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Hybrid composites with rubber properties were made from an epoxy modified with either
2.5 phr (parts per hundred) or 15 phr carboxyl terminated poly(butadiene-co-acrylonitrile)
(CTBN). Organo-montmorillonite clay added ranged from 0 to 5 phr. Morphology including
that of worn surfaces was examined, dynamic mechanical analysis performed and impact
resistance determined. Dynamic friction and wear were determined using a pin-on-disc
tribometer at dry sliding conditions. Storage modulus of the material containing 2.5 phr
CTBN is higher than for 15 phr CTBN, a result of smaller CTBN droplets in the former. All
Epoxy modification compogites.hgve higher valugs qf the I.zod impact strengt.h than the neat epoxy resin.
Dynamic friction Dynamic friction of the hybrids is not influenced by addition of clay whereas the wear
Wear resistance depends on the clay concentration. The wear rates at the applied load of 5N
Dynamic mechanical analysis for EP/15-CTBN hybrids are much larger than for EP/2.5-CTBN nanocomposites. This result
Impact resistance can be related to the lower glassy storage modulus of EP/15-CTBN as compared to EP/2.5-
CTBN. The addition of less than 5 phr clay improves the wear resistance at both 5 and 10 N
normal loads. 1 phr clay in the EP/2.5-CTBN matrix is recommended as the optimum com-
position for improving both mechanical and tribological properties of the epoxy resin.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Epoxy resins have found uses in a variety of applica-
tions, such as adhesives, surface coatings, microelectronic
capsulants and structural materials. Their widespread uses
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are due in large part to their excellent adhesive, high
chemical resistance, high temperature performances, as
well as their ease of processing [1]. These resins are capa-
ble of high mechanical performance via increasing cross-
link density of their networks. However, the highly
crosslink density also inhibits molecular flow thus render-
ing the material low in toughness and poor in wear resis-
tance. One of successful methods to enhance the
toughness of rigid epoxy resins involves the modification
of the uncured epoxy with the reactive rubbers [2-4]. Typ-
ically one applies a carboxyl-terminated butadiene acrylo-
nitrile copolymer (CTBN rubber) to the uncured epoxy
resin so as to obtain the rubber particles dispersed in the
polymer matrix [5-8].
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Rubber particles provide toughening, namely higher en-
ergy absorption by activating shear yielding, crack pinning,
crack blunting or cavitation mechanisms [2,9-12]. A sub-
stantial amount of energy is dissipated within the plastic
zone near the crack tip, resulting in improving toughness.
By increasing the concentration of rubber phase, an in-
crease in impact resistance of up to almost three times that
of the unmodified epoxy has been reported [13-15]. Unfor-
tunately, increased toughness could be achieved only up to
a certain extent. Further addition of rubber particles results
in worse mechanical properties [13,15]; among others, the
flexural and Young modulae go down so that the epoxy
resins become weak and are easily worn out [15]. In an
earlier paper some of us reported a decrease of the storage
modulus, impact strength and wear resistance as the CTBN
rubber contents exceeded 5 parts per hundred (phr) [15].
Inorganic fillers including those with sizes in the nm range
such as SiO,, Al,03, ZnO, silicate clay as well as glass fibers
have been reported to improve modulae and wear resis-
tance of epoxy resins [16-21]. On the other hand, inorganic
fillers with high content can cause epoxy resins to become
more brittle. When inorganic hard phases are added to in-
crease stiffness, there is a corresponding decrease in strain
at break &, [22,23]. We recall that ¢, is inversely propor-
tional to brittleness B [24,25].

Among the different kinds of nanofillers, montmorillon-
ite-based clay is one of those commonly applied to epoxy
resins. The fabrication of polymer clay composites, like
other inorganic fillers, can easily result in agglomeration
of clay causing worsening of mechanical properties and
wear resistance. However, the polymer + clay composites
with exfoliated clay platelets have been reported to pro-
vide higher modulus that those consisting of conventional
micron-scale fillers of the same chemical composition
[26,27]. The improved dispersion of clay in the epoxy ma-
trix by modifying clay surface caused a decrease in friction
and specific wear rate [28].

To combine the benefits of each additive, combinations
of rubber and clay have been used. Balakrishnan et al. [29]
added modified organic montmorillonite clay to a disper-
sion of preformed acrylic rubber particles in an epoxy.
They found that when both additives were present in
epoxy resin, ductility was enhanced without compromis-
ing modulus and strength. The amounts of clay and disper-
sion of clay aggregates in the epoxy matrix were found to
be sensitive to clay and rubber concentrations, and clay
preferentially adsorbed to the rubber particles. Marouf
et al. [30] added core-shell rubber particles and organi-
cally modified clay to an epoxy resin. They found that the
compressive yield strength was independent of organoclay
content up to 5 phr but there was a significant decrease in
fracture toughness. Moghbelli et al. [31] studied the effects
of nanoscale core-shell rubber particles and o-zirconium
phosphatase nanoplatelet fillers on the scratch behavior
of epoxy. They found that the introduction of either nano-
particles or nanoplatelets alone had little effect and a com-
bination of both types of fillers was needed to improve
scratch resistance.

Overall, much more work has been and is being done on
mechanical properties of polymer-based composites than
on their tribological properties. This while low friction,

high scratch and wear resistance have not only technical
but also large economic significance for industry [32-35].
In this situation, and in particular taking into account some
earlier results [15], we have now created epoxy based
nanohybrids containing 2.5 and 15 phr (carboxyl termi-
nated poly(butadiene-co-acrylonitrile) (CTBN) and clay.
Our objective was improvement of tribological and
mechanical properties of epoxies at the same time.

2. Experimental
2.1. Materials

We have used diglycidyl ether of bisphenol A (DGEBA)
namely EPON 828 with epoxy equivalent weight of 185-
192 g/eq. The hardener used was a cycloaliphatic amine
(EPIKURE 3383) with the equivalent weight of 114 g/eq.
Both chemicals were from Hexion™ Speciality Chemicals,
USA. The reactive liquid rubber was carboxyl-terminated
acrylonitrile butadiene copolymer (CTBN) with number
average molecular weight M, = 3.8 x 10> containing acry-
lonitrile of 8-12 wt.% from Aldrich, Singapore. The clay
used was surface modified montmorillonite containing
0.5-5 wt.% aminopropyl triethoxysilane and 15-35 wt.%
octadecylamine (Nanomer® 1.31PS) from Aldrich, Singa-
pore. All chemicals were used as received without further
purification.

2.2. Preparation of epoxy based hybrid composites

DGEBA epoxy was mixed with 2.5-phr or 15-phr of li-
quid CTBN rubber at 80 °C for 30 min with mechanical stir-
ring at 8000 rpm. Organically modified montmorillonite
clay was heated in a conventional oven at 80 °C to elimi-
nate moisture. Then known amounts of clay (0.5, 1, 3 or
5 phr) were gradually added to each epoxy + CTBN mix-
ture, and stirred mechanically for 30 min at room temper-
ature. The mixtures of epoxy, CTBN and clay were then
degassed in a vacuum oven and ultrasonicated to remove
the entrapped bubbles. After the sonication, the stoichiom-
etric quantity of curing agent was then added prior to hand
mixing for 3-5 min. Finally the mixtures were poured into
molds and cured at 25 °C for 16 h and post cured at 100 °C
for 2h as recommended by a manufacturer of the neat
epoxy resin.

2.3. Materials characterization and mechanical testing

2.3.1. X-ray diffractometry

X-ray diffraction analysis (XRD) was carried out on the
clay powder and on the epoxy composites. The measure-
ments were performed at room temperature on a Bruker
D 8 Discover X-ray diffractometer (Germany), using Cu
Ko radiation. The samples were scanned in 260 range of
1-30° in steps of 0.02° and with 0.4 s/step. The interlayer
spacing of clay containing in the hybrids was calculated
using the Braggs equation.

2.3.2. Impact testing
Izod impact tests were performed at room temperature
using a pendulum impact tester (Yasuda Seiki Seisakusho
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9347, Intro Enterprise) according to ASTM D256-10. At
least five specimens were tested and the average results
are reported below.

2.3.3. Morphology characterization

Transmission electron microscopy (TEM) samples were
cut from undeformed specimens using an ultramicrotome
equipped with a diamond knife. The microtomed samples
were collected in a trough filled with water and lifted out
of water using copper grids. The structure of dispersed clay
and rubber in nanocomposites was investigated using a
TEM (FEI Technai F20 TEM, USA) operating at a voltage of
120 kV.

The fracture surfaces obtained from the impact tests
were investigated using a scanning electron microscope
(SEM) (JEOL JSM-6610, Japan) with 15 kV working energy.
All the surfaces were gold coated to prevent the charging
before the surface observation and examined at a magnifi-
cation of 1500x.

2.3.4. Dynamic mechanical analysis

Storage modulus E’ and tand were determined using a
dynamic mechanical analyzer (Mettler Toledo, DMA/SDTA
861e, Switzerland). Specimens of rectangular shape
(63 x 12 x 3mm?>) were analyzed in 3-point-bending
mode. The measurements were carried out from —20 °C
to +130°C with 3 °C/min of heating rate, at the 1.0 Hz
frequency.

2.3.5. Tribological testing

We have used a pin-on-disc tribometer (CSM Instru-
ments, Peseux, Switzerland, model 18-272) at ambient
conditions. The wear track radius R and the ball end spher-
ical radius r were 6.0 mm and 3.18 mm, respectively. The
sample surface was rubbed against a stainless steel ball
(SKF, Thailand), with sliding velocities of 0.10m/s for
500 m under the applied loads of 5.0 N (p=0.172 GPa)
and 10.0 N (p = 0.217 GPa). The dynamic friction y was ob-
tained using Amonton’s first law of friction, namely:

w=F/W, (1)

where F is the tangential force and W is the normal force in
the unit of N.

To determine the wear damage, worn surfaces were
analyzed using an optical microscope. The wear volume
loss V in mm? was calculated from the wear track width
d in mm as:

V = 2nR[r? sin ' (d/2r) — (d/4)(4r* — d*)'/?] 2)
The wear rate Z in mm>3/N m was calculated as:
Z=V/(Ws), 3)

where s is sliding distance in m.

The wear mechanisms were investigated on worn sur-
faces using scanning electron microscope model of JEOL
JSM-6610, Japan, with 10 kV working energy at magnifica-
tion of 250x. Again gold coating was applied to prevent the
charging before the surface observation.

3. Diffractometry results

Fig. 1a shows the XRD pattern for clay, epoxy resin, the
rubber modified epoxy resins having CTBN of 2.5 phr and
15 phr (EP/2.5-CTBN and EP/15-CTBN), and the hybrid
composites containing 0.5-phr clay (EP/2.5-CTBN + 0.5-
clay and EP/15-CTBN + 0.5-clay). The XRD pattern of the
clay shows a strong peak at about 26 = 4.00° corresponding
to an interlayer spacing (dgo;) of 22.07 A. A weak peak at
20 =28.00°, corresponding to a (002) reflection and at
20 =19.78°, corresponding to (100) reflection have been
found. A broad peak between 26 to 23° revealing the pres-
ence of the amorphous silane has been observed. The XRD
patterns of the rubber modified epoxy containing CTBN of
2.5 and 15 phr show two broad reflection peaks of amor-
phous CTBN rubber and epoxy resin. When 0.5 phr clay
was added, the reflection peak due to the interlayer spac-
ing (dpo1) of clay disappeared. A similar observation in
the case of epoxy/layered silicate composites was reported
by others [36,37]. The absence of the characteristic clay
(doo1) peak indicates the exfoliation of the clay platelets
in the CTBN modified epoxy matrix. However, when
1 phr clay is added, the XRD patterns of the EP/CTBN + clay
composites become combinations of the XRD pattern of
clay and the rubber modified epoxy; see Fig. 1b. The peak
due to the interlayer spacing (dgo;) of clay is weak and
shifted to 20 =3.17° (dgo; =27.87 A) for the hybrid com-
posite of EP/2.5-CTBN+1-clay and to 20=3.09°
(doo1 = 28.58 A) for EP/15-CTBN + 1-clay. The results indi-
cate a significant increase in the interlayer spacing, but
not complete delamination. The presence of the character-
istic clay (001) peak at a lower 20 indicates that a portion
of clay has been intercalated. The interlayer spacing (doo1)
of clay in the hybrid composites increases with further
adding clay, but then decrease upon the addition of
5 phr; the respective values are still lower than that of clay
powder.

4. DMA results

DMA parameters as a function of temperature are
shown in Fig. 2. All the composites of EP/15-CTBN and clay
have lower storage modulae than the composites of EP/2.5-
CTBN and clay. This might be related to the fact that the
modulus of the EP/15-CTBN is much lower than that of
the EP/2.5-CTBN resin, apparently a result of larger CTBN
droplets to be discussed in Section 6. The storage modulae
and a glass transition temperatures T, obtained from the
tané maxima for the neat epoxy resin, EP/2.5-CTBN and
EP/15-CTBN are listed in Table 1.

Fig. 2a shows the storage moduli of the hybrid compos-
ites of EP/2.5-CTBN containing 0, 0.5, 1.0, 3.0 and 5.0 phr
clay as a function of temperature. Apparently clay contain-
ing hybrids have lower storage modulae in the glassy state
for 0.5 and 1.0 phr. The result is unexpected; clay can low-
er stiffness and load bearing capability of the CTBN modi-
fied epoxy resin. This result can be explained by a
reaction between epoxy DGEBA and the -NH, amino
groups on the surfaces of clay particles - instead of be-
tween DGEBA and the cycloaliphatic amine hardener; the
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Fig. 1. XRD of the powder clay, EP/2.5-CTBN, EP/15-CTBN and the hybrid composites.
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Fig. 2. Temperature dependence of storage modulus E’ of the epoxy based hybrids with EP/2.5-CTBN (a) and EP/15-CTBN (b) containing 0.5, 1, 3 and 5 phr

clay.

Table 1

Properties of neat epoxy resin and the epoxy modified with CTBN.
Sample Storage modulus at 25 °C (GPa) T, (°C)
Epoxy resin 3.9 83.5
EP/2.5-CTBN 2.7 77.8
EP/15-CTBN 2.2 80.9

result is a reduction in crosslink density. However, there is
a reinforcement effect when 3 or 5 phr clay, a stiff material,
is added. The glassy storage moduli at 25 °C increase about
23% and 18% when adding 3 or 5 phr clay, respectively. The
addition of higher stiffness clay should be one of the possi-
ble explanations for the increase in glassy storage modulus
at higher clay content. The values of glassy state storage
modulae of the composites with 3 and 5 phr clay are still
lower than that of the neat epoxy (3.9 GPa).

Fig. 2b shows the storage modulae of the hybrid com-
posites of EP/15-CTBN containing 0, 0.5, 1.0, 3.0 and
5.0 phr clay as a function of temperature. Like the EP/2.5-
CTBN + clay hybrids, a reduction in glassy storage modulus
is also found in case of EP/15-CTBN + clay composites,
while a reinforcement is found at high clay content. The
addition of 3 phr clay lowers glassy storage modulus of
the EP/15-CTBN resin, whereas the reinforcement is ob-
served due to the addition of 5 phr clay.

Figs 3a and b shows tané diagrams in the temperature
range from —20 to +130 °C. A single peak is observed for
all epoxy composites systems. Glass transition tempera-
tures Ty identified from the peaks in tané shift to lower
temperatures as compared with the CTBN modified epoxy

resins. Ty values for the hybrids made with EP/2.5-CTBN
decrease with increasing amounts of clay. There are several
explanations for the T, reduction [38,39]. One is a plasticiz-
ing effect of the epoxy network by surface modifiers in the
organoclay [39]. A homopolymerization of sorts of DGEBA
epoxy has been hypothesized - due to the catalytic effect
of alkylammonium ions during the mixing stage and hence
changes in the cured networks [38,39]. Also the presence
of clay might cause stoichiometric imbalances leading to
formation of imperfect networks [39]. Moreover, in case
of our hybrid composites, lower crosslink density reflected
in the T, reduction may be a result of a reaction of the sur-
face modifiers and DGEBA epoxy, leading to stoichiometric
imbalances. One can further speculate that formation of
regions with lower crosslink density is related to silicate
galleries or regions close to the CTBN or silicate layers —
reflected by the reduction in T, as the clay contents
increases. For EP/15-CTBN + clay composites, changes in
T, do not depend on the clay content. However, all the
hybrid composites made with EP/15-CTBN have at least
5°C lower T, values than the EP/15-CTBN without
clay. Agglomeration of clay at high loadings, leading to im-
proved chain mobility together with an imperfect epoxy
network is one more explanation.

5. Impact strength results

The relationship between the clay content and notched
Izod impact strength per unit width of the specimen is
shown in Fig. 4. The addition of 0.5 phr clay significantly
improves the impact strength of EP/2.5-CTBN and EP/15-



W. Chonkaew et al./European Polymer Journal 49 (2013) 1461-1470 1465

T A (@)

tan &

20 100 120
temperature/ °C

T

0.7

®)

tan &

-

0.0 d—— e ————r —
=20 0 20

40 60 80 100 120
temperature/ °C

Fig. 3. Temperature dependence of tané of the hybrids with EP/2.5-CTBN (a) and EP/15-CTBN (b) containing 0.5, 1, 3 and 5 phr clay.

CTBN materials, but then the values gradually decrease
with further addition of clay. However, all composites have
higher values of impact strength than the neat epoxy resin.
One of the possible reasons for the increased impact
strength is the increased ability of the matrix to yield, as
evident by the reduction in T, seen in DMA. The yielding
of the matrix is related to a decrease of the local stress con-
centrations. Consequently, higher applied loads are re-
quired to produce fracture. An increased amount of the
clay hard phase causes a gradual reduction of impact resis-
tance at the high clay contents. See below an explanation
based on SEM fractographs provided in Figs. 6 and 7.

6. SEM and TEM results for fracture surfaces

Pertinent SEM fractographs are shown in Fig. 5.

Fig. 5a shows the fracture surface of the neat epoxy. A
smooth glassy surface with occasional river patterns is ob-
served. This result indicates brittle fracture at room tem-
perature of the neat epoxy, which accounts for its poor
impact strength. The fractographs of the epoxy resins mod-
ified with 2.5 phr CTBN and 15 phr CTBN (EP/2.5-CTBN and
EP/15-CTBN) shown in Fig. 5b and ¢ demonstrate a two-
phase morphology in which the precipitated CTBN rubber
particles are dispersed throughout the epoxy matrices.
Cavitation and debonding are observed and provide tough-
ening mechanisms. Cavitation here is the formation of
holes because of the presence of the rubber. As discussed
in a previous study [15], the size of the CTBN rubber in-

60 1 [ EP/25-CTBN
1 EEEN EP/15-CTBN

impact strength/ (J/m)

P N I

Fig. 4. Impact strength values of the neat epoxy and hybrids composites
made with either EP/2.5-CTBN or EP/15-CTBN containing 0, 0.5, 1, 3 and
5 phr clay.

creases with increasing rubber content. This is seen here
as well, the size of rubber phase is larger in the EP/15-CTBN
sample than in the EP/2.5-CTBN sample. The increases in
size of dispersed phase are associated with the agglomera-
tion or coalescence of the rubber particles at high rubber
content, leading to lower impact strength and lower stor-
age modulus of the EP/15-CTBN. In other words, the inter-
nal cohesion of the matrix is affected less by smaller CTBN
particles; larger rubber particles provide disruption of the
matrix.

Figs. 6 and 7 show the SEM fractographs of the hybrids
containing different amounts of clay. We find that the
toughening mechanisms of the hybrids both with EP/2.5-
CTBN and with EP/15-CTBN vary with the clay concentra-
tion. On adding 0.5 phr clay (Figs. 6a and 7b), the crack pin-
ing is observed together with cavitations and rubber
debonding. Moreover, there are traces of clay aggregates
around the boundaries of the spherical holes that are
formed by pulling out CTBN rubber particles. These results
confirm that adsorption of clay on the surface of the rubber
particles takes place. The clay particles aligned along the
interface of CTBN rubber and epoxy result in the formation
of core (rubber)-shell (clay) structure. The morphology ob-
served at this low amount of organoclay and rubber agrees
with the already mentioned results of Balakrishnan et al.
[29]. Putting in 1 phr clay (Figs. 6b and 7b) limits the rub-
ber pull out — while the cavitations have smaller sizes. Clay
at the interface provides bridges between CTBN and epoxy
phases, resulting in better adhesion between these phases.
When we put in 3 phr or 5 phr clay, cavitations and mate-
rial pull-out are not observed. Some fractions of clay dif-
fuse and agglomerate inside the CTBN droplets. The CTBN
particles then become more brittle, the materials fracture
more easily under impact - as we have seen in Fig. 4. At
these clay concentrations cracks are not suppressed by
the rubber particles but go through the rubber particles.
We have a process that might be called flexibilization of
the matrix - resulting in lower storage modulus and lower
impact strength values.

More evidence concerning the morphology of our com-
posites was obtained from a TEM study on the ultra-micro-
tomed specimens (Fig. 8). The presence of core-shell
structure is seen as dark round phases in the micrograph
when a small amount of clay was added to the epoxy
mixed with preformed rubbers at both low and high
rubber contents; see Fig. 8a and b. We have found that

>
O
Q
—
o
Z
=
O
S}
=
@)
Z
<
Z
<
—
=
O
S8}
—
o
=
o
&
O
<
=




1466 W. Chonkaew et al./European Polymer Journal 49 (2013) 1461-1470

>
O
Q
—_
o
Z
as
O
S 4
=
@)
Z
<
Z.
<
—
>
O
84
—
o
=
)
(2
O
<
=

Fig. 7. SEM fractographs of the epoxy hybrids with 15-phr CTBN containing 0.5 phr clay (a), 1 phr clay (b), 3 phr clay (c) and 5 phr clay (d).
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the clay platelets align along the interfaces of the rubber
particles. When larger amounts of clay are added, the clay
particles diffuse into the rubber particles and agglomerate
in the epoxy matrix; see Fig. 8c.

7. Dynamic friction and wear

Dynamic friction measurements have been performed
as described in Section 2, results are presented in Figs. 9
and 10. As usual in pin-on-disk tribometry, there is an ini-
tial period before a certain level of friction is seen.

We see that dynamic friction values for our hybrids un-
der a load of 10 N are lower than those under 5 N. Changes
in friction as a function of clay concentration are not signif-
icant, although one notices a slight increase with increas-
ing clay concentration for 5N and even less change for
10 N.

Interesting is a certain decrease in friction with sliding
distance for the hybrids with EP/15-CTBN containing high-
er concentrations of clay under the load of 10 N (Fig. 10b).
One possible explanation is a softening/melting mecha-
nism due to frictional heat. Polymers are known to have
low thermal conductivity; a result is high sliding interfacial
temperature. Thermal softening and the associated in-
crease in the real contact area cause the friction to rise
above T, However, as discussed by Steijn [40], there is
lubrication by a molten polymer film if the sliding interfa-
cial temperature locally exceeds the melting point T,.

Wear tracks obtained in pin-on-disk testing were inves-
tigated; wear was calculated from Eq. (2) and wear rates
from Eq. (3). The results are shown in Fig. 11.

The wear rates at the applied load of 5 N of EP/15-CTBN
hybrids are much larger than for EP/2.5-CTBN. This result
seems related to the low glassy storage modulae of EP/
15-CTBN as compared to those of EP/2.5-CTBN; see again
Table 1. We see in Fig. 11a that the EP/2.5-CTBN hybrid
with 1 phr clay has very high wear resistance, that is the
lowest wear rate. A further increase in clay concentration
increases the wear rate; for 5 phr clay the value is even
higher than for the neat epoxy resin. This can be explained
by agglomeration of the clay inside the CTBN particles,
resulting in a composite more vulnerable to the applied
load as previously discussed; see again Figs. 6d and 7d.

o &

Then material removal takes place by the cutting action
of the asperities of the ball counterface [41]. The debris
containing clay also acts as an abrasive, resulting in more
material removal and increased wear rate [42].

At the applied load of 10 N, wear rate values are much
larger than at 5 N. This of course is expected. The lowest
wear rate belongs to the EP/15-CTBN hybrid with 1 phr
clay. The wear rates of EP/2.5-CTBN and EP/15-CTBN de-
crease significantly with the addition of clay, but then in-
crease to a higher value than for the neat epoxy resin at
5 phr clay. We recall the core-shell morphology at low clay
content discussed in Sections 5 and 6. The improved wear
resistance of the EP/15-CTBN as compared to the neat
epoxy is attributed to these phenomena.

In Section 6 we have considered SEM results for fracture
surfaces. We have now studied by SEM worn surfaces after
pin-on-disk testing at 5.0 N load. The results are presented
in Fig. 12.

The 2.5-CTBN modified resin (Fig. 12a) exhibits the
scale-like damage pattern, apparently generated under a
repeating load during sliding [16,21,41]. For 1 phr clay
(Fig. 12b) the transfer film left traces on the surface of
the track, an evidence for an adhesive type of wear mech-
anism. For 3 phr clay (Fig. 12c), cracks across the wear
tracks occur together with material waves. For 5 phr clay
(Fig. 12d), the damage produced on the worn surface is dis-
continuous. Inhomogeneous material waves as well as
cracks are seen inside the track. Apparently uneven stress
concentrations built up inside this composite, possibly a
consequence of the inhomogeneity of the stress.

We show in Fig. 13 results for materials containing the
EP/15-CTBN resin. We see scale-like damage together with
the delamination on the wear track of EP/15-CTBN
(Fig. 13a). The damages of the surface are more severe than
those observed for the EP/2.5-CTBN materials. The addition
of 1 phr clay mitigated the surface damages - as can be
seen from the reduction of the width of wear track. The
ploughing grooves were found besides the scale pattern
when clay was added. A possible mechanism of formation
of these grooves involves ploughing the epoxy surface by
the work-hardened transfer particles [42]. As the clay con-
tent increased to 3 phr (Fig. 13c¢), the cracks are arrested by
the clay platelets, so that the crack formation and material
waves are rarely observed. For 5 phr clay, the ploughing

0.5 ym

Fig. 8. TEM micrographs of: (a) EP/2.5-CTBN + 0.5 clay; (b) EP/15-CTBN + 0.5 clay; and (c) EP/15-CTBN + 1 clay.
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Fig. 9. Dynamic friction of the neat epoxy resin and hybrids with EP/2.5-CTBN (a) and again the neat resin and hybrids with EP/15-CTBN (b) at the load of

5.0 N. The hybrids contain 0 phr, 0.5 phr, 1 phr, 3 phr and 5 phr clay.
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Fig. 10. Results analogous to those in Fig. 9 but now for the load of 10.0 N.

4.0
35+
3.0+
25+
20+
1.5
1.0 ]
05+
0.0 -

JERE R

( a) [ EP/25-CTBN
! I EP/15-CTBN

Z HM0* (mm¥Nm)

10 (b) [JEP/25-CTBN
) I EP/15-CTEN
E 8
= 1
o
£ 61
E
Y
N o]
o -

PR

Fig. 11. Wear rates at the applied load of 5.0 N (a) and 10.0 N (b).

grooves are more evident. This can be explained by poor
interaction of fillers and epoxy matrix due to the agglom-
eration of clay. Under the applied load of 10 N, the scale-
like damage pattern and the surface peeling off due to
the fatigue wear mechanism are found on the tracks of
the EP/2.5-CTBN resin and EP/2.5-CTBN + 0.5-clay hybrids.
Wear mechanisms similar to those under 5 N but more se-
vere are observed (the respective figure is not included
here).

8. A survey of results

We have determined properties for epoxies containing
organoclay at several concentrations and either 2.5 phr or
15 phr CTBN rubber. The rubber phase lowers the storage
modulus while it enhances the impact strength. Impact
strength increases upon adding 0.5 or 1.0 phr clay but de-

creases upon further addition of clay. Low concentrations
of clay can be used to develop epoxy composites with
good impact strength and satisfactory stiffness at the same
time.

Dynamic friction of our hybrids is only weakly influ-
enced by the addition of clay, while the wear resistance de-
pends on the addition and significantly lower wear rates
are seen. As already noted, the formation of core-shell
morphology is a reason for the improved wear resistance
of the hybrids at the low clay content; this effect is more
significant at the higher rubber content, that is for EP/15-
CTBN. Wear mechanisms include adhesion, abrasion and
fatigue-delamination, together with thermal softening. To
optimize properties, we recommended that 1 phr clay in
the preformed EP/2.5-CTBN matrix should be used for
improving both mechanical and tribological properties of
epoxy resins.
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Fig. 12. SEM micrographs of worn surfaces: EP/2.5-CTBN resin (a), EP/2.5-CTBN and clay containing 1 phr clay (b), 3 phr clay (c) and 5 phr clay (d) after

sliding against a stainless steel ball with the applied load of 5.0 N.

Fig. 13. SEM micrographs of worn surfaces: the EP/15-CTBN resin (a), hybrids of EP/15-CTBN and clay containing 1 phr clay (b), 3 phr clay (c) and 5 phr clay

(d) after sliding against a steel ball with the applied load of 5.0 N.

Epoxy resins have a large variety of applications [1,43],
hence our hybrids can be used for a variety of purposes.
From a broader point of view, our results illustrate state-
ments made by Kopczynska and Ehrenstein [44], Desai
and Kapral [45] and also by Michler and Balta Calleja
[46] on the importance of interfaces for properties of mul-
tiphase materials containing polymers.
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