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Abstract

In this present study the effect of adding silicon coupling grafted ferric oxide and E-glass fibre in thermal stability, wear and
fatigue behaviour of epoxy resin hybrid composite was investigated. The principal aim of this research was explicating the
importance of silicon coupling grafted E-glass fibre and ferric oxide particle in thermal stability, wear and fatigue properties of
epoxy hybrid composite. Ferric oxide particles of 800, 200 and < 100 nm and E-glass fibre of 600 GSM was used as second phase
additions in epoxy resin with surface grafted condition. The surface grafting was done using 3-Aminopropyletrimethoxylane via
aqueous solution method with acetic acid as pH adjuster. The improvement of 80% was observed in initial thermal stability of
surface grafted E-glass fibre epoxy composite on comparing with un-modified glass-epoxy composite. Similar improvements
were noted in rapid and final decomposition stages also. The lower specific wear rate of 0.002 was observed for surface grafted E-
glass and ferric oxide added composite designation EGFI;;. The worn surface frcatograph explicated flat and smooth wear track
surface for surface grafted composite designations. A highest fatigue life cycle of 18,724 is observed for surface modified
composite designation EGFI,;. These thermally stable and high wear resistance and fatigue strengthened composites could be
used in automobile, aircrafts and domestic applications.

Keywords PMC - Silicon coupling - Thermal behaviour - Wear and tensile fatigue

1 Introduction

Synthetic and natural fibre-reinforced particle added epoxy
hybrid composite materials are promising materials in struc-
tural, automobile and domestic applications due to their lower
density, high strength, easy processing methods and cost ef-
fective nature [1]. To improve mechanical and thermal prop-
erties of virgin epoxy resin, fibre and particle strengthening
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could be a effective method since these two strengthening
mechanisms needs lower process parameters like low operat-
ing temperature, no requirements of special atmospheric con-
ditions and low power consumption equipments [2].
Generally the type of fibre and particle could be selected based
on the outcome expected in the final composite material. The
fibre addition improves the mechanical properties as predom-
inant and the particle addition improves mechanical proper-
ties, thermal stability, wear resistance and some time used as
filling element when cost reduction is required [3]. When
these fibre and particle is added into thermoset resins moisture
formation is a documentary issue and it is highlighted by
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many researchers [4]. The formation of moisture leads the
final composite material become poor in mechanical strength
and thermal stability. When tensile or bending load is applied
the bounded moisture initiates crack and led the composite
fracture at lower loads. Similarly the acquired moisture also
provides poor thermal stability while the composites are sub-
jected to heating. More mass loss could occur at lower tem-
perature itself due to moisture. The effect of as-received iron
(IIT) oxide particle in thermal stability of epoxy resin was
already explained by the authors in their earlier studies [5].
The authors confirmed that addition of as-received particles
reacted with free OH molecule from epoxy resin and produced
aqua. This aqua molecule evaporates from composites at low-
er temperatures thereby higher mass loss could occur.
Similarly the tensile, flexural and impact properties of as-
received iron (III) oxide particle dispersed epoxy resin com-
posite showed decrement in strength due to particle clustering.
Ramesh et al. [6] concluded that adding as-received iron (III)
oxide particle into epoxy resin gives higher wear volume than
composites made of silane treated iron (III) oxide particles.
Dinesh et al. [7] explicated their research findings in thermal
stability of synthetic fibre reinforced polymer matrix compos-
ites. They confirmed that adding un-modified fibres into ep-
oxy matrix gives lower glass transition temperature and larger
mass loss. Thus it is clear that to achieve better mechanical
and thermal properties in polymer matrix composites the
surface-modified fibre and particles are required to strengthen
the virgin matrix. The surface of the reinforcements could be
modified by acid, base and silane coupling agent based on the
activation mechanism needed on second phase’s surface [8].
To improve mechanical behaviour, acid and base treatment
could be done on second phase’s surface, which may im-
proves inter-locking mechanism between fibre and resin,
which could offer higher delamination resistance. But when
high concentrated acid or base is utilized for surface modifi-
cation leaching could happen, which marginally affects the
mechanical properties due to lower in cross sectional area
[9]. But to improve adhesion of fibre with matrix and disper-
sion of fine particle in high denser matrix silane surface treat-
ment could be useful. In silane surface treatment the fibre’s
original cross section never get affected. The silane may cover
the surface of fibre and particle without affecting the cross-
sectional area. Moreover the silane coupling agent contains
reactive functional group (NH,), which may create possible
chemical linking with matrix while curing process takes place,
which improve adhesion of fibre and particle with matrix [10].
Most of the researchers have studied the mechanical, thermal
and tribological effect of acid and base treatment on fibres and
particles and work relating to silane surface modification on
both fibre and particle in fatigue behaviour is not explicated.
Thus this present study aims to fill the gap by studying the
fatigue behaviour of silane treated glass fibre and iron (III)
oxide particles. Generally the silane coupling agents could
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select based on the functional group required and type of
matrix used. When thermoset plastics are used as matrix ami-
no silanes are preferred. Since amino silanes contain NH,
functional group they could react with unsaturated OH mole-
cules of matrix and improves the adhesion between fibre-
matrix interfaces [11]. The silane surface modification could
be done by aqueous solution method since the productivity is
higher compare than other methods. Similarly simple process
parameters like low operating temperature, moderate stirring
rpm, no atmospheric restrictions and minimal toxicity expo-
sure woos the aqueous solution process as more preferable
process to do silane surface modification [12]. The hybrid
polymer matrix composites could be prepared using hand lay-
up method since this method follow simple process parame-
ters [13]. These thermally enhanced, high wear resistance ep-
oxy composites could be used as alternate material for metallic
materials in automobile, domestic and structural applications.
Since these composites are lesser in weight and retains high
mechanical strength they could be used in air craft, sports bike
and sports equipments applications. Similarly, the improve-
ment in wear resistance woos these composites to be placed
as brake pads in automobile.

2 Materials and methodology
2.1 Materials

The epoxy resin used in the present study was a liquid diglycidyl
ether of Bisphenol-A type (Huntsman India Ltd. Mumbai,
Araldite LY556) with an equivalent weight per epoxide group
of 195 g/mol having viscosity of 12,000 cps and density of
1.2 g/em® at 25 C. Triethylenetetramine (TETA, Huntsman
India Ltd. Mumbai., HY951), a low viscosity aliphatic amine
having viscosity of 20 cps and density of 0.98 g/cm® was used as
a curing agent. 3-Aminopropyltrimethoxysilane (APTMS) was
purchased from Sigma Aldrich. E- Glass fiber continuous wo-
ven mat (0-90°) with density of 2.54 g/em® was used as rein-
forcement. Ferric Chloride (FeCls) of molecular weight 169.8 g/
mol and Sodium hydroxide (NaOH) of molecular weight 40 g/
mol were taken for Sol-gel process and purchased from Merck
India Itd. Ball milled Iron (II) oxide particles with an average
particle size of 800 nm, 200 nm and sol-gel prepared average
100 nm with density of 5.2 g/em® were used as a filler to fabri-
cate the hybrid polymer composite.

2.2 Particle Preparation
2.2.1 Ball Milling Process
The un-modified ferric oxide particles of diameter 800 nm

were ball milled for 16 Hrs. High energy planetary ball mill
was used to reduce particle size by strain hardening
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principle. The powder to ball ratio was maintained as 1:15
and ball material used was tungsten carbide. The planetary
mill speed was setup with 300 rpm throughout the milling
time. The before and after ball milled particle’s size and
morphology was monitored by particle size analyzer
(Malvern 2.0, USA) and scanning electron microscope
(HITACHI S-3400, JAPAN). It is noted that the initial par-
ticle size was 800 nm it became 200 nm after 16 h ball
milling. This reduction is the cause of more strain hardening
occurred due to heavy collision of particles. This high strain
hardening leads formation of small particles with lower di-
mensions. Figure 1a, b shows the scanning electron micros-
copy image of ball milled ferric oxide particles. Figure la
shows the as-received particle with larger dimension. The
particle shows needle morphology in as-received condition.
Figure 1b shows the image of 16 h ball milled ferric oxide
and it explicit uniform spherical morphology [14].

2.2.2 Sol-Gel Process

In sol-gel ferric chloride (FeCl;) of 1Mol and NaOH of 2
Mol has been taken. The sol of two metal atoms was
prepared after constant stirring up to 1 h with 60 C rais-
ing the temperature of sol up to 80 C and allowed to
evaporate the sol until dark brown gel was formed. The
gel was kept in a silica crucible at 300 C in hot oven for
4 h and then furnace cooled to room temperature thus
nano scaled ferric oxide particle was formed. Figure lc
shows the transmission electron microscopy image of sol-
gel prepared ferric oxide particle. The TEM with EDAX
images were analyzed using a high resolution transmis-
sion electron microscopy (JEOL JEM 2100 JAPAN).
Figure 1d shows The EDAX graph of ferric oxide parti-
cle, which explicit oxide state of iron in the absence of
other impurity atoms.

TEG VS 0w W s 0 On
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Fig. 1 a, b SEM images of ferric oxide particle and ¢, d shows TEM images of ferric oxide particle
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2.3 Preparation of Silicon Coupling Grafted Ferric
Oxide Particle and E-Glass Fiber

Silicon coupling grafted ferric oxide particle and E-glass fibre
were prepared via hydrolysis process; in this the particle and
fibre are immersed in the ethanol-water solution. A 95% of
ethanol and 5% of water were taken and mixed gently for
10 min. Required amount of silane coupling agent was then
added drop by drop followed by 5 min gentle stirring. The
particles and fiber were dipped in the ethanol water solution
for 10 min. The isolated ferric oxide and fiber was separated
from aqueous solution by decanting excess solution manually.
The precipitated particles and fiber were washed with ethanol
to remove excess silane and dried at 110 C for 10 min in a hot
air oven to forms silanol structures [15]. Scheme 1 shows the
silane surface-modification done on E-glass fibre and iron (III)
oxide particles.

Figure 2 shows the NMR peaks of silicon coupling grafted
ferric oxide particles. A Bruker AVANCE III HD, 400 MHz,
NMR spectro-meter was used to analyze the surfaces of ferric
oxide to confirm the functional group attachment. A strong
peak at 4.1 ppm indicates the presence of C-H and N-H groups
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Scheme 1 Silane surface-modification process on E-glass fibre and
particle
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on silane treated ferric oxide surface, which is attached with
propyle group. The weak peak at 5.7 ppm indicates the pres-
ence of C=C-H groups, which may be formed during the acid
hydrolysis process of silane. Thus the silane treatment mod-
ifies and activates the surfaces of ferric oxide, which may
ensure better dispersion and adhesion in high denser matrix
[16].

2.4 Preparation of Hybrid Composite

A fixed quantity of resin was mixed with varying volume
percentage of ferric oxide particles (0.5 and 1.0) at room tem-
perature and stirred thoroughly until complete mixing takes
place. A homogeneous mixture of resin and particle was pro-
duced at the end of stirring process. Curing catalyst (TETA)
was then added by 10:1 weight ratio and stirred until a homo-
geneous solution formed. The viscous colloidal suspension
was then poured into a rubber mould with wax coating and
30 volume percentage of E- Glass woven mat (3- ply) was laid
with epoxy resin matrix and entrapped air bubbles were re-
moved by cotton roller. The excess resin was wiped out man-
ually to get uniform thickness of composite. The curing was
done at room temperature for about 24 h and post cured for
48 h [17].

2.5 Specimen Preparation

The prepared E-glass fiber—particle dispersed epoxy compos-
ites were taken out from mould and cleaned neatly. Specimens
of suitable dimensions according to ASTM standards were cut
by abrasive water jet machining (Maxiem water jets 1515,
KENT, USA) with garnet size of 80 Mesh; abrasive flow rate
of 0.30 Kg/min, maximum pressure of 225 MPa and nozzle
diameter of 1.1 mm [18]. The designation and composition of
hybrid composites are presented in Table 1.

2.6 Characterization
2.6.1 Thermal Analysis

The thermal behavior of composite was analyzed with a ther-
mo gravimetric analyzer (NETZSCH STA Jupitar 409 PL
Luxx, Germany) under N, atmosphere. Samples were scanned
from 0 to 600 C at the heating rate of 10 C/min with crucible
material as Al,Os. The thermo gravimetric analysis was per-
formed to study the mass loss of polymer composite with rise
in temperature.

2.6.2 Wear Characteristics
The wear properties of E-glass fibre-reinforced ferric oxide

particle added epoxy resin hybrid composite was tested in a
pin-on-disc set up (Magnum Engineers India Pvt. Ltd). The
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pin-on-disc has a wear disc of diameter 165 mm, disc speed of
100-2000 rpm and a normal load of 5-200 N. But in this
present study, a load of 5 N, sliding speed of 800 rpm and
sliding distance of 400 m was maintained as process parame-
ters. Flat specimen of 3 mm thick and 5 mm width was used to
check the wear resistance of hybrid composites.

2.6.3 Fatigue Behaviour

The fatigue behaviour of un-modified and surface-modified
E-glass fibre-reinforced ferric oxide particle dispersed epoxy
resin hybrid composites were investigated by a tension-
tension fatigue machine (MTS Landmark 370 load frame,
USA) with hydraulic power actuated mechanical grippers.
Dumbbell shaped specimens of five identical test samples
were tested followed by ASTM D 3479 to compute average
fatigue life in cycles. Loading frequency of 5 Hz, stress ratio
of 0.1, maximum load of 1.28KN (50% of maximum tensile

load, since 25% feels under stress and 75% lead over stress),
elastic modulus of 6.00 GPa, and working ambience of 23 °C
were set as process parameters.

3 Results and Discussions
3.1 TGA Analysis

Tables 2 and 3 shows the initial, rapid and final mass loss of
pure epoxy, as-received and surface-modified E-glass fibre-
reinforced epoxy resin composite. It is observed that the pure
epoxy resin gives mass loss of 4.09, 74 and 4.48% at initial,
rapid and final phase. The initial phase starts at 315 °C and end
up at 355 °C. The temperature raise of 40 °C was utilised to
perform this mass loss. It is observed that addition of as-
received E-glass fibre of 30 vol.% reduced the initial thermal
stability.

Table 1 Composition and

designation of composites Material designation Epoxy (Vol%) Fiber (Vol%) Fe,05 (Vol%) Fe,0; size (nm)

E 100 0.0 0.0 -

EGF 70 30.0 0.0 -

EGFI, 69.5 30.0 0.5 800
EGFI}, 69.5 30.0 0.5 200
EGFI,, 69.5 30.0 0.5 100
EGFI, 69.0 30.0 1.0 800
EGFI,, 69.0 30.0 1.0 200
EGFl,, 69.0 30.0 1.0 100

E- Epoxy; GF- glass fiber; 1;—0.5 vol.% Fe,03 and 1,—1.0 vol.% Fe,O5 particle

@ Springer



2538

Silicon (2020) 12:2533-2544

Table 2

Thermogravimetric analysis of as-received E-glass fibre-reinforced ferric oxide particle added epoxy composites

Material designation  As-received second phase additions

Mass Loss (%)

Temperature (°C)

Initial phase ~ Rapid phase  Final phase  Initial phase Rapid phase Final phase
Start End Range Start End Range Start End  Range
E 4.09 74.00 448 315 355 40 355 395 40 395 600 205
EGF 7.53 27.47 19.36 275 340 65 340 375 35 375 600 225
EGFI, 3.00 36.50 9.57 300 340 40 340 400 60 400 600 200
EGFI4 431 45.70 13.40 325 353 28 353 422 69 422 600 178
EGFI;, 3.15 44.20 17.00 310 330 20 330 362 32 362 600 238
EGFI, 5.74 40.40 8.50 280 320 40 320 410 90 410 600 190
EGFIy; 3.26 30.50 27.80 325 345 20 345 385 40 385 600 215
EGFI,, 5.70 37.26 11.44 320 350 30 350 420 70 420 600 180

E- Epoxy; GF- glass fiber; 1,-0.5 vol.% Fe,O; and 1,-1.0 vol.% Fe,O; particle

A highest mass loss of 7.53% was observed in initial de-
composition zone, which is 45% of decrement on comparing
with pure epoxy resin. The initial decomposition starts at
275 °C itself and it is near 14% of decrement on comparing
with pure epoxy resin. This reduction in initial thermal stabil-
ity is the reason of formation of aqua molecules by the reaction
between E-glass fibre surface and unsaturated OH molecules
from epoxy resin [19]. Whereas in silane grafted E-glass fibre-
reinforced epoxy resin composite, an improved thermal stabil-
ity is observed. The initial decomposition starts at 330 °C and
end up at 350 °C. The temperature range of 20 °C is the net
improvement by the addition of silane grafted E-glass fibre
into epoxy resin. This improvement is because of silane cov-
erage on E-glass fibre surface, which could absorb more heat
before the fibre start absorbs the heat energy. Thus a positive

Table 3

shift in initial decomposition temperature was found. Similar
improvements were found in rapid and final decomposition
phases.

It is observed that further addition of silane grafted ferric
oxide particle into E-glass epoxy composite improved the
thermal stability of hybrid composite. A very lower mass loss
of 2.14% was observed in EGFI; composite designation,
while the other composites give significantly higher mass loss
at early temperate. The on-set and off temperature of EGFI;
composite designation at initial decomposition stage is 330 °C
and 343 °C. Similarly the rapid and final temperatures are
343 °C, 368 °C and 368 °C, 600 °C respectively. Whereas
the as-received epoxy composite designation of EGFI; gives
significantly lower thermal stability. An initial, rapid and final
mass loss of 3.00, 36.5 and 9.57% were observed. Similarly

Thermogravimetric analysis of as-received E-glass fibre-reinforced ferric oxide particle added epoxy composites

Material designation  Surface-modified second phase additions

Mass Loss (%)

Temperature (°C)

Initial phase ~ Rapid phase  Final phase  Initial phase Rapid phase Final phase
Start End Range Start End Range Start End Range
E 4.09 74.00 448 315 355 40 355 395 40 395 600 205
EGF 2.72 42.55 15.00 330 350 20 350 382 32 382 600 218
EGFI, 2.14 30.00 4.78 330 343 13 343 368 25 368 600 232
EGFI,, 2.93 48.50 4.57 320 343 23 343 370 27 370 600 230
EGFI,, 291 62.22 11.61 332 340 8 340 378 38 378 600 222
EGFIL, 3.30 55.37 6.36 320 342 22 342 370 28 370 600 230
EGFI,, 2.37 39.00 5.95 320 340 20 340 362 22 362 600 238
EGFI,, 3.44 47.61 5.83 328 345 17 345 378 33 378 600 222

E- Epoxy; GF- glass fiber; 1;-0.5 vol.% Fe,O3 and 1,-1.0 vol.% Fe,O; particle

@ Springer



Silicon (2020) 12:2533-2544

2539

the on-set and off set temperature of EGFI; composite desig-
nation at initial decomposition stage is 300 °C and 340 °C. It is
near 5% decrement on comparing with silicon coupling
grafted ferric oxide particle in E-glass-epoxy composite
(EGFI;). This improvement in surface-modified epoxy com-
posite is because of silicon coupling grafting on particle and
fibre surface. At first the aqua formation along the fibre/
particle-epoxy interface reduced significantly and also the
amount of energy to be spent to break the silicon coupling
layer (graft) on fibre and particle surface is high. Thus higher
thermal stability is observed for surface-modified E-glass fibre
ferric oxide particle dispersed epoxy hybrid composite [20].

It is observed that the particle size of 200 nm with
1.0 vol.% (EGFI,,) gives higher stability on comparing with
other composite designations whereas other composites,
which contains 800 nm and 100 nm gives marginally lower
thermal stability at initial, rapid and final phase. This improve-
ment is because of effective dispersion of 200 nm ferric oxide
particles in epoxy molecular voids and arresting the degree of
rotation of secondary molecules while heating. When free
volume is reduced by the addition of particles, the energy
required to activate the secondary molecular chains are higher.
Thus large amount of energy is observed. It is further noted
that the composites with 800 and 100 nm with 1.00 vol.%
gives decreased thermal stability. This reduction in thermal
stability is because of particle agglomeration in high denser
epoxy matrix. In 800 nm the 1.00 vol.% of ferric oxide parti-
cles felt over dozing and in 100 nm with 1.0 vol.% the degree
of clustering increases, which leads agglomeration [21].

3.2 Wear Behaviour

Table 4 shows the sp. wear rate and coefficient of friction
values of epoxy hybrid composites. It is observed that the pure
epoxy resin gives sp. wear rate and COF of 0.012 mm*/Nm
and 0.84 respectively. This higher wear rate and coefficient of
frication is the cause of soft epoxy molecules and absence of
wear resistance mechanism. It is observed that addition of 30

vol.% of E-glass fibre into epoxy resin improves the wear
resistance. The lower sp. wear rate of 0.010, 0.007 and 0.75,
0.65 were observed for un-modified and surface modified
EGF composite designation. This improvement in wear resis-
tance is the cause of presence of E-glass fibre in epoxy matrix.
The glass fibre in matrix reduces the effective direct contact of
bare epoxy resin to abrasion disc, thus lowering the chances of
getting wear of pure epoxy resin [22]. Moreover the presence
of E-glass fibre absorbs large heat, which is produced while
abrasion takes place. This phenomenon increases the resis-
tance against erosion of pure epoxy molecules due to heat.
Moreover addition of E-glass fibre of 30 vol.% decrease the
adhesion between abrasion disc and composite material. This
phenomenon increases the wear resistance by reducing the
adhesion wear of composite material. It is observed that the
silane surface grafted E-glass fibre into epoxy resin gives im-
proved wear resistance and lowering coefficient of friction
than un-modified E-glass fibre into epoxy resin. This im-
provement is because of improved adhesion between fibre
and matrix. When the composite material is touch with the
abrasion disc, shear force is generated due to sliding. The
silane surface-modified E-glass fibre offers higher resistance
for the external shear force due to high interfacial bonding
with matrix. The incurred load is effectively transferred to
matrix and maintains very high stability against abrasion, ad-
hesion and erosion wear mechanisms [23].

It is noted that further addition of un-modified ferric oxide
nano particle into epoxy resin along with E-glass fibre in-
crease the wear loss. The increase in the wear loss is attributes
to the abrasion and erosion wear phenomenon. When the un-
modified ferric oxide particles are dispersed with epoxy resin
they were not chemically linked. These poorly bonded ferric
oxide particles are evicted out when sliding takes place.
Moreover the evicted ferric oxide particles are present in be-
tween the composite and rubbing disc and produced large
volume loss via three body abrasion. Thus reduced wear re-
sistance is observed for composite designations dispersed with
un-modified ferric oxide particles whereas the addition of

Table 4 Wear values of hybrid

composites Composite designation

Un-modified E-glass fibre
and ferric oxide

Surface-grafted E-glass fibre
and ferric oxide

Sp. Wear rate (mm®/Nm) COF Sp. Wear rate (mm>/Nm) COF
E 0.012 0.84 0.012 0.84
EGF 0.008 0.60 0.007 0.65
EGFI, 0.009 0.66 0.003 0.40
EGFI, 0.010 0.70 0.005 0.68
EGFI}, 0.009 0.69 0.002 0.32
EGFI,; 0.010 0.71 0.003 0.37
EGFI;, 0.011 0.75 0.005 0.58
EGFl,, 0.010 0.70 0.006 0.54
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silane surface-modified ferric oxide particle into glass-epoxy
composite improved the wear resistance. The improvement of
75, 58.3, 83.3, 75, 58.3 and 50% is observed in sp. wear rate
and 53, 19, 62, 56, 31 and 36% were observed for COF in
composite designations EGFI;, EGFI;;, EGFL,;, EGFI;, and
EGFI,, respectively. This improvement is because of im-
proved adhesion of silane surface grafted ferric oxide particle
with epoxy matrix. The adhesion improved ferric oxide parti-
cles are bonded tight with matrix and reduce the direct contact
of soft epoxy to expose on the abrasion disc. Instead of epoxy
molecules the hard ferric oxide particles are exposed to abra-
sion disc and resist the abrasion wear. Moreover the fine ferric
oxide particles maintain very high adhesion with epoxy ma-
trix, even though large shear force is applied on the surface
during sliding takes place. This phenomenon reduces the evic-
tion of fine ferric oxide particles form matrix and reduces the
chances of three body abrasion [24, 25].

It is observed that the very fine particle of size 200 nm with
0.5 vol.% gives highest wear resistance than other composite
designations. This improvement is because of effective sur-
face area of very fine ferric oxide particles, which could re-
duces the void content of matrix thereby decreasing the abra-
sion wear phenomenon. It is noted that the particle volume of
1.0% gives larger sp. wear rate than 0.5 vol.% in all composite
designation. This reduction is because of clustering of parti-
cles due to large volume and chances of more wear loss [26].
More over the particles of dimensions 800 and 100 nm also
gives lower wear resistance. This is because of poor void
filling of 800 nm particle and high rate of agglomeration of
ultra fine 100 nm particles in matrix [27].

Figure 3 shows the optical microscope worn surfaces of
pure epoxy and its composites. The images were captured
by using an optical microscope with 25 X magnification ca-
pability (Motic L 312, 25 X, China). Figure 3a shows worn
surface of pure epoxy resin. The image revealed marginal
rough surface, which indicates adhesion wear mechanism.
Figure 3b shows the worn surface of un-modified ferric oxide
particles in epoxy resin matrix (EGFI,,). The image revealed
that poorly bonded ferric oxide particles are evicted from the
rubbing surface during sliding and produced more dimple
portions on surface [28].

Figure 3c, d shows the worn surface of silane surface
grafted ferric oxide particles in EGFI,, composite designation.
The image revealed that the worn surface is very smooth with-
out any dimples. This result indicates improved adhesion of
ferric oxide particles with epoxy matrix. The silane surface
modification activates the NH, functional group on particle
surface, which in-turn improves the chemical bonding be-
tween matrix and particle. Thus the chances of two body
and three body abrasion wear mechanisms get reduce and
maintain higher wear resistance. Figure 4 shows the EDAX
report of debris collected from the worn surfaces. The report
confirms that the debris contains presence of iron (IIT) oxide
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particles, which indicates poor bonding of particles with ma-
trix. Figure 5 shows the SEM micrographs of worn surfaces of
pure resin, resin with fibre and particle toughened fibre-
reinforced epoxy resin hybrid composite. It is observed that
the pure epoxy resin has the clean and flat wear track, which
indicates high brittle nature of epoxy resin. Figure 5b shows
fibre patches on the wear track, which indicates reduction in
direct contact of epoxy molecules to the abrasion disc. This
presence of E-glass fibre batches reduced the three body abra-
sion and reduces the COF. Similarly, 5(b) shows both particles
and fibre patches on worn surface. It indicates high adhesion
improved fibres and particles presence on matrix and reduced
the COF. Thus improved wear resistance is observed in silane
surface treated reinforcements epoxy composite.

3.3 Fatigue Behaviour

Table 5 shows the fatigue behaviour of pure epoxy resin and
un-modified and surface-modified E-glass fibre-reinforced
epoxy composite. It is observed that the pure epoxy resin
gives very lower fatigue life cycle of 320 counts. This lower
fatigue strength is the reason of absence of load sharing micro
constituents in matrix. When repeated load is applied, the
cured epoxy molecules stretched as minimum level and gain
residual stress. These acquired stresses further developed as
micro crack and propagates rapidly, which causes plastic de-
formation. Whereas in E-glass fibre-reinforced epoxy com-
posite improved fatigue strength is observed. The as-
received E-glass fibre-reinforced epoxy composite gives max-
imum fatigue life cycle of 3100 counts. On comparing with
pure epoxy the fatigue life increases 89%. This improvement
is because of high load sharing ability of E-glass fibre, which
reduces the stress intensity factor (state of stress at crack tip) in
matrix thereby giving improved fatigue strength. When load
applied the load can uniformly transferred through matrix via
improved bonding and suppressing the micro-cracks produc-
tion. Thus improved fatigue strength is observed. It is ob-
served that the addition of surface-modified E-glass fibre in
epoxy resin gives improved fatigue life cycle of 3850 counts.
Compare than as-received E-glass fibre in epoxy the surface-
treated fibre in epoxy resin gives improved fatigue strength of
19%. This improvement is the reason of improved adhesion of
fibre with matrix and restricts the interfacial crack develop-
ment [29].

It is observed that further additions of as-received and
surface-modified ferric oxide particles of 800, 200 and
100 nm in to E-glass fibre epoxy composite gives significant
improvements in fatigue life cycle of composite. The im-
proved fatigue life cycles of 4255 counts was observed for
composite, which contain 0.5 vol.% of 800 nm ferric oxide
particle. This is near 92% of improvement on compared with
pure epoxy resin. This improvement is because of presence of
800 nm ferric oxide particle, which hinder initiation of cracks
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Fig. 3 Optical microscopy images of a pure epoxy resin, b Un-modified EGFL,,, ¢ Silane surface-modified EGFl,, in 10 X and d Silane surface-

modified EGFI,, in 20 X

from voids. The ferric oxide particle of 800 nm particles fur-
ther restricts the propagation of crack at voids thereby show-
ing improved results. It is observed that adding more volume
of (1.00 vol.%) 800 nm ferric oxide particle into epoxy resin
reduces the fatigue cycle counts. This reduction is the cause of
improved brittleness due to agglomeration of large volume of
particle in high denser matrix. The presence of large volume
of iron (III) oxide particles formed cluster and induce large
number of micro-cracks. These micro-cracks subsequently

Fig. 4 EDAX report of debris of
worn surface

propagates and developed as a full crack and creating interfa-
cial delamination, fibre pullout and plastic deformation [30,
31].

It is observed that lower dimension particle of 200 and
100 nm in E-glass fire-reinforced epoxy composite gives
improved fatigue strength than 800 nm ferric oxide parti-
cle. The improved fatigue life cycle counts of 11,675 and
18,724 were observed for surface-modified composite des-
ignation EGFI;, and EGFI,, respectively. This

trum 2

4 6 8 10 12 14 16 18 20
Full Scale 1061 cts Cursor: 0.000 key
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Fig. 5 SEM Worn surfaces of a pure resin, b E-glass fibre reinforced epoxy composite and ¢ Iron (III) oxide particle toughened E-glass fibre-reinforced

epoxy hybrid composite

improvement is because of uniform dispersion of fine fer-
ric oxide particles of dimensions 200 and 100 nm, which
effectively suppress the crack initiation and propagation in
void and fibre-matrix interface [30]. Similar with surface-
treated E-glass fibre in epoxy resin the surface-modified
ferric oxide particle gives improved fatigue strength. This
improvement is the cause of improved dispersion and ad-
hesion of particle in matrix, which, reduce the crack prop-
agation. Figure 6 shows the fractograph of failure sample
of un-modified and surface-modified EGFI,; under
tension-tension cyclic load.

It is observed that the as-received reinforcements in epoxy
resin hybrid composite (Fig. 6a ) shows fibre pullout and
interfacial delamination. Poor adhesion and bonding strength
between fibre and matrix caused this failure under repeated
loading. Whereas in surface-treated E-glass fibre-reinforced
ferric oxide particle added epoxy composite (Fig. 6b) no such
failure occurs. There is no fibre pullout and vast interfacial
delamination explicated during repeated tension loading.
This improvement is because of amine functionalized surface
treated fibre and ferric oxide particle greatly improved the
adhesion and ensures uniform dispersion of particle with

Table 5 Fatigue values of hybrid

composites Material designation

Un-modified E-glass and ferric oxide
Fatigue life cycle (counts)

surface-modified E-glass and ferric oxide
Fatigue life cycle (counts)

R 320
RF 3100
RFIL, 4255
RFI;, 3601
RFI,, 9720
RFL, 8762
RFL, 15218
RFL, 12,880

320
3850
5100
4010
11,675
10,076
18,724
15,315
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Fig. 6 SEM fractograph of fatigue specimen EFGI,; a un-modified and b surface-modified

matrix. These adhesion improved reinforcements may able to
transfer the tension load effectively and reduces the stress
concentration thereby increased the fatigue strength [32, 33].

4 Conclusion

Epoxy hybrid composites were fabricated using un-modified
and silane surface grafted glass fibre and ferric oxide nano-
particles and characterized.

1. The thermogravimetry results showed that the un-
modified E-glass fibre and ferric oxide particle in epoxy
resin gives large mass loss at early temperature itself
whereas in silane surface-grafted E-glass fibre and ferric
oxide particle-dispersed epoxy composite gives very high
thermal stability with lower mass loss.

2. The wear behaviour of silane surface modified E-glass
fibre and ferric oxide particle shows significant wear re-
sistance. The two body and three body abrasion resistance
is typically lower compared to un-modified E-glass fibre
and ferric oxide particles.

3. The optical microscope image for worn out surface re-
vealed flat and smooth surface for silane surface modified
E-glass fibre and ferric oxide reinforced epoxy composite.
There is no dimple and particle evacuation pit marks were
seen. But un-modified composite’s worn surface unveiled
very high porous and high particle evacuated dimples.

4. The fatigue behaviour of silane surface modified epoxy
hybrid composites shows remarkable fatigue life. Higher
fatigue life cycle of 18,722 was counted for composite
designation EGFI,; but in un-modified condition the
same composite gives lower fatigue strength.

5. Thus in the process of high strength and performance
hybrid composites formation the reinforcements like

fibres and fillers are sought to be surface modified with
the help of silanes. These silanes just cover the surface of
the reinforcements without affecting their physical and
dimensional properties.

These high thermal, wear and fatigue resistance epoxy
composites could be used in automobile, structural and
domestic appliances manufacturing.
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