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Abstract: Epoxy composites with glass fiber reinforcement can be found in the automotive and aer-
ospace industries. In this study, the properties of the epoxy matrix were enhanced by processing
composites filled with ceramic particles of silicon carbide (SiC). At first, SiC-filled E-glass fiber-re-
inforced epoxy composites/sandwich structures were processed using the hand layup technique.
Next, processed composites were characterized using a tensile tester and an Izod impact tester to
determine the best mixing ratio of ceramic-embedded epoxy composites. The highest mechanical
properties were obtained according to ASTM D638 and D256 standards. Next, Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), x-ray diffraction analysis (XRD),
analysis of differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA) were
carried out respectively to find out the presence of functional groups, surface morphology, crystal-
lographic structure, glass transition temperature (Tg) and thermal/material stability of processed
composites. In the end, the study elaborates that the mechanical properties of epoxy matrix compo-
sites were improved by the addition of SiC ceramic fillers, and among processed composites,
10%SiCE composite carried the highest properties, including the Tg value of 62.8 °C, 69.87 MPa for
tensile strength and 57.12 k] m™ for impact strength.
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1. Introduction

The thermal and mechanical properties of a composite affect the range of efficacy of
the material and the expected service life. Most structural materials are triclinic, which
means their mechanical properties change depending on their orientation. The change in
properties can be attributed to changes in the microstructure of the fiber/filler and matrix
reinforcement [1-7].

Many different loading scenarios can be applied to the materials, and the composite
performance is dependent on the loading conditions. It is also needed to ascertain the
effect of temperature change on the properties of fiber-reinforced epoxy composites be-
cause an increase in temperature results in a decrease in strength and ductility, whereas
a decrease in temperature leads to an improvement in ductility and strength.

Aside from fiber-reinforced polymer composites, composites with both fiber and
filler reinforcement performed well in a variety of practical situations. Due to trade em-
bargos, we couldn’t purchase cost carbon fiber in our country. To rater the higher needs
of the structural properties, we have designed these composites with SiC embedded
epoxy glass fiber composite as SiC and glass fiber are more compatible, resulting in ad-
vanced composite with higher mechanical properties.
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To improve the mechanical properties of fiber-reinforced epoxy, silicon carbide (SiC)
filler particles [8-14] were added. The influence of particle size, shape, and percentage
content on the mechanical properties of fiber-reinforced polymer composites is a major
topic. According to research, the configuration and form of silica particles have a signifi-
cant impact on mechanical properties such as impact resistance, tensile strength, and frac-
ture properties.

The preceding literature provides a brief overview of the effects of fiber/filler addi-
tion on the mechanical and thermal properties of SiC-filled glass fiber-reinforced epoxy
composites [15-20]. The addition of fiber/filler reinforcement to matrix composites has
been shown to determine various mechanical properties at optimum fiber loading condi-
tions [21-24]. Due to its distinctive combination of properties, including excellent oxida-
tion resistance, strength retention at high temperatures, high fatigue strength, high ther-
mal conductivity, and better thermal shock resistance, SiC has gained recognition as a
significant structural ceramic material. There are several methods that can be used to syn-
thesize SiC material, such as laser ablation, sol-gel, vapor-solid, chemical vapor deposition
(CVD) and vapor-liquid-solid methods [25-29]. Both micro/nano range SiC ceramics were
used in previous studies. The extremely covalent (up to 88%) chemical interaction be-
tween silicon and carbon atoms is what causes such a combination of characteristics. The
polytypism of silicon carbide, or the production of a wide variety of distinct structural
changes without any change in composition, is the material’s most noticeable characteris-
tic of SiC. Considering the variety of properties, SiC can be applied in various applications
in various fields such as biomedical engineering, automotive, aerospace and other indus-
trial applications like luminescent, nuclear technologies etc. [30-34].

The current study aimed to find out the applicability of newly processed silicon car-
bide ceramic-filled E-glass fiber-reinforced epoxy composites for industrial applications
with the enhancement of thermal and mechanical properties.

2. Materials and Methods
2.1. Materials

The main raw materials for this study were cubic silicon carbide (SiC), 200 mesh
particle size (Sigma Aldrich, Saint Louis, MO, USA), commercially available epoxy resin
and hardener (Fast Fix-FX E400, Taiwan), and silane-treated E-glass fiber chopped strand
mats of 450g/m?.

2.2. Methods
2.2.1. Composite Preparation

As indicated in Figures 1 and 2, at first, the study processed cross-linked pure epoxy
matrix (0%NE) material without the addition of silicon carbide (SiC) as the “control.”
Next, a series of silicon carbide embedded E-glass fiber reinforced epoxy matrix compo-
sites (SiCE composites) were processed as bellows; masses of the SiC ceramic filler were
calculated according to the required weight fractions (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90) wt% of the epoxy mixture (mixture of epoxy resin and hard-
ener). It was well mixed separately for 10 min at room temperature continuously and
slowly to avoid bubbling during mixing. (Considering epoxy’s gelation and curing time
according to 25 °C room temperature.) After that, the mixture was uniformly poured from
one corner into the molds until the required filling level (to avoid bubbles formation,
which may lead to cast damage) with the addition of 10 fiber mats into the sample to
buildup sandwich-structures as shown in Figure 3. Finally, the mixtures were left in the
molds for 24 h at room temperature to solidify.
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Epoxy /silicon carbide E-glass fiber mats
Composite preparation (hand lay-up technique)
Room temperature curing for 24 hrs.

Fully cured advanced composite (processed final product)

Quality assurance (visual inspection /thickness measurement/measurement for voids)
Sample conditioning (23° C and 50% RH) iso lab conditioning /ASTM standards

Testing mechanical and physical properties /ASTM standards (for validation)

Figure 1. Flow chart for composite preparation & characterization.
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Figure 2. The schematic diagram for processing SiC ceramic embedded E-glass fiber reinforced
epoxy matrix composites using hand layup technique.
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Figure 3. The sandwich-structure of processed SiC ceramic embedded E-glass fiber reinforced epoxy
matrix composites.
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2.2.2. Composite Characterization

All processed composites, including control, were characterized under a hydraulic
universal testing machine (HLC-100) and an Izod impact tester (HEXA PLAST) to deter-
mine the best mixing ratio of filler and the epoxy matrix having the highest tensile and
impact properties. All the tests were conducted according to ASTM D638 and D256 stand-
ards. The following characterization techniques were performed for the control and the
sample with the highest mechanical properties: FTIR spectroscopy (Bruker-Alpha, Bruker,
Billerica, MA, USA) across the range (400 cm™-4000 cm™); 4 cm™ resolution was used to
determine the composition, primarily the presence of functional groups. SEM with EDS
analysis (Hitachi SU6600, Hitachi, Tokyo, Japan) was conducted to examine the elemen-
tary composition, presence of impurities, and surface morphology of micro/nanostruc-
tural features. XRD analysis ((Rigaku-Ultima. IV diffractometer) was carried out in reflec-
tion mode with CuK1: 0.154 nm radiation, 1.5° min! scanning speed within the (15°-80°)
ranged angles as two values to determine their crystallographic phases. DSC analysis was
done using a differential scanning calorimeter (TA-Q200) under an N environment, 100°C
min! heating rate, up to 650 °C maximum temperature, to find out the variation of glass
transition temperatures (Tg values). Finally, thermogravimetric analysis (TA-SDTQ600)
was done using a thermal analyzer under an N environment, 20 °C min heating rate, up
to a maximum temperature of 1400 °C, to find out the thermal stability.

3. Results & Discussion
3.1. Results of SEM Analysis

The flow of epoxy and the impregnation of glass fibers were depicted in Figure 4 to
Figure 5 SEM micrographs. According to the findings, the resin was evenly distributed
across the fabric, and the adhesive interaction of the epoxy matrix, SiC ceramic filler, and
E-glass fiber was flawless. The apparent epoxy matrix adhesion of the matrix is deci-
phered, and ceramic filler glass fibers are inserted. All phases of materials appear to have
superior interfacial bonding. SEM images were also interpreted as brittle fractures in com-
posite materials.

Figure 5. SEM images for 10%SiCE at 10kV with magnifications (a) 500 (b)10000
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3.2. Results of FTIR Analysis

According to Figure 6, it can be stated that all the processed composites and the con-
trol carry peaks related to the epoxy matrix and E-glass fiber reinforcement. The bands
observed at 918 cm, 1675 cm, and 2925 cm™ are assigned to the vibrations of the epoxy
ring, aldehyde groups, and aromatic protons in the epoxy matrix, respectively. The bands
observed at the 3200 cm™, 3135 cm™, 1800 cm™, and 1122 cm™, corresponding to -NH/OH,
—-CHz, and —C2Hs, -NHz, Si-O-Si vibrational modes in E-glass fiber reinforcement. The —
OH band centered at about 3500 cm™ in both curves corresponds to the absorbed water
molecules. Apart from those peaks, when considering the 10%SiCE composite, it exhibited
characteristic peaks of nearly 812 cm, 813 cm™, 917 cm™, 972 cm™!, 1018 cm™, 1082 cm™,
1258 cm! for vibrational modes of SiC [35-38].

_ NE material (control)
—— 10% SiCE composite

Absorbance
|

T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wave no (cm™)

Figure 6. The resulting FTIR spectrum of processed epoxy matrix composites.

3.3. Results of XRD Analysis

As shown in Figure 7, crystalline characteristics can be found in all processed ce-
ramic-incorporated glass fiber-reinforced epoxy composites and pure cross-linked epoxy
material (control). All the peaks associated with the SiC filler are present in the respective
composite samples, their peak intensity is very low, and epoxy peaks are the prominent
peaks. Peaks associated with the epoxy matrix were found within the NE material (control
sample). Apart from those peaks, all the other peaks related to the crystallographic phases
of cubic silicon carbide, including (111), (220), and (311), are present in the XRD diffracto-
gram of the 10%SiCE composite. Apart from those, Figure 8 describes that E glass fiber
mat carried amorphous properties [39,40].
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Figure 7. XRD diffractogram of the processed control and the 10%SiCE composite samples.
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Figure 8. XRD diffractogram of E-glass fiber mat.

3.4. Results of Tensile Tests

The results in Table 1 clearly interpreted that; the highest tensile strength values for
processed SiCE composite series are 69.87 MPa for 10%SiCE composite. When comparing
those results with the pure NE material, tensile strength has increased nearly four times.
The addition of SiC ceramic fillers into the fiber-reinforced epoxy matrix composites in-
creased the interfacial bonding strength between fibers, epoxy and fillers, leading to
greater tensile values. Brittle fractures were found in all of the processed composites.
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Table 1. Results of tensile tests for all processed epoxy matrix composites

Processed Composites Impact Strength (k] m-)
Avg Value SD Value

Control 0%NE 16.22 0.22

SiCE composites 5%SiCE 58.43 0.74

10%SiCE 69.87 0.67

15%SiCE 66.29 0.67

20%SiCE 55.72 0.67

25%SiCE 51.38 1.11

30%SiCE 52.25 0.43

35%SiCE 23.43 0.21

40%SiCE 38.12 1.12

45%SiCE 34.82 0.54

50%SiCE 31.17 0.72

55%SiCE 23.83 1.56

60%SiCE 11.92 0.37

65%SiCE 11.30 0.71

70%SiCE 10.72 0.42

Avg value—average value; SD value—standard deviation value. *** 70%, 75%, 80%, 85%, 90% and
95% hydroxyapatite filler added epoxy composites are too much brittle

3.5. Results of DSC Analysis

Variation of Tg values for the processed composites samples with maximum tensile
properties and the control mentioned in Table 2. Those results showed that with the ad-
dition of the ceramic filler into the epoxy matrix with glass fiber reinforcement, glass tran-
sition temperatures were increased, which may occur as interactions between filler parti-
cles and the epoxy matrix intensify, reducing molecular mobility and flexibility of the pol-
ymer chains in the vicinity of the interfaces. Therefore, the overall curing of the epoxy
composite was improved by adding SiC ceramic filler. On the other hand, the addition of
SiC results in the reduction of free volume, higher heat absorption and higher heat con-
ductivity which may also help to improve the cross-link density.

Table 2. Results of DSC analysis for all processed ceramic incorporated E-glass fiber reinforced
epoxy composites.

Processed Composite Glass Transition Temperature Tg (°C)
0% NE material (Control) 60.8
10%SiCE composite 62.8

3.6. Results of Impact Tests

As shown in Table 3, the highest impact strength values for processed SiCE compo-
site series are 57.12 k] m™ for 10%SiCE composite, respectively. When comparing results
for those three processed composite series, the addition of SiC ceramic fillers into the E-
glass fiber-reinforced epoxy matrix composites can be given the highest impact values,
similar to the tensile results.

Table 3. Results of impact tests for all processed ceramic incorporated E-glass fiber reinforced epoxy
composites.

Processed Composites Impact Strength (k] m™)
Avg Value SD Value
Control 0%NE 53.37 0.15

SiCE composites 5%SiCE 56.81 0.12
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10%SiCE 57.12 0.15
15%SiCE 57.08 0.15
20%SiCE 57.03 0.06

Avg value—average value; SD value—standard deviation value

3.7. Results of TGA Analysis

Figure 9 shows a similar weight loss pattern in both TGA curves. It can be stated that
the degradation of the samples occurred in three stages. The 1st stage may occur due to
the weight loss accompanied by the endo effect indicating moisture removal from the
samples up to 200 °C. Then the 2nd stage may occur between 250-350 °C, with the oxida-
tion of carbon or with the removal of carbon dioxide gas from compounds. 3rd stage may
occur due to the removal of remaining volatile compounds or the weight loss due to phase
transformation from 400 °C up to 800 °C. When comparing and contrasting both curves,
it can be seen that the addition of SiC ceramic fillers into the epoxy matrix led to increased
mass loss. That may result in the effect of thermal degradation of SiC ceramic particles.

NE material (control)|
10% SiCE composite

- AN

Weight loss (%9

T T T T T T T
(0] 200 400 600 800 1000

Temperature (°C)

Figure 9. TGA analysis results of the processed epoxy matrix composites

4. Conclusions

It has been confirmed that the inherited qualities of epoxy ceramic fiber composites
were significantly improved by adding SiC ceramic filler. Mechanical properties were
drastically improved by adding SiC ceramic which is shown by the tensile results (10% is
the highest), and a slight increase in thermal properties was observed in the TGA results.

In the beginning, tensile strength for NE material (control) was exhibited as 16.22
MPa, and the value for 10%SiCE composite was nearly 69.87 MPa. When comparing those
results, it was shown that, with the addition of ceramic filler, tensile strength increased by
four times. The impact strength of the NE material (control) was 53.37 k] m" and the value
for the 10%SiCE composite increased up to 57.12 k] m.

SEM micrographs of 10%SiCE fracture surfaces showed the continuous dispersal of
SiC ceramic without any severe agglomerations. Extra ceramic addition beyond 70% en-
hances brittleness.

Among all processed composites, 10%SiCE composite demonstrated the most out-
standing Tg value of 62.8 °C utilizing higher mechanical properties.

The addition of SiC ceramic filler into the epoxy matrix decreased free volume and
increased cross-link density which leads to higher mechanical properties.
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Processed ceramic filler-added epoxy matrix composites could also be used for aero-
nautical, appliance, architecture, automotive, construction, energy, marine, corrosive and
environmental applications.
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