PTFE. With
the addition of HNTs, the wear debris is rougher and
smaller than that of pure PTFE. This phenomenon may
slow the formation of transfer film and improve the
wear behaviour of the nanocomposites.

Figure 9 shows the worn surface of pure PTFE and
HNTs/PTFE nanocomposites. As for pure PTFE, the
obvious banding tears can be distinguished due to the
sliding behaviour between polymer and steel. This
phenomenon proves the poor wear resistance of PTFE
because of the weak Van der Waals forces between the
PTFEmodules (Lee et al., 2007; Krick et al., 2015). As
shown in Fig. 9b–d, corresponding to proportions of 2,
5 and 10 wt.% of HNTs, subsurface damage and
material loss have occurred due to the repeated sliding.
The particles broken and released from the composites
have initiated the debonding and then the elongated
cracks, and subsequently led to large amounts of debris
which resulted in a significant abrading wear rate. At
15 and 20 wt.% of HNTs (Fig. 9e,f ), there are no large
banding tears or serious damage to the worn surfaces.
This is consistent with the better wear behaviour of the
HNTs/PTFE nanocomposites than that of pure PTFE.
Note that a number of HNTs appear on the worn
surface. This is due to the super-strong mechanical
properties and the high aspect ratio of HNTs; the HNTs
in the worn surface protect the PTFE from serious
damage. Figure 9g,h shows the 3D laser scanning
microscopy image of pure PTFE and PTFE-2. As for
pure PTFE, the surface is smooth. The microgrooves
and banding tears can be seen clearly in the worn
surface. The reason is that the Van der Waals forces of
the PTFE molecules are weak. This phenomenon
confirms the poor wear behaviour of pure PTFE. In
Fig. 9h, the worn surface is rugged, which is because
the incorporation of HNTs shares the load with PTFE
resin and HNTs exist between the counterpart and
PTFE resin to decrease the wear rate.

CONCLUS IONS

Using halloysite nanotubes (HNTs) as reinforcing fillers,
and a cold compression moulding method, HNTs/PTFE

436 Z.-L. Cheng et al.

https://doi.org/10.1180/claymin.2017.052.4.02 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2017.052.4.02


nanocomposites with significant wear resistance were
prepared. The effect of HNTs in PTFE in terms of
structure and performance were investigated compre-
hensively. At an optimal filling amount of 2 wt.%, the
wear rate of the nanocomposites reduced by ∼90%
compared to pure PTFE while the tensile strength was
increased by∼3.5%. To further improve themechanical
and wear resistance of HNTs/PTFE nanocomposites,
modification of the HNTs to promote the dispersion and
solve the interfacial issue in the PTFE polymer will
enhance the properties of the polymer nanocompo-
sites. HNTs are therefore an excellent and low-cost
reinforcing filler for high-performance polymers
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