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Abstract

Polymer blending is a very important and widely used method for the modification of polymer materials. The mechanical properties,
miscibility and modification mechanisms of blends have been investigated earlier. However, studies of their tribological behavior have
been few, and little attention has been paid to the friction and wear mechanisms of polymer blends. In this paper, the structure, mechanical
and tribological properties of polyamide 66 (PA66) and polyphenylene sulfide (PPS) blends were studied. It was found that the PA66/PPS
blends had a two-phase structure; the blend with 30 vol.% PPS exhibited the best general mechanical properties; 80 vol.% PA66–20 vol.%
PPS blend had the lowest wear.

Differential scanning calorimetry (DSC) and Fourier transform infrared spectrometry (FT-IR) analyses were carried out and the transfer
films on the mating steel surfaces were investigated by scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS).
The results indicated that the crystalline structure of PA66, PPS and PA66/PPS blends changed due to sliding and tribochemical reactions
occurred with the PA66 and the PA66 phases in blends. The thermal control of friction model is applicable to this blend system, i.e.
the friction coefficient of PA66/PPS blends depended on the PA66 component with lower melting point, while the wear properties were
governed by the adhesive ability between the PPS and the counterface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The use of polymers and polymer-based composites is
very common in situations where a combination of good
mechanical and tribological properties is required. It is
often found that such properties are not attainable with a
homopolymer. The methods of polymer modification in-
clude copolymerizing, reinforcing and blending. Polymer
blending is fascinating because it has simple processing and
unfolds unlimited possibilities of producing materials with
variable properties. These advantages have led to its rapid
use in applications of polymers. In the field of polymer
tribology, in addition to adding internal lubricants (PTFE,
silicon oil, etc.) and anti-wear fillers (inorganic powders,
fibers, etc.), blending is also a traditional and effective
way [1–4].
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Polyamide (PA) is a widely used engineering plastic. It
possesses an outstanding combination of properties such as
low density, easy processing, good strength and solvent re-
sistance. However, its heat distortion temperature is low and
because of the presence of amide groups in the molecular
chain, it easily absorbs water which deteriorates its mechan-
ical properties and dimensional stability. Polyphenylene sul-
fide (PPS) possesses high temperature resistance combined
with good mechanical properties, exceptional chemical and
solvent resistance, high dimensional stability and easy pro-
cessing. It has, however, a lower elongation to break, a higher
cost and is rather brittle. In order to improve these adverse
effects, some researchers have blended both materials and
obtained a polymer alloy with outstanding properties[5–7].
However, these studies were focused on the melting stability,
structural uniformity and mechanical properties of PA/PPS
blends, but not on their friction and wear properties.

Studies of the tribological properties of PA, PPS and their
composites have been reported in previous literature[8–19].
The superior wear resistance of PA compared with other
polymers has been attributed to its ability to form an adhesive
transfer film when sliding against metal counterface. PPS has
high friction coefficient and wear because it does not form
a strong transfer film on a metal counterface. In the present
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Table 1
Materials used in this study

Polymer Supplier Trade name Melting
point
(◦C)

Specific
gravity
(g/cm3)

PA66 DuPont Co. Ltd. Zytel 101L
NC010

262 1.14

PPS Chevron Phillips
Chemical Co.

Ryton P-4 285 1.35

work, which investigates the structure and the mechanical
properties of PA66/PPS blends, the authors emphasize the
tribological properties of the polymer blends. The friction
and wear mechanisms are discussed in terms of the structure
and transfer films.

2. Experimental details

2.1. Materials

PA66 in granular form and PPS in powder form were used
in this paper and the data on these materials are given in
Table 1.

2.2. Specimen preparation

PA66/PPS blends were prepared in the following volume
ratios: 100/0, 80/20, 70/30, 60/40, 30/70 and 0/100, using a
HAAKE PTW16/25D co-rotating twin-screw extruder. Fol-
lowing Refs.[5–7], the temperatures from the feed zone to
the die of the extruder were 265, 275, 285, 295 and 285◦C,
respectively. The diameter of the die is 3 mm. The screw
speed was set at 70 rpm. All the materials were dried at
100◦C for 24 h before compounding. The extrudate was ob-
tained in the form of a cylindrical rod that was quenched in
cold water and then pelletized.

Fig. 1. Contact schematic diagram for the frictional couple (mm).

The specimens for mechanical and tribological tests were
injection molded from the pelletized blend materials us-
ing a SZ-20 reciprocating screw injection-molding machine
equipped with a standard test mould. The temperatures main-
tained in the two zones of the barrel were 280 and 300◦C,
and in the mould 25◦C.

2.3. Measurements of material properties

The thermal analysis was conducted on a NETZSCH
DSC204 at a heating rate of 10 K/min. The structure of the
materials was examined with a Nicolet NEXUS470 FT-IR
transmission mode. The morphologies of the polymer blends
were characterized with a JSM-5600LV SEM. The blends
were fractured in liquid nitrogen, then the fracture surfaces
were etched withm-cresol to remove the PA66. The sam-
ples were sputter-coated with a gold palladium alloy prior
to viewing under the microscope.

The tests of tensile strength, flexural strength, impact
strength and Rockwell hardness (HRM) were conducted
according to GB/T 16421-1996, GB/T 16419-1996, GB/T
16420-1996 and GB/T 9342-88, respectively.

The friction and wear tests were conducted on an M-200
friction and wear tester. A schematic diagram of the fric-
tional pairs is shown inFig. 1. A carbon structure steel ring
(No. 45, GB 699-88) of 40 mm outer diameter was used as
the counterface. The polymer specimen blocks were 6 mm×
7 mm×30 mm. Before each test, the surfaces were polished
with metallographic abrasive paper toRa 0.17–0.23�m for
the specimens andRa 0.09–0.11�m for the counterfaces.
Then the blocks and the rings were ultrasonically cleaned
in acetone and thoroughly dried. Sliding was performed un-
der ambient conditions (temperature: 20± 5◦C, humidity:
50±10%) at a speed of 0.42 m/s and a normal load of 196 N.
The test durations ranged from 0 to 130 min and the values
of friction torque were noted after 10 min and later at inter-
vals of 20 min. The transient friction coefficient was calcu-
lated from the friction torque. The average values of friction
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coefficient in the steady state were used as the friction coef-
ficient of samples. At the end of each test, the width of the
wear scar was measured with a measuring microscope, and
the wear volumeV of the specimen was calculated from the
relationship[20]:
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whereV is the wear volume loss (mm3), B the width of the
specimen (mm),r the radius of the steel ring (mm) andb the
width of the wear scar (mm). In this work, three replicate
friction and wear tests were carried out.

2.4. Surface analysis

The transfer films formed by the specimens were exam-
ined by SEM. The elemental compositions in the transfer
films were investigated by Oxford Instrument 6587 EDS.
Wear debris were analyzed by DSC and FT-IR to understand
the physical and chemical changes during sliding.

3. Results and discussion

3.1. Blend structure

The DSC curves of PA66, PPS and their blends are shown
in Fig. 2. It can be seen that all the blends show two melting
peaks at 265 and 286◦C which correspond to the melting
points of PA66 and PPS, respectively. This indicates that
the polymer blends are immiscible on a molecular scale and
have a two-phase structure.

The enthalpies of the PA66 and PPS phases in the blends
as calculated fromFig. 2 are listed inTable 2. From the

Fig. 3. FT-IR spectra of PA66, PPS and a PA66/PPS (70/30) blend.
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Fig. 2. The DSC traces of PA66, PPS and PA66/PPS blends.

Table 2
The enthalpies (�H, J/g) of the PA66 and PPS phases in the blends

100/0 80/20 70/30 60/40 30/70 0/100

PA 67.6 56.71 47.99 37.41 16.65 –
PPS – 5.8 8.2 9.5 20.5 59.8

data in this table, it can be seen that the enthalpies of PA66
and PPS phases in the blends are lower than that of the pure
polymers and decrease with the decrease in their respective
contents. This indicates that in the blending process, the
crystalline regions in PA66 and PPS are arranged irregularly
and the crystallinity decreases.

The FT-IR spectra of PA66, PPS and a PA66/PPS
(70/30) blend are shown inFig. 3. The characteristic ab-
sorption bands of PA66 are: stretching vibration of C=O at
1636 cm−1, deformation vibration of N–H at 1539 cm−1,
stretching vibration of C–N at 1270 cm−1 and bending
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Fig. 4. SEM micrographs of PA66/PPS blends.

vibrations of C=O and N–H at 580–690 cm−1. The charac-
teristic absorption peaks of PPS are: stretching vibration of
C=C in benzene at 1470 cm−1 and deformation vibration of
=C–H in 1, 4 place of benzene at 818 cm−1. It can be seen
from Fig. 3 that the characteristic absorption peaks which
are found in the PA66 and PPS spectra also appear in that
of the blend at the same locations. In addition, there are no
new absorption peaks in the blend spectrum. These obser-
vations suggest that in polymer blends, PA66 and PPS only
blend with each other mechanically and no new chemical
bonds are created.

The phase morphologies of the blends are shown inFig. 4.
These SEM pictures clearly illustrate the two-phase structure
of the blends. Furthermore, the phase morphologies of the
blends are correlated closely to their composition. When
the PA66 content is predominant in the system, it forms a
continuous phase in which discrete PPS particles of average
size 0.2�m are dispersed (Fig. 4a). The situation for PPS is
as the same as for PA66, but the average size of dispersed
PA66 particles is about 0.1�m (Fig. 4b).

3.2. Mechanical properties

The mechanical properties of PA66, PPS and blends are
listed inTable 3. It can be seen that, in general, the mechan-
ical properties initially increase with PPS proportion, but
gradually decrease later. Maximum values were obtained at
PA66/PPS (70/30) for tensile, flexural and impact strengths,
but for hardness at PA66/PPS (30/70). Based on these data,
the best mechanical properties of materials were obtained
for the PA66/PPS (70/30) blend.

Table 3
The mechanical properties of PA66/PPS blends

PA66/PPS blends 100/0 80/20 70/30 60/40 30/70 0/100

Tensile strength (MPa) 74.4 80.0 80.0 77.5 51.7 62.0
Flexural strength (MPa) 84.1 105 109 107 103 116
Impact strength (kJ/m2) 2.0 3.9 4.9 3.0 2.4 3.2
Rockwell hardness

(HRM)
82.2 84.2 90.3 90.7 92.8 86.0

3.3. Wear and friction

The curves showing the variation of friction coefficient
with sliding time are given inFig. 5. For almost all poly-
mers, the friction coefficient rapidly increases in the early
stage of sliding and reaches a steady value after 50 min. The
tendency for the variation in friction coefficient of PA66 and
PA66/PPS blends is about the same, but the friction coeffi-
cient of PPS is considerably higher than that of PA66 and
PA66/PPS blends in the steady state.

A histogram of average friction coefficient and wear vol-
ume with PPS content is presented inFig. 6. It was found
that the differences in friction coefficient between PA66 and
the other blends are not apparent (both about 0.66–0.68),
but the friction coefficient of PPS is much higher (0.85).
The wear volume of blends increases as the PPS percentage
increases after its content exceeds 20 vol.%, below which
the reverse trend is shown. The smallest wear volume is
4.99 mm3 when PA66/PPS is 80/20, which is reduced by 25
and 90%, respectively, compared to the PA66 (6.71 mm3)
and PPS (46.4 mm3), i.e. PA66/PPS (70/30) blend observ-
ably improves the wear resistance of PA66 and PPS.
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Fig. 5. Variation of friction coefficient with sliding time for PA66, PPS
and their blends.
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Fig. 6. Variation in average friction coefficient and wear volume with
PPS content.

3.3.1. Analysis of wear debris
Analysis of wear debris is one of the powerful methods

in the research of polymer tribology[21,22]. In order to elu-
cidate the friction and wear mechanisms of polymer blends,
the wear debris of PA66, PPS and their blends were ana-
lyzed by FT-IR and DSC.

The infrared spectra of PA66 and its debris are presented
in Fig. 7. It was found that the peak positions were not
changed before and after sliding. For example, four charac-
teristic absorption bands of the amide group in polyamide
(1636, 1539, 1270 and 580–690 cm−1) and the stretch-
ing vibrations of methylene in the main chain (2926 and
2856 cm−1) did not shift. However, for the characteristic ab-
sorption bands of amide groups, the peak intensities of the
stretching vibration of C–N at 1270 cm−1 and the deforma-
tion vibration of N–H at 688 cm−1 decrease significantly in
the wear debris. This may be due to the tribological change

Fig. 7. The FT-IR spectra of PA66 and its debris.

in PA66 because of frictional heat and a strong frictional
shear force at the sliding interface.

The intensity, shape and position of absorption peaks in
the fingerprint region of the FT-IR spectrum reflect the crys-
talline structure and type for a crystalline polymer[23].
Comparing the spectra of PA66 debris with that of pure PA66
in the fingerprint region, we can see that the position of each
peak is very clear, the peak intensity is strong and the shape
is acute for the latter, while for the former the peak intensity
is weaker (especially for the absorption peaks at 1040 and
934 cm−1), the peak shape is wider and many overlapping
peaks appear. This indicates that during sliding, the origi-
nal regular arrangement of the crystalline regions in PA66
is destroyed and the crystallinity dramatically decreases.

Analysis results for PPS and its debris are presented in
Fig. 8. It can be seen that the peak positions of both PPS and
its debris do not change and the peak intensity is nearly the
same. This indicates that there are no tribochemical reactions
during PPS sliding.

The FT-IR spectra of PA66/PPS (70/30) blend before and
after tests are shown inFig. 9. It can be seen that, compared
with unworn blend, no changes occurred in the positions and
intensities of characteristic absorption peaks for PPS (e.g.
the peaks at 1470 and 818 cm−1). Also there are no PA66
characteristic absorption peaks, or if there are some absorp-
tion peaks like those mentioned above, their intensities are
very low. Absorption peaks at positions such as 1270, 933
and 688 cm−1 are changed typically. All of this indicates
that the tribochemical reactions occurred in the PA66 phase
during sliding, which was not the case for the PPS phase.

The DSC curves of debris for PA66, PPS and PA66/PPS
(70/30) blend are given inFig. 10. Compared with the DSC
traces of respective samples before sliding (Fig. 2), there
are no melting peaks in the debris traces and the shapes of
the curves differ completely after sliding. This indicates that
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Fig. 8. The FT-IR spectra of PPS and its debris.

the crystalline structures of PA66, PPS and PA66/PPS blend
were destroyed during sliding and the crystalline polymers
changed into amorphous state.

3.3.2. Analysis of transfer films
It is now fully recognized that the friction and wear be-

havior of a polymer sliding against a metal counterface is
strongly influenced by its ability to form a transfer film on
the counterface. Because of this, the surfaces of steel rings
sliding against polymers were investigated by SEM and EDS
and the micrographs are given inFigs. 11–15.

The SEM micrograph of transfer film formed by PA66
and X-ray mapping of the elements are given inFig. 11.
Fig. 11a shows that PA66 forms a non-uniform and discon-
tinuous transfer film on the surface of the steel ring. After
cleaning the steel ring ultrasonically in acetone, the surface
did not changed, which indicates a good adhesion between

Fig. 9. The FT-IR spectra of PA66/PPS (70/30) blend and its debris.

the transfer film and substrate. The transfer film consists
of two portions: the dark portions and the bright portions.
From the C-map (Fig. 11b) and Fe-map (Fig. 11c) in the
transfer film it may be inferred that the dark portions are
C enrichment regions, which indicate transfer of PA66 to
the steel counterface. In contrast, carbon is almost not de-
tected in the bright portions representing mostly Fe. Thus,
the bright regions are the bare steel surfaces and have not
been covered by the transfer film. A close examination of the
O-map (Fig. 11d) shows its distribution is uniform and cov-
ering all the regions of the transfer film. This indicates the
tribochemical reactions between the O2 and Fe on the steel
surface and transferred polymer under tribological heat and
strong shear force during sliding, which facilitate adhesion
between the transfer film and the counterface[22,24].

The SEM micrographs of surface of steel ring sliding
against PPS are presented inFig. 12. FromFig. 12a it can be
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Fig. 10. DSC traces of debris of PA66, PPS and PA66/PPS (70/30) blend.

seen that transferred PPS nearly did not cover the counter-
face, because the abrasion marks left by finishing the steel
ring are clearly seen. The SEM micrograph at higher mag-
nification (Fig. 12b) shows that the loose PPS particles were
adsorbed on the surface. The particles were removed af-
ter cleaning the steel ring ultrasonically in acetone and sul-
fur element was almost not detected by EDS (as shown in
Fig. 13). These results indicate that PPS has poor ability to
form a transfer film on the steel counterface.

The SEM micrograph of transfer film formed by
PA66/PPS (70/30) blend and X-ray mapping of the ele-
ments are given in Fig. 14. It also forms a non-uniform and
discontinuous transfer film on the surface of the steel ring
(Fig. 14a) and it did not changed after cleaning ultrasoni-
cally in acetone, which is similar to PA66. From Fig. 14b
we can see that the oxygen distributes uniformly on the
counterface. Relating with above discussion about transfer
film of PA66, it can be inferred that the tribochemical re-
actions occurred with the PA66 phase for PA66/PPS blend.
Comparing the C-map (Fig. 14c) with the S-map (Fig. 14d),
it was found that there was abundant sulfur in the carbon
enrichment regions, i.e. PPS in blend is also transferred to
the steel counterface. This phenomenon, which is different

from the pure PPS under the same conditions (PPS is unable
to form an adhesive transfer film), indicates that the PA66
phase in the blends enhances the ability of PPS to form a
transfer film on the counterface.

Fig. 15 shows the SEM micrographs of transfer film
formed by PA66/PPS (30/70) blend before and after clean-
ing. Comparing Fig. 15(a) with Figs. 11(a) and 14(a), it
was found that the coverage of transfer film increases with
PPS content. However, the transfer film is rough and patch
layers appeared on the surface. After cleaning ultrasonically
in acetone, the patch layers were removed, which indicates
that the adhesion between the transfer film and the substrate
becomes weaker as PPS content increases in blends.

It has been hypothesized that wear resistance of polymers
depends largely on their ability to form thin, uniform and
adherent transfer film on the counterface [11,25–27]. The
observations in this paper support the above hypothesis. The
adhesive transfer film formed by PA66 during sliding pre-
vents direct contact between the polymer surface and the
hard counterface, thereby reducing abrasive action and re-
sulting in lower wear volume. Since PPS has no ability to
form an adhesive transfer film on the counterface, its wear
depends on the mechanical interlocking between the con-
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Fig. 11. SEM micrograph of transfer film formed by PA66 and X-ray mapping of the elements. Arrow indicates sliding direction.

tacting surfaces. During sliding, the hard asperities on the
steel surface directly plow the surface of the polymer block
because of the absence of adhesive transfer film. Polymer
debris produced by plowing action are adsorbed mechan-
ically on the counterface and are easily removed during

Fig. 12. SEM micrographs of counterface sliding against PPS. Arrow indicates sliding direction.

sliding. Therefore, the wear volume of PPS is higher. As
above mentioned, the PA66 phase in the blend enhances
the ability of PPS to form a transfer film on the counter-
face, so the more PPS content, the larger amount of mate-
rials transferred to the counterface. However, because the
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Fig. 13. SEM micrographs of counterface against PPS and S-map after cleaning.

adhesion between PPS and the substrate is very weak, so the
transferred polymers on the counterface are easier to peel
off. Therefore, the wear volume of the PA66/PPS blends in-
creases with PPS content.

One experimental result to note in this paper is that a
variation of friction coefficient for all blend compositions is

Fig. 14. SEM micrograph of transfer film formed by PA66/PPS (70/30) blend and X-ray mapping of the elements. Arrow indicates sliding direction.

about the same and it is also the same for pure PA66 (about
0.66–0.68, as shown in Fig. 6). We speculate that this can be
explained by a thermal control of friction model [28,29]. In
this model, frictional heat is not easily conducted from the
interface because the low thermal conductivity of polymers.
When sliding conditions are quite severe, a limiting condi-
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Fig. 15. SEM micrographs of transfer film formed by PA66/PPS (30/70) blend. Arrow indicates sliding direction.

tion will occur, beyond which frictional heating is actually
the dominant factor. That is to say, when the melting tem-
perature of the polymer is reached during sliding, the fric-
tion coefficient varies with sliding speed or load so that the
temperature within the contact remains constant at the melt-
ing point. As for PA66/PPS blends used in this paper, which
have a two-phase structure, the melting point of the PA66

Fig. 16. The morphologies of wear debris formed by PA66, PPS and their blends.

phase (265 ◦C) is lower than that of the PPS phase (286 ◦C),
so the melting point of PA66 is first reached and at that point
the PA66 begins to melt. According to the thermal control
of friction model, any additional frictional heat released in a
contact during sliding tends to melt additional polymer rather
than cause the temperature of the already molten polymer
to rise. Thus, the temperature on the sliding surface did not
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increase when PA66 in the blends begins melting. Molten
PA66 forms a low-shear-strength interfacial layer at the slid-
ing surface, which behaves as a lubricant. In PA66 and blend
systems, the friction coefficient is governed by the shear
strength of this interfacial layer. For PA66/PPS blends show-
ing a two-phase structure, the melting shear strength of the
PA66 phase is equivalent to that of pure PA66, therefore, the
differences in friction coefficient for PA66/PPS blends are
not apparent and the values are nearly equal to that of pure
PA66.

In order to prove above viewpoint, the morphologies of
debris formed by PA66, PPS and PA66/PPS blends were in-
vestigated by SEM and the micrographs are given in Fig. 16.
From this figure it can be seen that apparent melting phe-
nomena occurred with PA66 and PA66/PPS blends, but PPS
did not melt during sliding under the same conditions. More-
over, the melting intensity becomes weaker as the PPS con-
tent increases.

3.4. Remarks

The PA66/PPS blends improved the mechanical and tri-
bological properties of the pure polymers. The mechanical
properties are the best when the PA66/PPS ratio is 70/30.
The friction coefficients of blends are nearly the same and
approximately equal to that of pure PA66. The lowest wear
volume (4.9 mm3) is obtained with the PA66/PPS (80/20)
blend. The PA66/PPS (70/30) blend has the lower friction
coefficient and its wear volume is not very high (6.89 mm3),
so if taking into account the mechanical properties of mate-
rials, this blend compares favorably with other materials for
practical applications.

Since the PA66/PPS blends have a two-phase structure
and each phase in the system maintains the same proper-
ties as their own bulk polymer, so the changes in chemistry
and physics for blends occurred during sliding are equiva-
lent to that of the pure PA66 and pure PPS under the same
conditions. In other words, the friction and wear process of
PA66/PPS blends consists of that of the PA66 phase and PPS
phase in the system. The friction coefficient of the blends is
governed by the PA66 melting properties under the action of
the thermal control of friction, while the adhesion between
the PPS and steel surface is the major factor influencing the
wear. That is to say, the different phases determine the fric-
tion and wear properties of the polymer blends separately.
This provides the possibility of predicting the tribological
properties of polymer blends. Based on this, it may be pos-
sible to produce polymer blends with superior properties of
friction and wear.

4. Conclusions

On the basis of the studies made, the following conclu-
sions may be drawn:

(1) The PA66/PPS blends improved the mechanical proper-
ties and the blend with best general mechanical proper-
ties is PA66/PPS (70/30).

(2) The friction coefficients of the blends and of the pure
PA66 are almost the same (0.66–0.68), and they are
much lower than that of the pure PPS (0.85).

(3) The minimum wear (4.99 mm3) was obtained in the case
of PA66/PPS (80/20) blend, the wear volume of blends
increases with PPS proportion after the PPS content ex-
ceeds 20 vol.%, below which the reverse trend is shown.

(4) A tribochemical reaction takes place for pure PA66 dur-
ing sliding, while not happening for pure PPS. The crys-
talline structures of PA66, PPS and PA66/PPS blends
changed from the crystalline into the amorphous.

(5) PA66 has the ability to form a transfer film on the steel
surface while PPS has not; the presence of PA66 phase in
the blend enhances the ability of PPS to form a transfer
film on the counterfaces.

(6) The thermal control of friction model is applicable for
polymer blend systems. The friction coefficient is de-
termined by the melting properties of the PA66 phase
in the blends, and the wear is governed by the adhesion
between PPS and the counterface.
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