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Abstract. In this study, polymer composites were manufactured with epoxy-based resin and wastes
as a mineral additive. The wastes including a high content of silica (Silica fume, glass and fly ash)
powder were used as fillers for an epoxy adhesive to improve its wear resistance properties. They
were supplemented to mixes in various ratios via substituting the resin from 0 to 20% by weight.
Tests of wear rate and hardness were conducted upon all-polymer composites at all fillers ratios.
Results indicated that the epoxy hardness increased with increasing the filler addition. Consequently,
the addition of wastes that include silica raised the wear resistance of polymer composites;
nevertheless, it caused the composites harder materials. The wear rate decreased with increasing the
silica fume, glass, and fly ash addition. In the case of fly ash addition, the minimum wear rate was at
15%, and after this percentage, the wear rate increased. However, in the case of glass addition, the
minimum wear rate was at 10%, and after this percentage, the wear rate increased.

Introduction

Composites have been broadly utilized in engineering uses owing to their high strength-to-weight
ratios [1]. Presently, the polymer composites combine unique characteristics; high deformation and
strength properties, and concurrently, the low specific weight being extensively implemented in the
industry [2]. The particle fraction and size influence on the mechanical and wear behaviors of
polymeric composites was studied, and it was reported that the abrasion withstanding of composite
reduces with the increment of the particle volume percentage, instead of an associated increase in the
modulus of elasticity and hardness. The particle reinforced polymer composites can be used in many
applications due to their low cost, isotropic properties, and easy manufacturing process [3].

Epoxy resins being broadly utilized as a matrix in numerous reinforced composites; they are a
thermoset materials class of specific attention to the structural engineers due to the truth that these
materials offer a sole balance of the mechanical and chemical characteristics that combined with an
extensive processing versatility [4—7]. The epoxy resin possesses a vigorous cohesive force effect due
to the presence of the Ester and Ether keys and the epoxy resin. Also, the epoxy resin possesses a
vigorous cohesion of the molecular structure compact, thus the mechanical characteristics of the
epoxy resin being better than the unsaturated phenolic resin and poly vinegar [8]. Some kinds of stiff
inorganic particulate fillers have been investigated for improving the mechanical characteristics of
epoxy composite, like alumina, nano clay, silica, etc. Among many epoxy fillers, Silica is the highest
one utilized commercially as filler [9,10].

The particles of silica are normally utilized for enhancing the stiffness of epoxy owing to their
high elastic modulus and vigorous adhesion with the matrix of epoxy. This adhesion limits the
molecular mobility and the deformation of the matrix of epoxy at the interface area. The strengthened
interface area enhances the transfer of load and the epoxy/silica stiffness [11]. Due to the
incorporation of micro silica into the matrix of epoxy, the thermal and mechanical characteristics, as
well as the dimensional stability of the neat epoxy regime, were enhanced through its method of
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production or the life in service [12,13]. The epoxy resin-based materials cost being nearly more
owing to the need and the consumption of energy. If the saving of energy and preservation of the
natural resources being regarded, the substituted constituents use like the waste in the building
materials being nowadays a global concern [5,14]. Thus, there is a need to find a silica source to
decrease the costs of manufacturing production costs and acquire an encouraging impression for the
surroundings (owing to the waste decrement) [15]. The use of industrial and other wastes in various
applications as a building material has been implemented in many of the previous works [16-21].
Besides silica fume [22,23], one of the by-products commonly used as a building material in various
applications is fly ash [24-26]. So it was used in this study as a source of silica. Also, glass wastes
[27] are also widely used as a construction material, which is mainly composed of silica.

According to the above, it is clear that silica has been used as filler in epoxy composite, but limited
studies have used multiple sources of silica as well as sources of silica resulting from the waste of
other materials or by-products. Therefore, the present study aims to investigate the waste material
(glass, fly ash) influences, including the high silica content and the filler addition upon the
characteristics of the epoxy-based composites. Results of the epoxy with glass and fly ash addition
will be compared with the specimens for the epoxy with silica fume addition.

Experimental Parts

Commercially available epoxy resin (Sikadur-52, Sika Australia Pty Limited) along with hardener
was utilized as a matrix material in the synthesis of various samples. Three types, including (silica
fume, glass, and fly ash) powders were used as reinforcements. Broken glass and Fly ash were
supplied from local sources. Glass was ground to a fine powder and then sieved. The silica fume
(Fluka Company, Switzerland) used in this experiment contained (94.6%) SiO.. The analysis of the
particle size of glass, silica fume and fly ash powder is depicted in Fig.1. The chemical analyses of
Fly Ash and Glass Powder were done via an XRF microprobe analyzer, as displayed in Table 1.

1000 120
Di1Q=5. 745
%0 108
DEDwal &0 r
M0 | oso=7e 26 *
ﬂ:u L] - -y - 3 - 2 = L] a‘
51 13
£ o
E y.un v = ow EEREd " » " " - ERE " ‘: E:
= #
O a T as
no 1)
Na _‘ 2
130 iz
J /M
ag oo
a0 ol | ] 5] 10000
Size{um)



Key Engineering Materials Vol. 895 33

1010 L 14]
010=8.779
10 T 24
| pBoez1 87 F
80 R - " A- -’ " - g
™o [ 1‘ ‘1 iz
-1 . —fq : g
- —
E = w =
3 ®’
LT /[ 24
a 18
a0 j \‘ + 12X
130 - e
an j{‘- r\ o
=1 g1 g} 9o = =1x ma
Sizeium)
b-
1000 120
Di1Q=5 742
w0 128
DEOm32 B0
T
%0 | poo=ez an
0 | . = pttre e B
2 w0 L -
E 8 6 ==
3 =
O oan a8
o r r 1
20 A 2i
1 ‘ - iz
a0 0o
o0 [ i 20 1000 10000
Size(um)
C_

Fig. 1. The analysis of particle size for a- silica fume, b- fly ash, and c- glass powder

Table 1. The chemical analyses of Fly Ash and Glass Powder

SiO, MgO K,O CaO ALOs Cl Fe,O3; Na,O SOs; CuO P,Os ZnO
Flyash 8690 3.16 3.20 1.96 074 0.14 1.69 051 1.01 - 0.17 0.25
Glass 7398 372 025 1016 073 0.04 030 997 024 023 0.03 0.13

The filler material was gradually added to epoxy resin (part A) under vigorous stirring using a
magnetic stirrer (SH-2 model) to produce a homogeneous mixture. After that, the hardener (part B)
was added according to the mix ratio (2:1) provided by the adhesive manufacturer. Three groups of
samples were prepared with (0, 5, 10, 15, and 20) wt% addition from fume silica, glass, and fly ash.

The chemical composition for the prepared samples (pure, 20% fume silica, 20% glass, 20% fly

ash) was examined by Fourier transform infrared ((IRAffinity-1 device type).
For all epoxy samples, the micro-hardness was measured by a digital micro Vickers hardness tester
(TH-717 model). The micro-hardness test was carried out for all prepared samples. The test was
conducted by Digital Micro Vickers Hardness Tester (TH -717 model) with a square base diamond
pyramid using a load of 0.24 N for 20 sec. The value of micro-hardness was taken as the average of
(3) readings for every sample.

A wear test for a specimen of (15 mm) diameter and (6 mm) height was conducted for every
sample of composite depending on the (ASTM (G99-04)) [28]. First, specimens were weighed by a
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sensitive electric scale (M254A model) with (+0.0001) accuracy. The concept of Pin on Disk was
utilized for studying dry wear using a wear tester device (type MT-4003, version 10.0). Wear test was
performed at room temperature without using the lubricant. Dry sliding wear was studied by using
the pin on disk concept with a normal force of (20 N) on the pin and a (300 rpm) disk rotating speed
of disk The sample was weighed after (5, 10, 15, and 20) min for determining the loss of weight.
After that, the loss of weight was changed to the loss of volume using this equation:

The loss of volume (mm?®) = The loss of weight (g) / Density (g/mm?)

Where:

The loss of weight = The weight before the test — The weight after the test.

Results and Discussion

The analysis of Fourier transform infrared was utilized for investigating the epoxy/micro powder
composite structure, as revealed in Figure 2. In the Fourier-transform infrared spectroscopy (FTIR)
analysis for neat epoxy, Fig. 2a, the characteristic peak at ~ 3402 cm—1 is attributed to a hydroxyl
group (O—H). The molecular structure is verified from the bonds of the reflection of contracting and
stretching in the epoxy rings phase, noticed at around (1242 cm—1) and (825 cm—1) [6]. The peaks
related to aromatic rings appeared at (1604) and (1512 cm—1). The Aliphatic (C—H) stretching
vibrations can be noted in the (2800-3000 cm-1) range [6]. All these energy band results confirmed
the structure of the neat epoxy.
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Fig. 2. FTIR analysis: a- neat epoxy, b- 20% silica, c- 20% glass, and d- 20% fly ash.

FTIR transmittance spectra of epoxy/micro powder composite with (20% silica fume, 20% glass,
and 20% fly ash) weight ratio, shown in Fig. 2b,2¢c, and 2d, were achieved to investigate from the
silica bands in epoxy. The analysis results manifested that the majority of the transmission of peaks
can be traced back to the original epoxy. Also, it can be seen the appearance of the new band peaks
of silica. Characteristics of the vigorous bands of transmission at (825 cm™) and (1087 cm™) are
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ascribed to asymmetric, symmetric, and stretching vibration of Siloxane group (Si—O-Si) in the
Silica, correspondingly, which verified the network of (Si07) [29]. Another new band peak at (3757
cm’!) is attributed to the Si-O-H band in silica. The epoxide group in epoxy will react with the (SiO.)
Silanol group by H-bonding if micro silica is reacted with the epoxy. Where, it can be observed, from
the neat epoxy resin spectra as well as its composites of silica fume, glass, and fly ash, that the OH
groups stretching vibrations of epoxy resin was moved to (3417 cm™) for silica fume and glass-
reinforced epoxy [29,30].

The other thing that is noticed from the figures is that the amount of transmission decreased by
adding the silica fume powder and in a lesser percentage, by adding the glass and fly ash powder. The
reduction in the transmission of radiation is due to the interaction of radiation with the powder and
the occurrence of absorption and dispersion.

The hardness of the micro-powder-filled epoxy matrix composites has been studied. A load of
0.24 N for 20 msec was used to conduct the Vickers Hardness test on the samples. With the variation
of filler content in the epoxy, the variation of hardness is shown in Fig.3. In most cases, the micro-
hardness is improved by reinforcing the micro silica fume, glass, and fly ash in an epoxy polymer.
Such improvement was owing to the vigorous H-bonding between the OH-groups in the parent matrix
and Silanol (Si-OH) groups upon the surface of SiO2, which limits the mobility of the chain and as a
result improves the crosslinking [31]. It was observed that the values of hardness increased with
increasing the micro-powder filler, this corresponds to the uniform dispersion of micro filler and the
strong adhesion between micro powder and epoxy. Also, it can be noted that the hardness values of
glass/epoxy composite were higher than those for the fly ash/epoxy and silica/epoxy composite,
which is due to the hardness of the glass powder and also to the strength of the bond between the
powder and the epoxy.
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Fig.3. Vickers microhardness for all composite specimens.

Converting the weight loss into a volume loss using every sample density was done. Fig. 4a to
Fig.4c elucidate the test results at the similar circumstances stated before (F = 20 N), (o= 200 rpm)
and (t=15, 10, 15, and 20 min). In such figures, it's obvious that the loss of volume is raised with the
raising of the time of test, where the uppermost loss of volume was documented at (20) min. This is
a predicted behavior, where the increase of the loss of particles of sample is with the raising of the
time of friction between the sample surface and the rotating disk.

Further, these figures evince the effect of different particles addition on the wear rates at different
materials. From Fig. 4a, for the silica—epoxy composite, it has been shown that there is a decrease in
the wear rate of the composite samples with an increase in the silica particle additives. The increase
in reinforcement has resulted in the increased hardness and caused the surface barrier for the
penetration of hard asperities into the surface. Fig. 4b exhibits the effect of glass content on the wear
rate of epoxy. One can notice that the loss of volume reduced radically with the rising percentage of
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glass; even it attained to (10%) glass. That is perhaps owing to the glass particles' role in obstructing
the motion of dislocation, thus, the wear resistance is also increased. It is noted that with an increase
in the amount of added glass over 10%, the wear rate begins to increase, this is because increasing
the amount of glass leads to an agglomeration of particles and thus to the heterogeneity of the
composite material, which therefore affects the increase in roughness. The addition of fly ash and its
effect on the wear resistance is illustrated in Fig.4c. The wear test results are close to the silica fume
results, as the wear resistance increases with the addition of the fly ash particles. In fly ash — epoxy
composite, the maximum wear rate is at 15% fly ash addition, and after this percentage, the wear rate
begins to increase. The reason is due to the increase in the amount of fly ash, which leads to an
agglomeration of particles and thus to the heterogeneity of the composite material.
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Fig. 4. Wear rate of composite specimens; a- Silica — epoxy composite, b- Glass — epoxy composite,
and c- Fly ash — epoxy composite.

Fig. 5 demonstrates the wear rate (mm3/min) in steady-state at 20 minute time. It is observed that
there is converge in the results for wear rate in the case of silica fume, glass, and fly ash addition. The
wear rate decreased with the increase of silica fume, glass, and fly ash addition. In the case of the fly
ash addition, the minimum wear rate was at 15%, and after this percentage, the wear rate increased.
However, in the case of glass addition, the minimum wear rate was at 10%, and after this percentage,
the wear rate increased.
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Fig. 5. Wear rate at steady state for the composite specimens at (time = 20 min).
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Conclusions

Waste materials with high silica content were used as reinforcing filler in the epoxy matrix. The
results for the glass/epoxy and fly ash/epoxy experiments were in good agreement with the results
obtained in the silica fume/epoxy composite experiments. It was observed that the values of hardness
increased with increasing the micro-powder filler, this corresponds to the uniform dispersion of micro
filler and the strong adhesion between micro powder and epoxy. Also, it can be noted that the hardness
values of glass/epoxy composite were higher than those for the fly ash/epoxy and silica/epoxy
composite, which is due to the hardness of the glass powder and also to the strength of the bond
between the powder and the epoxy. The wear rate decreased with the increase of the silica fume,
glass, and fly ash addition. If fly ash was added, the minimum wear rate was at 15%, and after this
percentage, the wear rate increased. However, if the glass was incorporated, the minimum wear rate
was at 10%, and then was raised beyond that. In a conclusion, the best mixture that improved wear
rate was when using 10% glass
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