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Friction and wear of low nanometer Si3N4 filled epoxy composites
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Abstract

To prepare epoxy-based composites with low frictional coefficient and high wear resistance, nanometer silicon nitride particles were
added. Dry sliding wear tests indicate that the composite materials exhibit significantly improved tribological performance and mechanical
properties at rather low filler content (typically less than 1 vol.%). Unlike the severe wear observed in unfilled epoxy dominated by
fatigue-delamination mechanism, the wear mode of nano-Si3N4 composites is characterized by mild polishing. It is believed that strong
interfacial adhesion between Si3N4 nanoparticles and the matrix, reduced damping ability and enhanced resistance to thermal distortion
of the composites, and tribochemical reactions involving Si3N4 nanoparticles account for the reduced frictional coefficient and wear rate
of the composites.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent investigations on inorganic nanoparticles filled
polymer composites reveal their significant potential in
producing materials with low friction and/or high wear
resistance[1–7]. In comparison with the widely used mi-
crometer particles, nanoparticles are believed to have the
following advantages[3,4]: (i) the mechanical behavior of
the bulk materials can be emulated while the abrasiveness
of the hard microparticles decreases remarkably as a result
of a reduction in their angularity; (ii) the transferred film
can be strengthened because the nanoparticles would have
the capability of blending well with wear particles; (iii)
the material removal of nanoparticulate composites would
be much milder than that of conventional composites be-
cause the fillers have the same size as the segments of the
surrounding polymer chains.

As a continuation of our researches on the improvement
of tribological performance of polymer nanocomposites
[4,5,7,8], the present paper discusses friction and wear be-
havior of low nanometer Si3N4 filled epoxy composites. It
has been known that bulk Si3N4 exhibits excellent friction
reducing and wear resisting capability owing to the hydro-
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dynamic lubrication effect obtained by tribochemical wear
[9]. When Si3N4 pin slides against white iron in distilled
water, a tribochemical film is formed on the rubbing sur-
face, which protects both Si3N4 and iron and makes the
paired surfaces smooth[10]. Besides, Si3N4 in the form of
nano-sized particulates can also provide both thermoplas-
tic and thermosetting polymers with improved tribological
properties[1,11]. Wang et al. observed that polyetherether-
ketone (PEEK) composites containing 7.5 wt.% nano-Si3N4
exhibit the highest wear resistance, which is increased by
about 85% in comparison with the case of neat PEEK[1].
Similarly, the sliding wear rate of bismaleimide resin against
steel counterface is decreased by 72% when 1.5 wt.%
nano-Si3N4 are incorporated[11]. Considering that the
decrement of wear rate of the polymers as a result of the
addition of Si3N4 nanoparticles is not remarkable enough,
the authors of the current work aim at further bringing the
effect of nano-Si3N4 particles into play and having a deeper
understanding of the mechanisms involved as well.

2. Experimental

The epoxy resin used in this study is a low-viscosity
diglycidyl ether of bisphenol A with epoxide equivalence
weight in the range of 0.48–0.54 mol per 100 g. The curing
agent is 4,4′-diaminodiphenylsulfone (DDS). Both the epoxy
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and curing agent are commercial products of Guangzhou
Dongfeng Chemical Co., China, and were used as received
without further purification. Nanometer Si3N4 particles at a
size smaller than 20 nm, produced by Zhoushan Nanomate-
rials Co., China, were used as the filler. Prior to the com-
posites manufacturing, the nano-Si3N4 particles were dried
at 120◦C in vacuum for 24 h.

For having an even dispersion of nano-Si3N4 in epoxy,
both the resin and the fillers with desired proportion were
carefully mixed by mechanical stirring and ultrasonication
before the curing agent was added at a stoichiometric ratio
in respect to the epoxy resin. Then the mixture (consisting
of epoxy, the nano-filler and the curing agent) was heated
to 130◦C in an oil bath and kept at this temperature for
10 min with stirring to dissolve the curing agent. Finally,
the compounds were poured into a polytetrafluoroethylene
(PTFE) coated mold, and evacuated for 30 min at 120◦C to
remove air bubbles. All the samples were cured following
the procedures shown below step by step: 2 h at 100◦C, 2 h
at 140◦C, 2 h at 180◦C and 2 h at 200◦C.

Three-point bending tests of the composites specimens
were carried out in a Hounsfield universal tester in accor-
dance with GB/T1039-92 standard at a deformation rate of
5 mm/min, while unnotched Charpy impact tests were con-
ducted in a XJJ-5 tester according to GB1843-80(89) stan-
dard. Composites’ Vickers microhardness was measured by
a MARK-3H instrument under a loading of 10 g and hold-
ing time of 60 s. Dynamic mechanical analysis (DMA) was
made with a TA Instruments (2980 dynamic mechanical an-
alyzer) under frequencies of 1, 3, 10 and 30 Hz from−130
to 250◦C at a heating rate of 5◦C/min. A single cantilever
system was used to hold the specimens. Thermomechani-
cal analyses (TMA) of the materials were conducted on the
same instrument at a heating rate of 5◦C/min under a con-
stant load.

Unlubricated sliding wear tests were carried out in a
pin-on-ring configuration at a constant velocity of 0.4 m/s
and pressure of 3 MPa, respectively. The carbon steel ring
(0.42–0.45 wt.% C, 0.17–0.37 wt.% Si and 0.5–0.8 wt.%
Mn, HRC 50) had a diameter of 40 mm and an initial surface
roughness of 0.1�m. The specimens for wear tests were
machined with a geometry of 5 mm× 10 mm× 15 mm, re-
sulting in an apparent contact area of about 5 mm× 10 mm.
Prior to wear testing, all the samples were pre-worn to
average surface conditions and to reduce the running-in
period. The actual steady-state test was conducted for 3 h
using the same steel ring as that used for the pre-worn pro-
cedure. After that, a weight measurement of the specimens
was conducted. Thermal decomposition behaviors of the
surface layers of epoxy and the composites pins before and
after wear tests were studied by a NETZSCH TG209 ther-
mogravimetric analyzer at a heating rate of 10◦C/min in
N2. Morphologies of the worn surfaces were observed by
a JSM-6330F scanning electron microscopy (SEM). X-ray
photoelectron spectra (XPS) of the composites’ surfaces
were recorded by means of a Vacuum Generators Escalb

MK II X-ray photoelectron spectrometer with a resolution
of 0.8 eV at 240 W (Mg K� 12 kV). In addition, X-ray
energy distribution spectra (EDS) of the counterpart steel
rings were collected with a LINK-ISIS 300 apparatus at an
accelerating voltage of 20 kV.

3. Results and discussion

3.1. Mechanical properties and interfacial interaction

Incorporation of micrometer inorganic particles into poly-
mers often reduces strength properties of the composites ex-
cept the stiffening effect. When the bonding between the
filler particles and the matrix is poor, tensile strength of a
composite is usually lowered with filler content following
a power law[12,13]. From Figs. 1 and 2, it may be seen

Fig. 1. Flexural strength of nano-Si3N4/epoxy composites as a function
of filler content. The numerals beside the open square symbols represent
the B values calculated according toEq. (1).

Fig. 2. Flexural modulus of nano-Si3N4/epoxy composites as a function
of filler content. The dashed line is drawn usingEq. (4)on the assumption
that �R/R = 0.5.
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that the above statements are inapplicable to the current
nano-Si3N4/epoxy composites. Both flexural strength and
modulus increase with a rise in the filler concentration. That
means the interfacial adhesion is so strong that the nanopar-
ticles are able to carry the applied load.

Pukánszky considered the case of strong filler/matrix and
described the composition dependence of tensile yield stress
in heterogeneous polymer systems using a semi-empirical
correlation[14]:

σc = 1 − Vf

1 + 2.5Vf
σm exp(BVf ) (1)

whereσc andσm denote the yield strengths of the compos-
ite and the matrix, respectively;Vf the volume fraction of
fillers andB is a parameter related to the interfacial interac-
tion including interlayer thickness and interfacial strength.
By using the strength data inFig. 1andEq. (1), a series ofB
values are obtained and labeled inFig. 1. In comparison with
the work by Walter et al. on Kaolin (0.8 and 1.4�m) filled
high density polyethylene (HDPE) composites, in which the
values ofB range from 3.8 to 4.35[15], it is clear that
the load bearing areas in the present composites filled with
nano-Si3N4 are much greater than those in Kaolin/HDPE
systems. The nanoparticles have higher reinforcing ability
than the micron fillers. On the other hand, the declining trend
of the values ofB with increasing filler content (Fig. 1) im-
plies that the efficiency of reinforcement of the nanoparticles
becomes lower at high filler loading regime, probably due
to the worse distribution of the particles in the composites.
This is understandable as the more nanoparticles are added
into epoxy, the more viscous the mixture and the more dif-
ficult the breaking-down of the agglomerated particles.

Kryszewski and B¸ak supposed that some volume of the
surrounding matrix becomes immobilized as a result of in-
terfacial binding, giving rise to the effective increase in the
size of nanoparticles[16]. The effective volume fraction of
the partially immobilized materialVe is given by

Ve = Vf

(
1 + �R

R

)3

(2)

whereR stands for the radius of nanoparticles and�R the
increment of the effective particle size. By replacingVf with
Ve in Kerner’s equation[17] (Eq. (3)) for a Poisson ratio of
0.5, the elastic modulus of nanocomposites can be described
asEq. (4):

Ec =
[
1 + 15Vf (1 − vm)

(1 − Vf )(8 − 10vm)

]
Em (3)

Ec =
[
1 + 2.5Ve

1 − Ve

]
Em (4)

whereEc is the modulus of the composites,Em andvm the
modulus and the Poisson ratio of the matrix, respectively.
A comparison between the testing data shown inFig. 2 and
Eq. (4) indicated a good agreement provided�R/R = 0.5.

Fig. 3. Unnotched Charpy impact strength of nano-Si3N4/epoxy compos-
ites as a function of filler content.

It suggests that the effective radius of the immobilized ma-
trix environment surrounding the Si3N4 nanoparticles in the
current composites is comparable to that of the particles.

In addition to the static mechanical tests, dynamic testing
can generate information about the strengthening effect of
the fillers from another aspect. As shown byFig. 3, the im-
pact toughness of the composites increases with nano-Si3N4
content. Since unnotched Charpy impact strength reflects
the energy consumed before fracture, the results given in
Fig. 3 demonstrate that the nanoparticles in the composites
are able to induce plastic deformation of the surrounding
matrix polymer to a certain extent under the conditions of
high strain rate.

Fig. 4 illustrates the mechanical loss spectra of the com-
posites. In contrast to the conventional composites[18],
whose damping factor at glass transition, tanδTg, is lower
than that of the matrix, the internal friction peak intensity
of epoxy shown inFig. 4 is weaker than the filled versions.

Fig. 4. Temperature dependence of internal friction, tanδ, of
nano-Si3N4/epoxy composites measured at 1 Hz.
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Table 1
Characterization of�-relaxation of nano-Si3N4/epoxy composites

Vf

(vol.%)
Peak temperature of�-relaxation (◦C) �H�

(kJ/mol)
30 Hz 10 Hz 3 Hz 1 Hz

0 −13.8 −22.8 −31.4 −35.9 56.6
0.27 −16.8 −25.2 −33.6 −41.3 75.8
0.83 −19.5 −26.2 −33.2 −41.0 103.6
1.38 −16.4 −22.34 −29.8 −37.6 80.7
2.19 −16.2 −23.8 −30.4 −36.6 78.7

Besides, the glass transition temperature characterized by
the �-peak temperature of epoxy is also higher than those
of the composites. This phenomenon might result from (i)
a weak interfacial interaction in the case of stiff interphase
[19] or (ii) a strong interfacial interaction in the case of duc-
tile interphase[20]. Considering that impact tests reveal the
ability of the particles to induce plastic deformation, it can
be deduced that the latter factor plays the leading role. In
fact, this estimation is supported by the calculation of Kubat
parameterA [21]:

A = tanδc

(1 − Vf ) tanδm
− 1 (5)

where tanδc and tanδm denote the damping factors of
the composites and the matrix, respectively. By using the
tanδTg data of the materials shown inFig. 4, the values of
A for the composites are yielded: 0.04 (Vf = 0.27 vol.%),
0.51 (Vf = 0.83 vol.%), 0.40 (Vf = 1.38 vol.%), and 0.36
(Vf = 2.19 vol.%). As A approaching 0 corresponds to
strong interfacial bonding in the composites, it is known
that the nanocomposites at the lowest filler fraction (Vf =
0.27 vol.%) has the highest filler/matrix adhesion.

Table 1further lists the peak temperatures and activation
enthalpies of the�-relaxation,�H�, of the composites. The
values of the latter parameters were obtained from Arrhe-
nius regression. The�-relaxation has been assigned to mo-
tions of the O–CH2–CHOH–CH2 hydroxypropylether units
and cooperative motions involving hydroxypropylether units
and amine crosslinking points that are present in all these
systems[22,23]. The greater�H� values of the compos-
ites than that of unfilled epoxy induced by the addition of
nano-Si3N4 means that the particles/matrix interaction is so
strong that the motion of alcohol ether in epoxy is greatly
obstructed and the crosslinking density is changed to a cer-
tain extent as well.

3.2. Friction and wear performance

In general, epoxy is not an ideal material used in sliding
wear applications due to its three-dimensional network struc-
ture as compared with thermoplastics. As shown inFig. 5,
both frictional coefficient and specific wear rate of unfilled
epoxy is quite high. The situation is changed greatly when
nano-Si3N4 is incorporated. It is seen that there is a signif-
icant reduction in the values ofµ and ẇs at filler content

Fig. 5. Frictional coefficient,µ, and specific wear rate,̇ws, of nano-
Si3N4/epoxy composites as a function of filler content.

as low as 0.27 vol.%. With a rise in the concentration of the
nanoparticles, the declining trend becomes gentle and is re-
placed by a slight increase from 1.38 vol.% on. It means the
nanometer Si3N4 particles are very effective in improving
the tribological performance of epoxy. Although wear data
of micrometer Si3N4/polymer system are not available in the
literature to the authors’ knowledge, the result of microm-
eter SiO2 particles (18�m) filled epoxy composites can be
cited as Ref.[24]. It is found that the content of micrometer
SiO2 needed to acquire a significant decrease in wear rate
of epoxy is as high as 40 wt.%. This is much higher than
the amount added into the present systems. In view of ap-
plicability, the composites with such a high loading of mi-
crometer particles are far from equaling the nanocomposites
characterized by lightweight.

Fig. 6 exhibits the SEM micrographs of the worn sur-
faces of epoxy and the composites. The wear scars on the
epoxy pin are characterized by obvious scale-like traces
(Fig. 6(a)). A close view (Fig. 6(b)) shows that microme-
ter size blocks of epoxy resin have left the materials sur-
face. This is indicative for fatigue-delamination generated
under repeated loading during sliding. Fatigue wear has been
regarded as a main mechanism responsible for the sliding
of epoxy against a hard counterpart[25,26]. The model is
based on the sub-surface crack nucleation and coalescence
due to shear deformation of the softer surface induced by
the traction of the harder asperities[27]. For filled com-
posites, the worn surfaces are full of smoothly polished
grooves (Fig. 6(c), (e), (g) and (i)). This is particularly evi-
dent in the case ofVf = 0.83 vol.% (Fig. 6(e)), which cor-
responds to the lowesṫws as shown inFig. 5. When the sur-
faces are observed at high magnification (Fig. 6(d), (f), (h)
and (j)), they still look quite smooth besides the thin resin
sheets to be removed (Fig. 6(d) and (j)), tiny cracks several
nanometers wide and hundreds nanometers long (Fig. 6(f)
and (h)), and the exposed nanoparticle agglomerates dozens
of nanometer in diameter (Fig. 6(f)). Naturally, the transi-
tion from severe wear mode of unfilled epoxy to mild one



Fig. 6. SEM images of the worn surfaces of (a, b) epoxy, (c, d) nano-Si3N4/epoxy composites (Vf = 0.27 vol.%), (e, f) nano-Si3N4/epoxy composites
(Vf = 0.83 vol.%), (g, h) nano-Si3N4/epoxy composites (Vf = 1.38 vol.%), and (i, j) nano-Si3N4/epoxy composites (Vf = 2.19 vol.%). To ensure equal
observation conditions, all the surfaces are examined at two magnifications. The white circles in (f) indicate the agglomerated nanoparticles.
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Fig. 6. (Continued ).

of the composites results from the addition of nano-Si3N4
particles.

It has been known from the discussion in last section
that the interaction between the nanoparticles and epoxy is
quite strong. This should make the detachment of the par-
ticles from the matrix rather difficult and thus the amount
of material loss is reduced accordingly. However, a care-
ful comparison betweenFigs. 1–3 and 5indicates that the
filler content dependences of the mechanical properties are
not equivalent to those of the tribological performance. Un-
like the results inFig. 5, there is no drastic variation in
either strengths (Figs. 1 and 3) or modulus (Fig. 2) with
the addition of nano-Si3N4. Therefore, other factors in ad-
dition to the enhanced nanoparticles/matrix bonding should
account for the improved friction and wear properties of the
composites.

As surface hardness is generally taken as one of the
most important factors that govern the wear resistance of
materials, Vickers microhardness,Hv, of the composites is
measured (Fig. 7). Evidently, the surface hardness of the

Fig. 7. Vickers microhardness,Hv, of nano-Si3N4/epoxy composites as a
function of filler content.

composites keeps almost unchanged until the filler content
reaches 2.19 vol.%. In fact, the size of the micro-indenter
is much larger than that of the nanoparticles. For the com-
posites with lower nanoparticles concentration and better
dispersion, the measuredHv values cannot reflect the true
hardening effect around the particles but the performance
of the matrix resin itself. In the case of higher particulate
content (2.19 vol.%, for instance), agglomeration of the
particles is rather severe, resulting in higher microhardness
with considerable testing error, which also characterizes the
uneven distribution of the nanoparticles[4] as confirmed
by the decreased reinforcing efficiency at the same filler
loading (Fig. 1).

Since the measured microhardness is not qualified for an-
alyzing the causes for the reduction of frictional coefficient
and wear rate of the composites, the dynamic mechanical
responses of the materials (Fig. 4) are studied in correlation
with the frictional property as follows. This is done also be-
cause of the viscoelastic nature of polymer composites that
might influence the tribological behavior of the composites
through hysteretic motion of the macromolecular chains.
Considering that the transient surface temperature at rubbing
surface is rather high, frictional coefficient of the compos-
ites is plotted as a function of the area under the�-transition
peak in tanδ-temperature (Fig. 8). It is obvious that the rela-
tionship follows exponential growth, which is analogous to
Arrhenius equation implying the frictional process is closely
related to thermally activated motion of the molecular seg-
ments of epoxy. Since frictional coefficient increases with a
rise in damping of the composites, the ability of the materials
to transform mechanical energy into heat contributes to the
frictional behavior. In other words, the stiffer the composites,
the lower the frictional coefficient, so that the stick-and-slip
phenomenon can be prevented[28]. Fig. 9 shows the re-
sults of thermomechanical analysis (TMA) of the materials.
The comparative measurements manifest that the thermally
induced deformation of epoxy is decreased after the addi-
tion of the nanoparticles, especially when the filler content
is high. It means dimensional stability of the composites is
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Fig. 8. Frictional coefficient,µ, vs. area under the�-transition peak in
tanδ-temperature curve shown inFig. 4.

superior to that of unfilled epoxy when the specimens are
heated up due to the repeated friction, which favors the re-
duction of frictional coefficient as concluded fromFig. 8.

It is worth noting that when the curve inFig. 8 is ex-
trapolated to the position at which the�-peak area= 0, the
correspondingµ does not equal 0. Therefore, mechanical
damping is not the only influencing factor.Fig. 10 shows
the microhardness values of the surfaces of epoxy and its
composites before and after wear testing. Although no ob-
vious variation can be seen in the case of nano-Si3N4/epoxy
composites, microhardness of the worn surface of epoxy pin
decreases significantly, suggesting structural decay of the
top resin layer in the scale range of micrometer. On the ba-
sis of this finding, thermogravimetric analyses (TGA) of the
surface layers of the same samples are carried out to check
whether surface chemistry is involved. FromFig. 11 it is
seen that both unworn epoxy and nano-Si3N4/epoxy com-
posites have similar pyrolytic behavior so that their TGA

Fig. 9. Thermomechanical curves of epoxy and nano-Si3N4/epoxy com-
posites.

Fig. 10. Vickers microhardness,Hv, of pin surfaces of epoxy and
nano-Si3N4/epoxy composites before and after the wear tests.

curves almost overlap. When the specimens had undergone
sliding wear tests, however, the residual weights of the ma-
terials surface layers are much greater than those from the
unworn specimens. The disproportional increase in the resid-
ual weight strongly suggests transfer from the steel coun-
terpart to the specimen pins besides variation of chemical
structures of the components. It is thus necessary to further
study the tribochemistry of the worn specimens in the fol-
lowing section.

3.3. Tribochemical analysis

As friction and wear takes place between a pair of coun-
terparts, examination of the surface of the steel ring would
be a reasonable starting point.Table 2 records the EDS

Fig. 11. Thermogravimetric curves of pin surfaces of epoxy and
nano-Si3N4/epoxy composites before and after the wear tests.
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Table 2
EDS analytical results of the surface of the steel counterpart

Elements and content (%)

S Si Fe

Steel ring before wear test 0 0.22 98.65
Steel ring rubbed against epoxy pin 0.42 0.21 98.55
Steel ring rubbed against nano-Si3N4/

epoxy composite pin (Vf = 0.83%)
0.46 1.08 97.82

results of the steel rings before and after rubbing with
epoxy and its composites. Having undergone the wear tests,
the surface atomic ratios are changed. In the case of epoxy
pin, for example, element S appears on the surface of the
steel ring. Moreover, the addition of nano-Si3N4 into epoxy
brings about the rise in the content of Si on the surface of
the steel ring. Hence, the above results (Fig. 11, Table 2)
evidence the mutual transfer between the specimen pins and
the steel rings. To have a clearer image of the tribochemical
reaction involved, XPS spectra from the surfaces of epoxy
and the nanocomposites should be carefully analyzed.

The low resolution XPS spectra of the pin surfaces of
epoxy and nano-Si3N4/epoxy composites before and after
the wear tests demonstrate that the atomic ratios of C/O
have changed (Fig. 12). The increased C/O ratios is indica-
tive of carbonization, as evidenced by the decreased surface
microhardness (Fig. 10), manifesting partial chain scission
and reorganization of epoxy macromolecules at the surface
of the specimen pins during wearing. In consideration of
the fact that the frictional surface temperature could be as
high as several hundred degrees centigrade in the case of
polymer/steel sliding pair[29,30], tribochemically induced
structure variation on top layers of the specimens has to take
place inevitably[31].

Fig. 13illustrates the C 1s spectra collected from the un-
worn and worn surfaces of virgin epoxy and its composites
with 0.83 vol.% nano-Si3N4. It can be seen that the C 1s
peaks from the two worn surfaces (Fig. 13(b) and (d)) are
somewhat broadened and shift slightly towards high binding
energy regime as compared to those of the unworn surfaces
of the materials (Fig. 13(a) and (c)). These phenomena sug-
gest that the carbon atoms become electron-poor. Similar to
the C 1s spectra, the O 1s spectra of the samples (Fig. 14)
also become broader and shift to high binding energy af-
ter sliding wear tests. As a result, it can be estimated that
oxidation and carbonization are the main mechanochemical
processes that had occurred on the specimen surfaces dur-
ing wearing driven by the high frictional temperature and
contact pressure.

S 2p spectra are given inFig. 15. The S atom comes from
the curing agent in epoxy. Deconvolution of the spectra in-
dicates that a few new peaks appear on the spectra of the
worn surfaces, meaning the generation of some S-containing
compounds. According to the investigation in Ref.[32], the
new compounds are assigned to be FeS, FeS2 and FeSO4.
That is, in the course of sliding wear the S atoms in epoxy

Fig. 12. Low resolution XPS spectra of pin surfaces of (a) epoxy and (b)
nano-Si3N4/epoxy composites before and after the wear tests.

react with Fe atoms at the metallic counterface and envi-
ronmental water vapor under high contact temperature and
pressure conditions. Then, the new products are attached to
both counterfaces, as the trace of S atoms has been found
on the steel ring surface (Table 2).

Fig. 16exhibits the N 1s spectra collected from the sam-
ple surfaces. The N atom comes from the curing agent in
epoxy and nanometer Si3N4 particles in the composites. The
spectra collected on the worn surfaces have different profiles
from their virgin materials. Besides, the peaks from the worn
specimens slightly shift to high binding energy regime, and
some new sub-peaks appear. All these imply that the chem-
ical environment of N atoms also becomes more oxidative.
The N atoms might react with atmospheric O2 under sliding
wear condition.

Fig. 17gives the Si 2p spectra of the specimen surfaces.
The Si atoms mainly come from the nanometer Si3N4 filler
in the composites, but those transferring from the polish-
ing paper to the materials’ surfaces during samples prepara-
tion and from the steel counterpart during wear testing can
also contribute to the spectra. The most distinct information
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Fig. 13. C 1s spectra of pin surfaces of (a) unworn epoxy, (b) worn
epoxy, (c) unworn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%), and
(d) worn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%).

Fig. 14. O 1s spectra of pin surfaces of (a) unworn epoxy, (b) worn
epoxy, (c) unworn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%), and
(d) worn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%).
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Fig. 15. S 2p spectra of pin surfaces of (a) unworn epoxy, (b) worn
epoxy, (c) unworn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%), and
(d) worn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%).

Fig. 16. N 1s spectra of pin surfaces of (a) unworn epoxy, (b) worn
epoxy, (c) unworn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%), and
(d) worn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%).
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Fig. 17. Si 2p spectra of pin surfaces of (a) unworn epoxy, (b) worn
epoxy, (c) unworn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%), and
(d) worn nano-Si3N4/epoxy composites (Vf = 0.83 vol.%).

Fig. 18. Fe 2p spectrum of pin surface of worn nano-Si3N4/epoxy com-
posites (Vf = 0.83 vol.%).

yielded from the spectra before and after wear tests lies in
the formation of SiO2. It represents a tribochemical way of
wear in which material is removed molecule to molecule, in-
stead of the classic removal of fragments by fracture[9,33].
In addition, the tribofilm of SiO2 protects the specimens and
the steel counterpart, providing friction reducing ability[10].

Since no Fe peak can be found on the spectra from the
pin surfaces of unworn epoxy, worn epoxy and unworn

Scheme 1.
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Si3N4/epoxy composites,Fig. 18only shows the Fe 2p spec-
trum collected from the worn surface of the composites.
Besides the reactions between the Fe atoms from the metal
counterface, the S atoms from epoxy and Si3N4, the Fe atoms
can also be oxidized, forming FeO and Fe3O4. Kong et al.
reported on the effect of surface oxide layers on wear behav-
ior [34]. FeO or Fe3O4 layers show a significant reduction
in friction and wear, while Fe2O3 layer promotes the wear.
Therefore, the decreasing ofµ andẇs of epoxy with the ad-
dition of Si3N4 nanoparticles can be partly attributed to the
appearance of FeO and Fe3O4 on the counterfaces[35].

To conclude the tribochemical reactions of epoxy and its
composites, and those between the materials and the coun-
terface metal Fe, the following scheme is given according to
the above discussion, which might help to have an overview
of the role of the nanocomposites operating under sliding
wear conditions (Scheme 1).

4. Conclusions

1. Incorporation of nano-Si3N4 particles into epoxy can sig-
nificantly reduce frictional coefficient and wear rate of
the latter under dry sliding wear conditions. Such an im-
provement is done at rather low filler content (typically
less than 1 vol.%).

2. Strong interfacial adhesion between Si3N4 nanoparticles
and the matrix, reduced damping ability and enhanced
resistance to thermal distortion of the composites, and
tribochemical reactions involving Si3N4 nanoparticles
account for the improved tribological performance of
nano-Si3N4/epoxy composites.

3. Unlike conventional micrometer particulate composites,
flexural strength, flexural modulus and impact strength
of nano-Si3N4/epoxy composites increase with a rise in
filler concentration. This ensures load bearing capability
of the composites for practical application in tribological
environment, however, there is no straightforward rela-
tionship between the mechanical properties and the slid-
ing wear performance of the nanocomposites.

4. As a result of high frictional surface temperature and
contact pressure, some chemical reactions that cannot oc-
cur under normal circumstances are completed between
the sliding counterfaces. The transfer film formed in this
way consists of SiO2 (oxidative products of Si3N4), FeO
and Fe3O4 (oxidative products of Fe), etc., providing
self-lubricating effect.
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