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This paper focuses on the preparation and characterization of the reinforcement of an 

epoxy with metakaolin clay of grain size (45 ≤ d ≤60) μm as an eco-friendly inorganic 

material to improve its mechanical and physical properties with low-cost filler. Various 

proportions of (0, 15, 30, 45, and 60) wt.% of metakaolin were intrinsically mixed with 

epoxy to invistigate their physical properties represented by moisture absorption. Tensile 

test was employed to determine their mechanical properties such as ultimate tensile 

strength, yield strength, modulus of elasticity, as well as compressive strength, flexural 

strength and Vickers hardness test which was used to specify hardness number. The 

obtained experimental results showed improvement in the modulus of elasticity, 

compressive strength, and hardness with the addition of metakaolin. In contrast, the yield 

and tensile strength of the composite specimens which decrease with the increase in 

metakaolin content. Also, absorption of moisture test at different immersion times was 

carried out with different filler loadings of the prepared composite. The results of the test 

showed that a decreasing in water uptake for specimens with higher metakaolin content. 

From optical surface investigation using an optical microscope, it was found a reduction 

in porosity with an increase in the concentration of metakaolin and the specimen with 

weight percent of 60% is the highest homogeneity and less porosity and voids as 

compared to the other specimens. The prepared composite may find potential practical 

applications such as anti-corrosion coating, automotive components and medical devices. 
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1. INTRODUCTION

In comparison with the other materials, polymers and their 

composites have distinct advantages because of their 

lightweight, higher resistance to chemical environments and 

corrosion, low cost manufacturing, and easier processing as 

well as, the addition of inorganic or organic filler their 

properties can be improved and tailored [1]. Among different 

polymers, epoxy is the most widely known thermosetting 

polymer materials due to its high performance, epoxies find a 

wide range of applications including automobile industries, 

aerospace, electronic systems, construction, adhesives, 

biomedical devices, coatings and paints [2]. They also became 

the centre of great interest to researchers because they are easy 

in processing and they have high thermostability, which 

specify the resistance of a substance to damage due to a change 

in temperature and high chemical resistance [3]. However, 

some drawbacks can limit the applications of epoxy-based 

materials, among the others; they exhibit brittleness due to 

their high crosslink density, which reduces their fracture 

toughness. Therefore, they have poor resistance to crack 

propagation and initiation and a brittle fracture mode [4]. 

Moreover, in many applications, their performances are 

reduced due to their high flammability and electrical 

conductivity [5]. For these reasons, a reinforced epoxy as a 

polymer composite is best choice to improve epoxy resin 

properties. 

A composite material is a two or more materials combined 

that results better properties than those obtained if each 

individual material is used alone. The two constituents are a 

matrix and reinforcement. The main composite materials 

properties are their high stiffness and strength, and low density, 

allowing reduction of weight in the finished part [6]. Filler-

reinforced composites have widely been used in engineering 

of materials for a long time to improve mechanical properties 

such as strength, stiffness and toughness. They find 

applications in diverse areas, including aerospace, marine, 

defence, and offshore construction. In addition, filler is 

frequently used to improve dimensional stability and matrix 

properties with better adhesion, rheological, as well as 

mechanical and thermal permeability [7, 8].  

Currently, clay filler is most abundantly available among 

various fillers due to its economical price. The example of clay 

mineral kind is kaolin with a theoretical structural and 

chemical formula described by Al2O3.2SiO2.2H2O. Kaolin is 

highly refractory clay which has point of melting 
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above1800°C. It is a soft plastic clay, white, mainly composed 

of particles with fine-grained, and like- plate. Metakaolin is 

obtained from kaolin clay by calcination process performed at 

range of a temperature between (500- 800)℃ [9, 10]. Table 1 

gives the typical kaolin and metakaolin chemical composition. 

Metakaolin particles play an important role in epoxy 

modification. This is due to that they are chemical stability ,

slow down the material’s decomposition rate, easy processing 

and low cost as well as they have smaller dimensions, larger 

specific surface area, higher energy of the surface, greater 

atoms proportion at the surface, and better reaction of the 

surface, which ensures cohesion between the reinforcement. 

 

Table 1. Kaolin and metakaolin chemical composition [4] 

 
 SiO2 Al2O3 K2O Fe2O3 TiO3 Mgo Na2O CaO Mn2O P2O5 

Kaolin 56.07 25.36 3.55 1.77 0.44 0.48 0.17 0.12 0.01 0.06 

Metakaolin 57.17 31.76 4.45 1.82 0.45 0.48 0.34 0.09 0.07 0.08 

 

Elements and transfers strain, which provides resistance of 

material to temperature and environmental elements (aging, 

corrosion). Results of researches have shown that the 

properties of composites and composite microstructure, such 

as rigidity and thermostability, influenced by particle size, 

particle shape and concentration [11]. On the other hand, 

metakaolin, as an inorganic filler, is chosen for its availability. 

It is highly sought after in several scientific fields as powder 

and also to reduce the materials cost. The final composite 

properties depend on the quantity of each component intrinsic 

characteristics, size and shape of loads, and the interfaces 

nature. 

Many research works have been devoted to the study of 

composite materials loaded using inorganic filler to improve 

certain matrix characteristics among the others [12, 13]. 

Different techniques were developed by researchers to prepare 

composite materials. Clay, graphite, carbon fibre, silica, 

aluminium powder, calcium carbonate, metal oxides, are the 

most reinforcements commonly used for composites polymer 

matrix. The suitable material of reinforcement is determined 

according to the final product desired properties [14]. 

Mohmmed [15] synthesized composites of epoxy with kaolin 

particles having different particle sizes as reinforcement, with 

varying concentrations of kaolin. The obtained composite 

showed improvement in compressive properties and as 

compared, the composites yield strengths and tensile decrease 

with increasing the content of kaolin.  As well as it is observed 

increasing of mechanical properties with a decreasing in size 

of the particle in all states. Laouchedi et al. [4] studied epoxy 

resin filled with kaolin and metakaolin filler. The study was 

conducted based on the rate and their size. The analysis of the 

mechanical tests showed that the filled resin is significantly 

improved compared to the one without filler. Fine particle 

sizes causing improvements in the mechanical properties as 

compared to the large particles size. Also, an increase in the 

elasticity modulus and the stress were observed, as well as 

decreasing in the breaking elongation. The main objective of 

this work is to investigate the influence of adding metakaolin 

as filler in different weight percentage on the mechanical 

properties of the composite such as yield strength, tensile 

strength, Young's modulus and compressive strength as well 

as the physical properties such as water absorption since the 

engineering usage of composite materials depend to a large 

extent on their mechanical and physical properties which in 

turn depends on the reinforcement materials as a filler. Also, 

the optical surface was tested to evaluate the influence of 

metakaolin on the behaviour of the reinforcement epoxy resin.  
 

 

2. MATERIALS AND METHOD 
 

To perform different tests experimentally, standard 

specimens are needed for each test of mechanical testing, such 

as tensile, compression, and bending tests. The molds used to 

prepare these specimens are made of silicone and corn starch 

with a plastic substrate, which is used as work surface. The 

corn starch of 250 g weight was squeezed with a desired 

amount of silicone to make plasticity paste and placed on the 

substrate. A standard steel sample was applied and sealed with 

the paste for one hour to form the printed shape of the standard 

specimen, then it was taken out of the mold. 

 

Table 2. The proportions for each specimen 

 
The 

Sample 

Percentage of 

Epoxy 

Percentage of 

Hardener 

Percentage of 

Metakaolin 

𝑬mk0 75% 25% 0% 

𝑬mk1 63.75% 21.25% 15% 

𝑬mk2 52.5% 17.5% 30% 

𝑬mk3 41.25% 13.75% 45% 

𝑬mk4 30% 10% 60% 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 1. Specimens used for 𝑬mk0, 𝑬mk1, 𝑬mk2, 𝑬mk3, 

and 𝑬mk4 composite tests (a) tensile test (b) compressive 

strength test and (c) flexural strength test 

 

The epoxy-metakaolin composite specimens were prepared 

with a granular size range of (45 ≤ d ≤ 60) μm. Metakaolin was 

obtained by heat treating of kaolin, which is locally available 

heated in a kiln at a temperature up to 1000℃.  Kaolin powder 

was placed in special pots with capacity of 1000 grams inside 

88



 

the kiln after setting the required temperature. In this research 

work, the temperature of the kiln was set at 700℃  for a time 

of 6 hours to burn the kaolin and then the powder is taken out 

for cooling. The metakaolin was obtained by grinding the 

cooled powder using a ball mill, then it is sieved through a 

sieve analyzer to obtain the fineness particles size with range 

of (45 ≤ d ≤ 60) μm. The metakaolin weight percentages of the 

prepared specimens were 0%, 15%, 30%, 45%, and 60%. The 

epoxy used in this research work is (Ren floor HT2000) type 

of 1.2 g/cm3 specific density with hardener type (HT2000). 

The metakaolin as a filler mixed with epoxy resin for 10 

minutes by using the magnetic stirrer then the hardener was 

added and mixed gently in the ratio of 3:1 by weight of epoxy 

resin to hardener. The mixing process was continued for 30 

minutes and then the mixture was placed in a vacuum oven to 

remove any air bubbles. The composite specimens were 

obtained by pouring the final mixture into the molds, which 

were allowed to cure for 24 hours at room temperature, and 

then the specimens were taken out of the molds and treated by 

peeling  with rough paper to smooth the specimens surfaces 

and post-cured for 4 hours at 100℃ in order to releave any 

moisture in the specimens. The specimens were cooled after 

turning off the oven to room temperature to allow natural 

cooling. The prepared specimens were given symbols 𝑬mk0, 

𝑬mk1, 𝑬mk2, 𝑬mk3 and 𝑬mk4 respectively to mean pure 

epoxy, epoxy with 15%, 30%, 45% and 60% metakaolin 

respectively. Table 2 lists the proportions for each specimen 

and Figure 1 shows the layout of the prepared composite 

specimens. 

 

 
3. EXPERIMENTS 

 

Different tests were experimentally carried out on the 

prepared specimens to test and investigate their mechanical 

and physical properties, described as follow: 

 

3.1 Mechanical testing 

 

3.1.1 Tensile strength test 

A tensile test on the prepared specimens was carried out 

according to ASTM D638 standard  this test method 

encompasses the determination of tensile properties for 

unreinforced and reinforced plastics, utilizing standard 

dumbbell-shaped test specimens [16] using the model WDW-

100 Computer Control Electronic Universal Testing Machine. 

The five specimens were prepared with dimensions of 20 mm 

by 150 mm and a thickness of 5 mm. The gauge length was 50 

mm. This test was performed on the specimens using the 

specified machine operating at 0.5 mm/min speed. 

 

3.1.2 Compressive strength test 

The compressive test was performed using the model 

WDW-100 Computer Control Electronic Universal Testing 

Machine. The five prepared specimens had 12.7mm diameter 

and a height of 25.4 mm, according to the ASTM D695 

standard describes the end loading compression test. A test 

method used to determine the compressive properties of un-

reinforced and reinforced plastics [16]. This test was 

performed on the specimens using the specified machine 

operating at 0.5 mm/min speed. 

 

3.1.3 Bending test 

The bending test was performed using the model WDW-100 

Computer Control Electronic Universal Testing Machine. The 

five specimens were prepared with dimensions of (20×100) 

mm and a thickness of 4 mm according to the ASTM D790 

standard [17], and they were tested at a speed of 0.5 mm/min. 
 

3.1.4 Hardness test 

Vickers hardness values were measured for the five 

specimens using Vickers hardness diamond indenter (TH-714 

Digital Micro Vickers hardness tester). The test was performed 

using a 0.49 N load, and the holding time was 30 sec. For each 

specimen, the hardness was calculated by taking readings at 

three points on the surface and finding the average of the 

readings. The Vickers hardness (HV) was determined using Eq. 

(1) [18] in accordance with ASTM D2240M, which is used to 

evaluate the hardness of rubber materials [19]. 

 

2
1.8544

P
HV

d
=  (1) 

 

where, HV is hardness of Vickers in N·mm-2, P is the load 

applied in N, and d the two diagonals average value in mm. 

 

3.2 Water absorption 

 

The water absorption test is one of the important parts of 

material physical properties. For the prepared composite 

specimens, this test was performed based  on ASTM D-570 

standards [20]. For this test, the specimens were cut into 

40×40×3 mm dimensions’ specimens using a saw of the 

diamond blade. It is to be noted that, in the current work, all 

the specimens were dried for six hours of time by placing them 

in a drying oven, which maintains at constant temperature of 

50℃ to ensure the complete dryness.  The specimens of the 

composite were first weighted, and placed in a bath of water 

at room temperature  until they reached saturation  at 

approximately regular intervals for 1 hour, 2 hours, and 3 

hours initially, then the period was increased to 24 hours. After 

that, the immersion time was increased to 48, 72, and 96 hours, 

respectively  ,at each immersion period, is removed from the 

water and then dried with a tissue paper before being weighed 

using an electric balance. Water absorption is expressed as 

weight percent increase or sample weight gain using Eq. (2) 

[20]. 

 

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡(%)

=
𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 

(2) 

 

 

4. RESULTS AND DISCUSSIONS 

 

4.1 Mechanical tests 

 

4.1.1 Tensile strength test 

The results of the tensile strength test are respectively 

summarized in Figures 2 and 3. Figure 2 shows the layout of 

the specimens after the tensile test, while Figure 3 shows the 

influence of variation in loading of filler on the tensile strength 

of the prepared metakaolin/epoxy composites specimens. It is 

clear from the figure the decreasing of ultimate tensile strength 

with increasing loading of metakaolin filler because of the 

poor interfacial adhesion or particle agglomeration  and This 

may be due to the irregular distribution of particles of 

metakaolin in the epoxy  matrix. Also, the metakaolin particles 
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brittleness causes the local stresses concentration at the 

particles which leads to the tensile strength deterioration of the 

compound. This behavior may happen to the composite's 

specimens due to the affect of the fracture stress that causes 

cracks to appear. So microcracks join collectively to a 

macrocrack, which, becomes unstable at critical stress levels 

causes barrier to the stress transition. The same results were 

obtained and reported in the study [21]. 

 

 
 

Figure 2. Tensile samples after testing 

 

 
 

Figure 3. The relationship between tensile strength and filler 

loading 

 
4.1.2 Compressive strength test 

The compressive strength variance of compounds with filler 

content under study is respectively shown in Figures 4 and 5. 

Figure 4 shows the layout of the specimens after the test, while 

Figure 5 shows the variation of compressive strength with the 

filler loading percent. It can be observed, from this figure, that 

the compressive strength significantly increases when adding 

metakaolin filler, but the rate of compressive strength change 

with different filler percentages was higher in the cases of the 

lowest percentages of 15% and 30% due to the tough nature of 

the adding filler while for the  largest weight percentages 45% 

and 60%  of metakaolin with epoxy its value decreases because 

of the irregular distribution and the possibility of 

agglomeration at higher filler loadings of metakaolin. On the 

other hand, the smaller particles size of metakaolin are 

expected to improve transfer of stress between the filler and 

the matrix by forming a strong interface between metakaolin 

filler-epoxy matrices. It is to be noted that the references [22, 

23] reported the similar observation.  

 

4.1.3 Flexural strength test 

The flexural strength test was carried out on the prepared 

composite specimens. The flexural strength for each one of the 

prepared specimens is calculated from the obtained results of 

the test using Eq. (3) [24]. 

 

2

3

2
f

PL

bd
 =  (3) 

where, σf is the strength flexure, P is the maximum load 

during the test, L is the support span, b is the specimen width, 

and d is the specimen thickness. The results of this test are 

shown in Figures 6 and 7. Figure 6 shows the layout of the 

tested specimen, while Figure 7 shows the variation of the 

calculated value of the flexural strength with the filler loading 

percent for epoxy resin reinforced with metakaolin filler. It is 

clear from the figure that the value of the flexural resistance 

decreases with the increasing in the metakaolin content 

percentage because the matrix phase ability to deform 

plasticity decreases, and the resistance begins to decline for 

this resin after strengthening with metakaolin [25]. Also the 

flexural strength depends on the adhesion of interfacial or 

bonding of the metakaolin with the epoxy matrix which 

decreases with increasing of metakaolin filler loading [26]. 

 

 
 

Figure 4. Compression samples after testing 

 

 
 

Figure 5. The relationship between compressive strength and 

filler loading 

 

 
 

Figure 6. Flexural samples after testing 

 
 

Figure 7. The relationship between flexural strength and 

filler loading 
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4.1.4 Yield strength 

The effect of adding of metakaolin filler on the composite 

specimens yield strength is shown in Figure 8. It is shown that 

the all epoxy compounds yield strength decreases with the 

increasing in the proportion of metakaolin. This can be 

explained by the mechanism of plastic deformation whereas 

the most deformation occurs in the epoxy matrix phase. 

Besides this phenomenon, the metakaolin rigid particles filler 

presence cause restricted the motion of the chain of the 

molecular to pass each other, thus resulting brittle failure so 

particles are responsible directly for the decrease in the value 

of the yield strength. The obtained results agree well with that 

reported in the studies [27, 28] respectively. 

 

 
 

Figure 8. The relationship between yield strength and filler 

loading 

 

4.1.5 Modulus of elasticity  

The modulus of elasticity is a measure of the stiffness of a 

material, i.e., its resistance to extension [29]. The higher the 

modulus of a material, the less it extends for a given force. The 

results of the test performed on the prepared specimens are 

shown in Figure 9. It is clear from the figure that the Young’s 

modulus increases as the filler loading increases and the 60% 

weight percent has the highest values. This improvement is 

due to the metakaolin particle being solid in nature  and rigidity 

but epoxy resins are characterized by a relatively low 

toughness, thus affecting the rigidity of the compound, which 

led to an increase in stiffness, rigidity, strength, which in turn 

affecting the modulus of elasticity. The obtained results agree 

well with those reported in the study [29]. 

 

 
 

Figure 9. The relationship between modulus of elasticity and 

filler loading 

 

4.1.6 Hardness test 

The hardness test for the prepared composite specimens was 

carried out using a Vickers hardness tester. Figure 10 shows 

the variation of the Vickers hardness values with different 

weight fractions of metakaolin filler. As shown in the figure, 

the hardness of the 30% and 60% weight percent has the 

highest hardness number values. This behaviour may be due 

to the high resistance and hard of the metakaolin filler material 

and this attributed to the presence of quartz (SiO2), which is 

the main component of metakaolin. On the other hand, the 
composite has a good ability to absorb the applied load by the 

metakaolin/epoxy composite. This causes the increase of the 

composite  to withstand the local plastic deformation. The 

obtained results agree well with those reported in the study 

[28]. Several studies were performed in order to improve the 

wear resistance and surface hardness of composite materials. 

The addition of silica, quartz, and barium glass to the resin 

matrix increasing its wear resistance by reducing the size of 

particle and increasing the volume of filler. 
It has been demonstrated that the filler particles play an 

important role on the wear resistance of composites. Hence, 

the material’s wear decreases as its surface hardness increases. 

 

 
 

Figure 10. Variation of Vickers hardness value with the filler 

loading 

 

4.2 The optical microscopic vision 
 

The optical microscopic visions of the prepared composite 

specimens are shown in Figure 11. These visions are obtained 

under the scale of 40x with filler weight percent of 0%, 15%, 

30%, 45% and 60% (a, b, c, d and e) respectively. From the 

figure, it is clear that it  is a reduction in porosity with 

increasing in concentration of  metakaolin. The specimen with 

adding of 60% (Figure 11(e)) that is more homogenous and 

less porosity and voids as compared to the rest of the 

specimens. This is due to that the pore retention  properties of 

metakaolin particles would be small, typically micrometers in 

diameter. They are randomly distributed throughout the matrix 

and hence the composite filler leads to a porosity reduction. 

This agrees with the tensile strength test that supporting the 

claim of irregular distribution.  On the other hand, based on 

the image of the optical microscope, the pure epoxy has a 

porosity and larger numbers of voids than the composites and 

the porous structures are formed. This is because that during 

epoxy polymerization, the C—O—C rings will be opened by 

the hardener and the bonds are rearranged to join the 

monomers into a three-dimensional network as molecules of 

crosslinking chainlike; this treatment leads to formation the 

network of pores in pure epoxy, as shown in Figure 11 (a). 

 

4.3 Moisture-induced weight gain test 

 

The  moisture-induced weight gain test was carried out on 
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the prepared composite specimens with different metakaolin 

filler loading percentages. The result of the variation of weight 

gain values (in percent) with the water immersion time of pure 

epoxy and metakaolin/epoxy composite is shown in Figure 12. 

The obtained results showed a general decrease in moisture 

absorption rate with the increase in metakaolin content. This 

is due to the fact that the voids or gaps in the composition 

decrease. On the other hand, moisture absorption increases 

with the increase in immersion time in water for each added 

weight percent of metakaolin. Also, the free volume that is 

available in pure epoxy causes the molecules of water to 

diffuse and attracted to the bonding of hydrogen sites that exist 

inside pure epoxy because of formation of pore in this 

specimen [30, 31]. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

(e) 
 

Figure 11. Optical top-view. (a) 𝑬mk0, (b) 𝑬mk1, (c) 

Emk2, (d) 𝑬mk3, and (e) 𝑬mk4 

 
 

Figure 12. Percent of water gain of epoxy and epoxy 

composite after 96 hours’ immersion in distilled water 

 

 
5. CONCLUSIONS 

 

In this paper, a composite of epoxy resin loaded with a 

different weight percent of metakaolin as a filler was prepared 

and experimently studied. Both mechanical and physical 

properties were tested and investigated. From the obtained 

results of this study, the following conclusions are summarized: 

1. The tensile strength decreases with increasing of 

metakaolin contents because of poor interfacial adhesion 

between the metakaolin and epoxy as well as of particles 

agglomeration. 

2. The compressive strength of each of the prepared 

specimens was higher in the specimen of the weight 

percentages of 15% and 30%. The improvement in 

compressive strength properties of the given percent of 

loading specimens may be due to the tough nature of the 

adding filler while it decreases for the higher values of weight 

percentages of 45% and 60% respectively. This is due to the 

irregular distribution and agglomeration at higher filler 

loadings of metakaolin. 

3. The yield strength and flexural resistance of all epoxy 

compounds decrease with increasing in the proportion of 

metakaolin content. This property of the prepared composite 

may find several applications including adhesives with high 

performance and coatings. 

4. The Young’s modulus increases as the filler loading 

increases. The highest value was obtained for loading percent 

of 60%. This is due to that the metakaolin particle being solid 

in nature. 

5. The hardness of the 30% and 60% weight percent has the 

highest hardness number values. This behaviour may be due 

to the high resistance and hard of the metakaolin filler material. 

6. The results obtained from the optical microscopic 

examinations showed void reduction and decreasing in water 

absorption with the increase in metakaolin content. 

Its be noted that all results reported are after conducting 

several tests on a number of specimens with actual dimensions, 

and the best results have been selected. 

The authors recommend study the electrical and thermal 

properties of the prepared composite. For further enhancement 

of mechanical and physical properties of metakaolin epoxy 

resin, it suggested to use metakaolin particles in nanoscale size 

to prepare nanocomposites with different weight percentage of 

adding nanometakaolin filler to investigate the effect of 

particle size on the properties of nanocomposite. 
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