Ly

AIMS Materials Science, 8(1): 82-98.
DOI: 10.3934/matersci.2021006
Received: 21 December 2020

o Accepted: 31 January 2021

Published: 07 February 2021

A

AT

<
7

4

http://www.aimspress.com/journal/Materials

Research article

Flexural, compression and fracture properties of epoxy granite as a

cost-effective structure materials: new machine element foundation

Mohammed Y. Abdellah'?*, Ahmed Abdelhaleem', Ibrahim A. Alnaser??, G. T. Abdel-Jaber!
and Abdalla Abdal-hay'#

1 Mechanical Engineering Department, Faculty of Engineering, South Valley University, Qena,
83523, Egypt

Mechanical Engineering Department, College of Engineering and Islamic Architecture, Umm Al-
Qura University Makkah, KSA

Department of Mechanical and Industrial Engineering, College of Engineering, Majmaah
University, Al-Majmaah 11952, Saudi Arabia

School of Dentistry, The University of Queensland, Herston Campus, 4072, Australia

* Correspondence: Email: mohamed abdalla@eng.svu.edu.eg, mohammed yahya42@yahoo.com.

Abstract: Epoxy granite (EG) as a composite material has been attempted to be used in machine
foundation. EG demonstrates similar mechanical properties and specific density to light metals, such
as aluminium and its alloys. In the present study, we developed light and cost-effective EG
composite materials as a new machine element foundation. The EG composite was prepared by
blending the epoxy resin (12 wt%) and granite particles by casting route method. The crushed granite
particles were sieved and separated into coarse particles 1.18-2.36 mm, medium particles 0.6—1.18 mm
and fine particles < 0.6 mm. The mechanical properties such as compression, bending and single
edge notch bending tests were assessed. The results show that the EG composite materials containing
the fine granite particles induced the highest compressive (18.1 MPa) and bending (20.1 MPa)
strength. In addition, the fracture toughness had the highest value which was about 24.73 MPa\/m of
the same EG composite material. Our results suggest that the EG composite contains fine granite
particles with good mechanical and fracture properties might have a high potential in machine
foundation application as an inexpensive material.
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1. Introduction

Although the cast iron is widely utalized in machine element foundation because it possesses
good impact/fracture and thermal properties, it lacks machining capability. The final product of the
cast iron based materials such as the roughness and net-shapes needs high accuracy machinning tools.
In addition, at high opertating speed the conventional cast iron and steel structure materials develop
positional error due to the low dynamic stability of these materials. Therefore, it is mandatory to find
alternative cost-effective materials that can be used as a machine element foundation. Recent
attempts have been paid to use epoxy resin as a matrix contains macro-micro scale particles as a
filler material to enhance the mechanical properties and thermal stability. Researchers [1,2] studied
the use of cementitious materials to replace the conventional metallic structure materials, by hybrid
structures, synthetic granite, Ferro-cement, fiber-reinforced concrete, and hydraulic cement concrete
materials. It was reported that cementitious composite materials had good static and dynamic
stability and might be an alternative material for the conventional material. J. Cho et al. [3] carried
out a matrix of experiments on the epoxy matrix in carbon fiber/epoxy composite. The composite
materials was modified with graphite nanoplatelets to improve their mechanical properties. Graphite
nanoparticles were mixed and dispersed in the epoxy matrix by sonication, followed by a vacuum-
assisted wet layup process. The composites reinforced with nanoparticles showed enhancement in
compressive strength and in-plane shear properties. A simple analytical model was used to predict
the longitudinal compressive strength, which was in good agreement with experimental results.
However, specific structure materials that has high potential in machine elment foundation
application are still in early stage of investigations.

Epoxy granite (EG) composite materials EG became an alternative material to cast iorn in
machine base application [4—8]. Incorporation of granite particles into epoxy matrix demonestrated a
remarkable reduction in stiffness with high damping and vibration characteristic [9] of the dynamic
mechanical response of the fabricated EG composite beams. It was reported that the particle size and
particles distribution of the filler material within epoxy matrix play a vital role in enhancing the
mechanical and damping characteristics of structure composite materials. To enhance the toughness
properties of EG composite structure materials, Kareem [10] incorporated polycarbonate (PC) into
the EG. Although the EG/PC composite materials showed good mechanical properties, but the
fabrication process is complicated and time consuming. Krishna et al. [11] demonestrated the
performance of granite particles-reinforced epoxy composites fabricated at different weight
concentration. Their results presented that the tensile and impact strength were increased by 2-fold
granite powder-reinforced epoxy composite. Granite particles and fly ashes reinforced epoxy
composites were fabricated by Ramakrishna and Rai [12] to envistigate the effects of the two
different fillers into the mechanical properties of EG materials. An attempt have also been made to
use commercially available thermoplastic (polymethyl methacrylate) to improve the pure matrix
device epoxy resin. The blend matrix was prepared at various polymethyl methacrylate and epoxy
weight fractions. Then, a blended matrix with the highest strength was selected for composite
preparation. Furthermore, Ramakrishna et. al [13] used unsaturated polyester as a matrix and granite
powder reinforced with fly ash as fillers. The tensile and flexural strengths at various weight
fractions of the fillers of these composites were assessed. The mechanical properties of granite
powder composites were higher than fly ash composites. They modified this study [14] on granite-
epoxy powder composites on toughening epoxy with unsaturated polyester and unsaturated polyester
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with epoxy resin. Moreover, impact, compressive strength, and water absorption was investigated. It
was concluded that a positive toughening effect was demonstrated by an improvement in the strength
of the composites. On the other hand, the matrix of granite powder and fly ash was prepared by
epoxy toughened with polymethylmethacrylate (PMMA) and various percent weights [15]. It was
reported that the tensile and flexural strengths of the composite showed the highest value at 4% (w/w)
of PMMA in the composites. The granite powder composites showed better properties than fly ash
composites. Lately, they tried to used epoxy and acrylonitrile butadiene styrene (ABS)-toughened
epoxy matrices as a matrix to granites powder [16]. Gongalves et al. [17] studied the mechanical
properties of a composite made of a mixture of epoxy resin and granitic stone powder. The
mechanical properties included traction, flexion, compression, and hardness properties was presented.
Chemical and mineralogical stone analyses and particle/matrix interface through SEM analyses were
conducted. Venugopal et al. [18] numerically investigated the static and dynamic characteristic
properties of epoxy granite columns with steel reinforcement. The proposed final configuration with
standard steel sections had been modeled using finite element analysis for an equivalent static
stiffness and natural frequencies of about 12-20% higher than the cast-iron structure. Therefore, the
proposed finite element model of epoxy-granite-made vertical machining center column can be used
as a viable alternative for the existing column to achieve higher structural damping. In spite of
fracture toughness and mechanical properties of composite material were studied in several works
[19-25] using various specimens’ shapes such as compact tension or even center edge notch, the
effects of granite particles size and particles shape have been never investigated.

It is speculated that different particles size of granite might induce synergistic effects on the
mechanical, damping and fracture toughness properties of EG composite structure materials. The
particle size of granite filler material did not be taken into consideration yet. Herien, for the first time,
EG composite structure inexpensive materials were fabricated at different particle size and particles
distribution of granite as a cost-effective materials to investigate these variations on mechanical
properties and factrure toughness of the obtained EG materials. Accordingly, the focuss of present
study was to: (a) design a strong structure material for machine tool foundation application; (b)
investigate the effect of granite particle size on mechanical properties (compressive strength, flexural
strength and tensile modulus), the fracture toughness and the surface release energy or fracture
strength of EG composite structure materials. The dynamic response of the proposed composite
materials is not the scope of the present study and will be investigated in the future work.

2. Materials and methods
2.1. Materials

The specimen of epoxy granite is prepared by manual mixing of different sizes of granite particles
which are crushed and sieved by a sieve analysis device with epoxy resin severally. The granite is
founded in the south of Aswan in Shalateen in the far south of Egypt. X-ray fluorescence (XRF)
analysis is performed for granite to know its chemical elements and the proportion of each element,
this chemical analysis is shown in Table 1 and Figure 1. The epoxy resin is KEMAPOXY-150 RGL
which is manufactured by Chemicals for Modern Buildings Company in Egypt (CMB).
Kemapoxy 150 is a two components solvent-free, liquid epoxy compound, conforms to the standard
specification ASTM C 881 [26], the epoxy mechanical properties are listed in Table 2.
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Table 1. XRF chemical analysis of granite.

Element ms% mol% Sigma
Al 8.5000 10.8068 3.7957
Si 47.6969 58.2576 4.1407
K 11.2912 9.9059 3.4859
Ca 3.5633 3.0498 2.9038
Ti 1.9455 1.3933 1.4508
Mn 1.1757 0.7342 1.0394
Fe 25.6899 15.7803 1.0007
Zn 0.1375 0.0722 1.2422

Table 2. Mechanical and physical properties of E-glass fiber and epoxy resin [27-29].

Properties Kemapoxy (150 RGL)
Density (kg/m?) 107 +£2

Tensile strength (MPa) 50-100

Tensile modulus (GPa) 1.2-4.5

Passion ratio 0.35

In-plane shear modulus 1.24

Failure strain 1.7

18.0+

2.2. Molding method

AIMS Materials Science

/n

Figure 1. XRF for granite particles.
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Plexiglass molds are 3 mm in thickness (Figure 2a), they are prepared for the composite
specimen fabrication with dimensions which are shown in Figure 2b. Granite is crushed by a
one-kilogram hammer then it is separated by a sieve analysis device into three different sizes divided
as follows; coarse particles (C) that have a size range between 1.18-2.36 mm, medium particles (B)
between 0.6—1.18 mm and fine particles (A) (powdered granite) less than 0.6 mm. The composite
samples are fabricated in the mold at room temperature by varying granite particles size with a
constant percentage of epoxy 12% by weight. The mixing ratio of the epoxy resin to hardener is 2:1.
The different particle sizes of the granite were separately mixed with the epoxy in the mentioned
proportions (12% epoxy, 88% granite particles) according to [30]. The mixture is poured into the
molds (Figure 3) and subjected to hammering by light hammer and vibration to avoid the presence of
gaps and voids between the particles and keep the size of the particle’s constant. The specimens are
kept in the molds for 24 h [30] then the specimens were taken out from the mold. And then left
for 21 days to complete curing. Noting that all of this at normal conditions and room temperature.
The sample densities and volume fraction are illustrated in Table 3. The weight fractions are
measured using the ignition removal technique according to ASTM D3171-99 standard [31].

(a) (b)

Figure 2. Mold of casting composite (a) plexiglass molds, (b) 3-D drawing with dimension.

Table 3. Epoxy granite specimen densities and weight fraction.

Specimen Density (g/m?) Weight fraction granite (Wg) (%)  Weight fraction epoxy (We) (%)
Fine particles (A) 4.61 88.4 11.6
Medium particles (B) 4.43 87.5 12.4
Coarse particles (C) 4.21 85.3 14.6

AIMS Materials Science Volume 8, Issue 1, 82-98.
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Figure 3. The specimens in the mold.
2.3. Mechanical properties
2.3.1. Compressive strength

A 30 x 30 x 30 mm cubical test specimen is prepared for conducting compression tests. The
compression test is carried out according to ASTM D2938-95 [32] using the computerized universal
testing machine. Five specimens are prepared in each composition obtained by varying particles size
in the mixture. The fabricated specimens photograph is shown in Figure 4. The compressive strength
and flow curve are recorded and then plotted.

Figure 4. Compression test specimen: (a) fine particles, (b) medium, (c) coarse particles.

AIMS Materials Science Volume 8, Issue 1, 82-98.
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2.3.2.  Flexure strength

The three points bending test is performed by using a universal test machine (Figure 5) and the
specimens with dimensions of 250 x 50 x 10 mm are fabricated (Figure 6) according to ASTM
D790-03: standard [33]. The flexural strength and young modulus are calculated by the below
Eqs I and 2.

_ 3F (1
7= 2ba?

I3F (2)
E=1pass

where, F = load at a given point on the load-deflection curve (kN), [ = support span (mm), b = width
of test beam (mm), d = depth or thickness of tested beam (mm), and § is maximum beam deflection.

This equation is valid in the case of elastic homogeneous materials, many works give the exact
solution of this problem [34-36]. But this equation for simplicity and purposes of comparison of the
three specimens with different particle size can be acceptable according to ASTM D790-03:
Standard for unreinforced and reinforced plastics [33] and [37] and it can be acceptable for concert
and other gravel reinforced material [38—40].

External load

Specimen
Support

Figure 5. Three points bending test set up.

AIMS Materials Science Volume 8, Issue 1, 82-98.
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Figure 6. Flexural test specimens: (a) fine, (b) medium, (c) coarse particles.

2.3.3.  Three-point single edge bending notch test

A single edge notch bending test (SENB) is carried out (Figure 7) to provides the values of
fracture toughness. The specimens are fabricated (Figure 8) with length L of 200 mm, thickness w
of 20 mm and width B of 15 mm to meet the following constraints span length = 4 w and a notch
length (a) such that 0.45 < a/B < 0.55, these according to ASTM D5045-14: standard [41]. The
reduction methods are as follow (Eqs 3 and 4) [42].

K; = %F —y 3)
Y =163 (%)0'5 ~26 (%)1'5 +123 (%)2'5 ~213 (%)3'5 +219 (%)4'5 4)

where K; is the fracture toughness, (a) pre-crack length w is plate thickness, Y is the geometric

correction factor.

AIMS Materials Science Volume 8, Issue 1, 82-98.
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External load

Specimen
Support

Figure 7. Single edge notch bending test.

(a)

200 15—

Figure 8. Test specimen of medium particles: (a) schematic drawing in mm (b) image.
3. Results and discussion
3.1. Compression test

Figure 9 shows the stress and strain curve of the compression test. it is measured that the
compressive stress of composite specimen with fine particles (A), medium (B), and coarse (C)
composite are (18.15, 13.785, and 10.444) MPa respectively. It is observed that the curve follows
with the stress advanced is smooth not stepped especially with fine particles, this is an induction to
the high consolidation and debonding of the material component. It is logical, that increasing of
strength and young modulus of polymeric material for a specimen with fine particles reduced
percentage elongation than that for medium and coarse particles as it is listed in Table 4; it is (0.13,
3.33, and 18.33) for fine, medium, and coarse particles respectively. The elastic modulus is relatively
low compared to other monotonic material. The compressive strength of a specimen with fine

AIMS Materials Science Volume 8, Issue 1, 82-98.
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particulates than another specimen can be attributed to that compaction and debonding between
particles increase with fine particles which means an increasing amount of granite than epoxy. This
can be explained by the increasing density of specimens of fine particles than medium or coarse
particles which are listed in Table 3. The failure modes are shown in Figure 10, the serve
cracking and breaking are observed in all specimen while the cracks in a specimen with coarse
particle (Figure 10c¢) is little, this because the large particles resist the crack propagates. The Fracture
mode in a specimen with fine particles (Figure 10a) damage occurs in the wholes body of the
specimen, this is due to the lower bridging takes places in the direction of loading at the crack faces
ahead of crack initiation, this tends to make brittleness of the specimen increase. Hence, the area of
the specimen (A) less than in specimen B or C. SEM analysis is illustrated in Figure 11, it is
observed that in specimen (A) the amount of epoxy is very little (11.6%) as it is not observed in the
image (Figure 11a), but it just bonds the particles each other, therefore, the load just carried by
granite, at this time the strength increase while lack of debonding between particles increases
brittleness increase and reduced the ductility as the material cannot withstand the load for long times.
The epoxy resin in the specimen (B) has a larger amount (Figure 11b) therefore it an intersection
between particles, therefore, it takes part of the total load, hence the strength decreases while
ductility is increased, it is also observed granite particles/epoxy debonding mode and granite pull out
from the matrix. Figure 11c illustrate the reason for decreasing strength while ductility increase, this
due to that larger size granite particles adhered with a larger amount of resin at a small area,
therefore the granite easy can leave the resin in the matrix, therefore ductility is increased and
softening.

Table 4. Compression test results.

Element Compressive Elastic modulus Percentage increase in Reduction in
strength (MPa) (MPa) surface area (%) length (%)
Fine particles (A) 18.15 1200 0.070 0.13
Medium particles (B) 13.75 572 6.47 3.33
Coarse particles (C) 10.44 531.09 41.66 18.33
20
Fine powder
— —  Meduim
15 4 Coarse
© ~~
o / ~
= ~
"b: 10 + // = ~—— — i =
4 =
®
54
0 T T T T
0 2 4 6 8 10

% strain, mm/mm

Figure 9. Stress and strain curve for compression test.
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Granite particle /

. . Epoxy resin debonding
Granite particles

Broken Granite particle pull out

Epaxy resin breakage Granite particles

8 SBBmm i/

Figure 11. SEM image for (a) fine particles, (b) medium, (c) coarse.
3.2. Flexural

Figure 12 shows flexural stress and deflection strain curve, it is observed that specimen (A) with
fine particles has the greatest strength value than specimen (B) with medium particles or (C) with
coarse size particles (Table 5). The curve flow is not smooth as the damage fast collapses, this can be
attributed to that debonding between particles and epoxy is not strong and the number of granite
particles that resist crack is little. It is well observed through the brittle fracture modes illustrated in
Figure 13. Focus, observation for a specimen with coarse particles, it is seen a large steep between
data, this is due to granite particles pull out from the matrix. The flexural modulus is maximum for
coarse particles (9.588 MPa), with a lower strength (11.25 MPa) and ductility, this means weak
bonding with the epoxy resin. The curves nearly have the same trend; get maximum suddenly, then
suddenly decrease. This is due to granite particles suddenly resist the load as the granite leaves the
matrix, hence the failure takes place. The flexural modulus of specimens (B) has lower values, due to

AIMS Materials Science Volume 8, Issue 1, 82-98.
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the amount of voids inside the specimen is larger than others, and also the average thickness is larger
than other specimens therefore, the I moment of area is larger.

Table 5. Flexural strength and modulus.

Element Flexural strength (MPa) Flexural modulus (GPa)
Fine particles (A) 20.137 5.285
Medium particles (B) 16.36 2.600
Coarse particles (C) 11.25 9.588

25

20 -

—p——  Fine powder
— el — Meduim
—p——  COarse

stress ¢, MPa

0.1 0.2 0.3 0.4 0.5

% strain, mm/mm

Figure 12. stress and strain curve for the flexural test.

Figure 13. Modes of failure under bending load for particles of (a) fine size, (b) medium

size, (c) coarse size.

AIMS Materials Science
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3.3. Three-point single edge notch bending (SENB)

To measure fracture toughness of cracked specimen of such material, the SENB standard
specimen is used. The curve of load and deflection is plotted in Figure 14, the maximum values of
bending load are 156, 151 and 72 N for specimen (A), specimen (B) and specimen (C) respectively.
These loads implemented in Eq 3, then the fracture toughness K;. is measured as (24.73, 23.94 and
11.41 Pa/m) for specimen (A), specimen (B), and specimen (C) respectively (Table 6). The values
of fracture toughness for specimens A and B are closely and relatively high than that with larger size
specimens (C). This is due to the increasing weight fraction of granite (Table 3) which resists crack
propagation, it also makes bridging the two faces of cracks. The fracture modes are purely mode I,
therefore, the direction of crack through the loading action (Figure 15).

Table 6. Values of fracture toughness for specimens.

Specimen Maximum force (N) Average fracture toughness (MPa+/m)
Fine particles (A) 156 24.73
Medium particles (B) 151 23.94
Coarse particles (C) 72 11.41

180

160 -

140 -

———  Fine powder
120 4 — el — Meduim
—fe  COQArSE

100 -

80 4

Load F, kN

60

40

20 4

0.0 0.2 04 0.6 0.8 1.0

deflection 8, mm

Figure 14. Force and deflection curve of SENB.
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al .

Crack direction

Figure 15. Modes of failure under three-point single edge notch bending of particle
size (a) fine, (b) medium, (c) coarse.

4. Conclusions

We have successfully fabricated epoxy granite composite structure materials at three different
of the granite particles size. The effects of the corse, medium and fine granite particles on the
mechanical properties, such as compressive strength and flexture strength were investigated.
Furthermore, the fracture toughness, single edge notch bending test and damping capacity of the
fabricated EG composite materials were also assessed. Interestingly, the results showed that the
compressive strength of the EG composite induced the highest value at fine particles size. The values
of compressive strength were 18.15, 13.75 and 10.44 MPa. whereas,the average fracture
toughness’s were 24.73, 23.94 and 11.91 MPa~/m for fine (<0.6 mm), medium (0.6-1.18 mm), and
coarse (1.18-2.36 mm) granite particles, respectively. In addition, the average flexural strengths and
flexural young’s modulus showed a 20.13 MPa and 5.28 GPa for fine and 11.25 MPa and 9.58 GPa
for coarse granite particles, respectively. It can be concluded that fabrication of EG composite
structure materials with fine granite particles (<0.6 mm) with a dequite mechanical properties and
good durability might have be a potential candidate as a new machine element foundation tools.
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