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ABSTRACT

Based on the observation obtained from the tested composites with and without the
application of magnetic field, it can be concluded that both the measured friction
coefficient and wear observed for the composites prepared under magnetic field are
lower than that of an ordinary epoxy resin. As a consequence, it can be recommended
that oriented MWCNTSs reinforced epoxy composites can be successfully produced by
application of permanent magnet.

However, reduced friction coefficient in aligned composites can be explained in terms of
the lubricating action offered by MWCNTSs. During scratch, the large interfacial area
offered by MWCNTSs of relatively lower friction contributed in the significant friction
decrease. Scratch in the normal direction, where the orientation of MWCNTS is
perpendicular to the radial direction had higher friction due to the weak strength of
MWCNTSs in that direction.

The enhanced wear resistance observed for aligned MWCNTS reinforcing epoxy may be
attributed to the strengthening mechanism and the strong interfacial bonding offered by
MWCNTSs. Besides, as the magnetic intensity increased, wear significantly decreased. At
relatively higher values of MWCNTS, wear recorded further decrease due to the better
dispersion of MWCNTSs offered by the magnetic field. Besides, MWCNTSs can bind the
epoxy chains together to decrease their slippage and improve the wear resistance.
Alignment of MWCNTSs increases the effective number of loaded MWCNTS in the load
direction compared to that in aligned direction. As a consequence, the wear resistance of
tested composites prepared at no magnetic field is low.
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INTRODUCTION

Epoxy matrix reinforced by carbon nanotubes (CNTs) are widely used in many
applications, [1]. It was found that significant decrease in friction coefficient was
observed for composites filled by CNTs which was attributed to their self-lubrication
performance.
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Besides, wear resistance of epoxy/CNTs composites could be significantly improved.
That behaviour was attributed to the strengthening effect and self-lubricating property
of CNTs. The wear rate of those composites decreased with increasing CNTs content up
to 1.0 wt. %. Epoxy/CNTs composites containing 0.6 wt. % CNTs exhibited both the
lowest wear rate and friction coefficient. CNTs are difficult to disperse during
preparation, but they can be oriented by the application of electric and magnetic fields.
It is aimed to improve the mechanical properties by controlling the CNTs orientation
direction to withstand the parallel or perpendicular loading.

Alignment of Multi-walled carbon nanotubes (MWCNTS) in epoxy matrix can be done
by DC electric fields applied during composite curing, [2 - 11]. This process can improve
electrical conductivity and mechanical properties compared to those with random
orientation. Alignment of MWCNTSs in polyimide matrix was achieved by simultaneous
application of DC electric and magnetic fields, [12]. Simultaneous application of
electrical or magnetic fields to the polyimide composite enhanced the level of alignment.
The alignment of MWNTs has been achieved through deposition of
magnetite/maghemite nanoparticles of 6 - 10 nm diameter and use of an external
magnetic field. The coating of CNTs with magnetic nanoparticles was performed by
combining the polymer wrapping and layer-by-layer techniques. The improvement of
addition of MWCNTs was discussed, [13 - 16], where their dispersion could limit
interfacial interaction with polymer matrix [17 - 21]. Application of electric and
magnetic field results in orientation of the MWCNTSs in the field direction, forming
network of tubes in chain like structure and representing a path of the electric current
and reorient the magnetic MWCNTSs to form chains in line and they touch each other in
a head-to-tail order. The drawbacks of epoxy composites can be diminished by
reinforcing by MWCNTSs, where the fracture toughness and stiffness can be increased,
[22 — 28]. The mechanism of action included crack-bridging and deflection.

The alignment of MWCNTSs can be developed by using metallic and magnetic particles,
[29 - 32], such as Fe and Ni. It was reported that increase in tensile strength and elastic
modulus was observed with the increase of MWCNTSs content in polymer composite [34 -
36]. Besides, composites reinforced with MWOCNTs have large interfacial shear
strengths, due to better bonding between MWCNTSs reinforcement and matrix material.
Based on experimental results, [37, 38], it is expected that increasing polymer chain and
MWCNTSs alignment should result in an increase in the modulus of the material.

In the present work, it is aimed to study the effect of alignment of MWCNTSs on
tribological properties of epoxy matrix. Experiments were carried under the effect of
permanent magnetic field of 0.2, 0.4 and 0.6 mG intensity.

EXPERIMENTAL

In the present work, the multi-walled carbon nanotubes (MWCNTS) were used as
reinforcement in epoxy matrix. Their contents were 0, 0.2, 0.4, 0.6, 0.8 and 1.0 wt. %
relative to the epoxy matrix. The diameter and length ranged between 8 - 15 nm and 10 -
15 nm, respectively. Alignment was carried out by permanent magnet of three
intensities, 0.2, 0.4 and 0.6 milli Gauss (mG). The use of magnetic field aimed to enhance
the dispersion of MWCNTSs agglomerates and develop the adherence into epoxy. The
MWCNTSs were added into the epoxy resin (Kimapoxy 150). MWCNTSs were aligned in
the epoxy matrix by applying a permanent magnet. In this work, MWCNTSs were used as
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reinforcement in epoxy matrix in order to determine the role of fibers alignment on the
tribological properties of the tested composites.

Fig. 1 Arrangement of scratch test rig.

Fig. 2 Details of the scratch test.
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The test rig used in the experiments was top scratch tester. It is consisted of a rigid stylus
mount to produce a scratch on a flat surface with a single pass, a diamond stylus of apex
angle 90° and hemispherical tip as shown in Figs. 1 and 2. The loading lever mounted to
the stylus through three-jaw chuck. A counter weight is used to balance the loading lever
before process of loading. Weights of 2, 4, 6, 8 and 10 N are vertically applied. Scratch
resistance force was measured using a load cell mounted to the loading lever and
connected to display digital monitor. The test specimen was held in the specimen holder
mounted in a horizontal base with a manual driving mechanism to move specimen in a
straight direction. The test was conducted under dry conditions at room temperature.
An optical microscope was used to measure scratch width with an accuracy of + 1.0 um.
Magnetic field was applied by a coil assembled under the steel base where the epoxy
composites where fixed. The flux intensities of the magnetic field were 0.2, 0.4 and 0.6
mG.

RESULTS AND DISCUSSION

Friction coefficient displayed by the tested composites prepared at no magnetic filed
decreased down to minimum at 0.6 wt. % MWCNTSs content then slightly increased with
further increase of MWCNTS, Fig. 5. The decrease may be from the lubrication action of
the MWCNTSs, while the increase can be from the agglomeration of the MWCNTSs. It is
shown that the enhancement in friction coefficient was limited by the good dispersion of
the reinforcement inside epoxy matrix.

The aligned MWCNTSs reinforced epoxy composites prepared under the effect of 0.2 mG
magnetic field showed 12 % and 8 % decrease in friction coefficient for radial and
normal scratch direction respectively, Fig. 6. Friction coefficient showed decreasing
trend with increasing MWCNTSs content indicating that agglomeration of the MWCNTS
diminished. Further friction decrease was observed for the tested composites prepared
under the effect of the magnetic field of 0.4 and 0.6 mG intensities, Figs. 6 and 7
respectively, where the effect of magnetic intensity on the alignment is clearly shown.
The change in magnetic intensity from 0.2 to 0.6 mG led to the decrease of friction
coefficient.
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Fig. 5 Friction coefficient displayed by the tested composites
prepared at no magnetic filed.
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Fig. 6 Friction coefficient displayed by the tested composites prepared
at magnetic filed of 0.2 mG intensity.
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Fig. 7 Friction coefficient displayed by the tested composites prepared
at magnetic filed of 0.4 mG intensity.
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Fig. 8 Friction coefficient displayed by the tested composites prepared
at magnetic filed of 0.6 mG intensity.
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Fig. 9 Wear displayed by the tested composites prepared

at no magnetic filed.
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Fig. 10 Wear displayed by the tested composites prepared

at magnetic filed of 0.2 mG intensity.
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Fig. 11 Wear displayed by the tested composites prepared

at magnetic filed of 0.2 mG intensity.
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Fig. 12 Wear displayed by the tested composites prepared

at magnetic filed of 0.6 mG intensity.
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However, reduced friction coefficient in aligned composites can be explained in terms of
the lubricating action offered by MWCNTSs. During scratch, the large interfacial area
offered by MWCNTSs of relatively lower friction contributed in the significant friction
decrease. Scratch in the normal direction, where the orientation of MWCNTS is
perpendicular to the radial direction had higher friction due to the weak strength of
MWCNTs in that direction. The scratch in the direction of the aligned MWCNTSs gave 8
% friction decrease relative to normal direction.

Wear displayed by the tested composites prepared at no magnetic filed decreased down
to minimum then increased with increasing MWCNTSs content, Fig. 9. The enhanced
wear resistance can be explained in terms of the strengthening mechanism and the
strong interfacial bonding offered by MWCNTSs. It seems that epoxy may have the
tendency to align its molecular chains along the pull direction during scratch. Along the
radial direction (alignment direction), MWCNTSs and epoxy chains aligned themselves in
the same direction. During scratch, the shear force transferred from epoxy matrix to
large interfacial area offered by MWCNTSs of relatively high strength could not abrade
the surface effectively. The effect of the alignment of MWCNTSs offered by the magnetic
field during specimen preparation is shown in Figs. 10, 11 and 12 for magnetic intensity
of 0.2, 0.4 and 0.6 mG respectively. Scratch in the normal direction, where the
orientation of MWCNTS is perpendicular to the radial direction had lower resistance
due to the weak strength of MWCNTSs in that direction. Wear is dependent on material
removed from the sliding surfaces and material transferred into the surface. Material
removed from the surface depends on the cohesion between MWCNTS and epoxy matrix
and better cohesion means enhanced wear resistance. This behavior can be achieved by
good dispersion of MWCNTS in epoxy matrix to give high interfacial bonding between
epoxy and MWCNTSs. Alignment of MWCNTSs can lead to that result. The scratch in the
direction of the aligned MWCNTSs gave 23 % wear decrease. Besides, as the magnetic
intensity increased, wear significantly decreased. At relatively higher values of
MWCNTSs, wear recorded further decrease due to the better dispersion of MWCNTS
offered by the magnetic field. The wear resistance in the radial direction was relatively
higher than that measured in the normal direction.

It was observed that increasing the magnetic field intensity increased the degree of
orientation and alignment of both the epoxy chains and MWCNTSs alignment. It seems
that the MWCNTSs in the epoxy matrix aligned and attracted toward each other to form
bundles along the radial direction upon the application of magnetic field. The effect of
magnetic field on the change in polymer chain may cause chain orientation and
alignment as well as the formation of crystalline regions.

The toughening mechanism observed for the composites containing aligned MWCNTS
depends on their ability to provide a restraining force withstanding crack propagation
inside the matrix, [39]. It seems that alignment of MWCNTSs and epoxy matrix chains
increases matrix packing density upon chain alignment, and hence increases matrix
toughness, [40 - 44]. Besides, MWCNTSs can bind the epoxy chains together to decrease
their slippage and improve the toughness. The random distribution of MWCNTS is
oriented in all directions inside epoxy. Therefore, the effective number of loaded
MWCNTs in the load direction is lower than that in aligned direction. As a consequence,
the toughness of testes composites prepared at no magnetic field is lower than that of
aligned composites.
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CONCLUSIONS

1. Friction coefficient displayed by the tested composites prepared at no magnetic filed
decreased down to minimum at 0.6 wt. % MWCNTSs content then slightly increased with
further increase of MWCNTS.

2. The aligned MWCNTSs reinforced epoxy composites showed decreasing friction trend
with increasing MWCNTSs content indicating that agglomeration of the MWCNTSs
diminished.

3. Further friction decrease was observed as the magnetic field intensity increased.

4. The scratch in the direction of the aligned MWCNTSs gave 8 % friction decrease
relative to normal direction.

5. Wear in the normal direction, where the orientation of MWCNTS is perpendicular to
the radial direction had lower values due to the weak strength of MWCNTS in that
direction. Alignment of MWCNTSs offered good dispersion of MWCNTS in epoxy matrix
and gave high interfacial bonding between epoxy and MWCNTSs.

6. As the magnetic intensity increased, wear significantly decreased. At relatively higher
values of MWCNTSs, wear recorded further decrease indicating better dispersion of
MWCNTSs offered by the magnetic field.

7. MWCNTSs can bind the epoxy chains together to decrease their slippage and improve
the toughness. Therefore, the effective number of loaded MWCNTSs in the load direction
is lower than that in aligned direction. As a consequence, the wear resistance of tested
composites prepared at no magnetic field is low.
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