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Abstract

A composite is a material having two or more components with diverse chemical or physical properties. Due to the special
feature of the composites, the use of various materials and research in their field is developing. By considering the above
points, in this work a series of the nanocomposites from a-Al,O; nanoparticles (a-Al,O; NPs, at 2, 5, and 10% by wt), carbon
fibers (CF), and epoxy resin were fabricated and their thermal and mechanical performance were evaluated. The dispersion
mode of a-Al,O; NPs in the composite structure was evaluated through a field emission scanning electron microscope (FE-
SEM). The FE-SEM analysis revealed that the a-Al,0; NPs and CF were homogeneously dispersed in the epoxy matrix and
the morphology of a-Al,0; NPs—CF/epoxy composites is uniform. The results of the mechanical tests exhibited that the
flexural strength and module of E-40 (epoxy resin: carbon fiber: a-Al,O5, 65:25:10) were at their highest levels; 295 MPa
and 11,917 MPa, respectively. For flexural strength and module, improvements were made by 95.5% and 91.8% in com-
parison with the samples in the absence of NPs. The highest tensile strength was obtained for E-30 (epoxy resin: carbon
fiber: a-Al,05, 70:25:5); 341 MPa. There is a 24% enhancement in tensile strength as compression by a sample without
NPs. Accordingly, we can conclude that the addition of a-Al,O; NPs in composite structures has significantly affected the
mechanical response. However, the thermal analysis was illustrated as an inverse trend by the addition of NPs. Therefore,
the performance of experimental tests revealed that the composite with the required feature could be prepared based on the
obtained results.
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Introduction

Researchers need to reduce the weight of new structures
as much as possible to prevent aircraft from falling. Ever
since men first experienced flying, they have always tried to
reduce the ratio of thrust to weight in aircrafts to avoid the
risk of falling. In recent years, composites play an important
role in reducing the weight of aircraft. Epoxy resin compos-
ite and carbon, glass, and aramid fibers are some of these
composites. Composites are so efficient that they can be
used in both structural components and parts of aircraft and
spacecraft. From hot air balloons and drones to passenger
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planes and fighter jets and space shuttles, everyone benefits
from composites [1-3].

Today, the NPs- and CF-reinforced polymer (CFRP)
composites are progressively replacing the high-density
and thick metal components because of their high specific
strength, high durability, and low density [4-6]. A composite
is a material which contains the matrix and one or more fill-
ers [7-9]. Therefore, these materials display the benefit of
both portions [10-12]. More study on the published works
reveal that various NPs have been used as a nanoportion
of nanocomposites [13—15]. In addition, a composite could
be proposed as the best candidate for various applications
[16-18]. Composites having CF reinforcement have a higher
mechanical strength in comparison with other fibers such
as glass fiber. However, the CF-reinforced polymer com-
posites are much more expensive than glass fiber-reinforced
polymer (GFRP) composites [19-21]. The optimized fea-
tures like price and mechanical performance can be accom-
plished through the hybridization of NPs and CF [22-24].
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Alternatively, inorganic nanofillers with low prices, for
example, Al,O; NPs could be added to CF-reinforced poly-
mer composites to enhance their interlaminar shear strength
and flexural properties [25-27]. The metal oxides (Al, Fe,
etc.), carbonaceous-based particles (graphene, multi-walled
carbon nanotubes (MWCNTs), single-wall carbon nanotubes
(SWCNTs), etc.), inorganic particles (SiC, SiO,, etc.), and
other supplies (nanoclay, WS,, MoS,, etc.)) can increase the
mechanical performance of composite structures [28—30].
Between countless metal or inorganic-based nanostructure,
Al,O; NPs is a uniquely recognized nanostructure because
of its superior mechanical properties and the low price in
manufacturing procedure in comparison with the carbona-
ceous nanomaterial [31-33]. The polymeric hybrid compos-
ites are extensively preferred and accepted because of the
extraordinary strength of carbon fiber, as well as, due to
the valuable balancing properties of hybridization [34-36].
The theoretical study has shown that hybridization influ-
ences the outcomes due to changes in carbon fiber modulus
that balances the properties of polymeric hybrid composites
[37-39]. Long-lasting CFRP composites are proposed as
one of the main components in automotive industry appli-
cations because they have light-weight and easy processing.
Although their mechanical strength and stiffness should be
enhanced for use in the numerous mechanical components.
To enhance these features, reinforcing agents are frequently
used [36, 40, 41]. When stiff fillers are utilized to raise rigid-
ity, the bending aspect of polymer matrices provides enor-
mous toughness. In this way, the interfacial bond between
the matrix, filler, and CF is a requirement for effectual load
distribution and acceptable mechanical properties. There-
fore, in the last decades, the main research has focused on
how to develop the interfacial relationship between com-
ponents for attaining the anticipated mechanical properties
[42-44].

The literature assessments display that there is a restricted
quantity of research works that emphasizes the influence
of a-Al,O5 NPs loading into CF/epoxy hybrid composites.
Depending on these investigations, it is vital to examine the
influence of a-Al,O; NPs adaptation on CF strengthened
epoxy composite systems. Therefore, by considering the
above-cited points, in the present study, two types of poly-
meric composites, CF/epoxy resin and a-Al,O,/CF/epoxy
resin, were prepared. In the following, the effect of a-Al,0O;
NPs (0, 2, 5, and 10% by wt) on the void content (%) and
thermal behavior of the CF-reinforced composite samples
was investigated. Compared to the previously published
research works, in this research paper, using acetone led
to the proper distribution and dispersion of a-Al,O; NPs
at different amounts. This factor gave rise to appropriate
mechanical behavior of the composite structure modified
with a-Al,O; NPs. Also, the modified composite structure
in this work displayed a better ability to absorb stresses and
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prevent the growth of cracks in small dimensions in com-
parison with other works [40, 45, 46]. In the following, the
mechanical properties of CF/epoxy are evaluated. Addition-
ally, feasible structural interaction has been investigated for
the monitoring of surface fracture and its failure using FE-
SEM analysis.

Experimental
Materials

The woven carbon fiber was utilized as fiber strengthening in
the hybrid composite structure. The CF was a product from
Xiamen LFT Composite Plastic Company, China. The epoxy
(polymer) resin of Bisphenol-A as a matrix phase and tri-
ethylene tetramine (TETA) as a curing agent was purchased
from Bite Company, The Netherlands; and a-Al,0; NPs
with an average diameter of about 90 nm were purchased
from the US-Nano Company, USA.

Composite fabrication

The NPs distribution into the polymeric resin plays an
important effect on the mechanical properties of the poly-
meric composites. In this regard, firstly the a-Al,O; NPs (2,
5, and 10% by wt) were distributed into acetone by sonica-
tion for 10 min to obtain a fully dispersed NPs dispersion
[31]. In the following, the obtained suspension was merged
with the epoxy resin. The epoxy resin was then added to the
NPs suspension, and the mixture was subjected to ultrasonic
friction for 30 min. A total of 40 min were the ultrasonic
process time [3]. Afterward, acetone was eliminated from
the resin structure by keeping it in a vacuum oven (80 °C for
20 h). The uniform dispersion of NPs in the composite struc-
ture is revealed in FE-SEM images. As a final point, the cur-
ing agent, as a hardener, merged into the mixture of resin and
NPs through provider orders (physically mixed for 10 min).
The epoxy resin reacts with the hardener to form cross-links
between the chains, and the resin changes phase from lig-
uid to solid. The unmodified epoxy structure was similarly
organized at identical conditions for controlling the accuracy
of experimental investigation. The schematic illustration of
the procedure is shown in Fig. 1. CF strengthened modified
polymeric composite structures were fabricated through the
hand layup technique. The compositions of the hybrid com-
posites are reported in Table 1. In the hand layup technique,
before placing the fibers into the metal mold, we impreg-
nated it with epoxy resin modified by NPs. Then, 5 layers of
carbon fiber were inserted into the mold, and pressure was
applied to the samples using a manual tap, which led to the
release of trapped air inside the layers. Subsequently, the
temperature was adjusted at 90 °C for 45 min and 130 °C for
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Fig. 1 Schematic presentation of the epoxy resin matrix modification

Table 1 The amount of epoxy resin, CF, and a-Al,0; NPs (expressed
in % by wt) for the preparation of hybrid composites

Classification of Sample Epoxy Carbon a-Al,O;
samples resin by fiber % (by % (by
wt) )% wt) wt)
Prototype sample E-10 75 25
E-20 73 25
Advance samples E-30 70 25 5
E-40 65 25 10

1 h. The hybrid composite structures were exposed to switch
cooling while waiting for lowering of ambient temperature
to stop the unexpected shrinkage. The compositions of the
hybrid composites are reported in Table 1.

Void content investigation

In the procedure of hand lay-up fabrication, the creation of
the void in the structure is non-preventable. On the other
hand, poorer void content has a positive effect on raising the
reliability and durability of the hybrid composites. In this
work, the void contents of the composites were calculated
through Eq. 1. In Eq. 1, the p, is the theoretic composite
density, and p, is the calculated density of samples.
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The following equation shows how the theoretical density
can be calculated:

1
=
p WCF + WNPx + Wrz’sin (2)
PcF PNps Presin

where Wi Wyp,, and W,,;, are the carbon fiber, NPs, resin
weight fractions, wWhile p,.gins Pearbon fierr @0 Prps are the

densities of the resin, carbon fiber, and NPs.

Mechanical study

After composite fabrication, the samples were subjected to
mechanical tests to determine their mechanical properties
such as tensile strength using a Universal Testing Machine.
The tensile test was done through the ZTM20 model. The
applied loading rate was 1 mm/min. The flexural testing
machine was used to obtain the highest mechanical resist-
ance in bending. The flexural test was done by ASTM D 790
standard. The test speed was adjusted at 1 mm/min [47].
A 3-point bending was carried out by the ZTM20 model.
These two tests illustrate the sample behavior in bending.
Moreover, the thickness of each layer of the structure is
0.304 mm. Besides, hardness is recognized as the resist-
ance toward perpetual indentation. This assessment meas-
ures plastic deformation resistance in the layers of hybrid
composite structures. Brinell hardness assessment was oper-
ated on the sample by a Brinell machine. The hardness test
was examined at four different samples with a-Al,O; NPs
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(0, 2, 5, and 10% by wt). The hardness and indentation were
calculated and measured by Eq. 3.

2F

#D(D - VD= &) )

where: F'=applied load in N; D =diameter of the indenter;
d=diameter of impression.

BNH =

Morphology analysis

A field emission scanning electron microscope (FE-SEM)
was used to study the dispersion mode of a-Al,O; NPs in the
composite structure. The morphology of the samples such
as fracture behavior, fiber-matrix interaction, and fiber pull-
out, after undergoing the mechanical tests was investigated
using MIRA 3 Tescan FE-SEM. The samples were coated
with gold before FE-SEM analysis. Imaging was carried out
at 15 kV.

Thermal analysis

The effect of a-Al,0; NPs on the thermal properties of car-
bon fiber/epoxy resin hybrid composites was studied using
thermogravimetric analysis (TGA). Samples were heated in
the temperature range of 30 ‘C=750 °C under a controlled
nitrogen atmosphere with a heating rate of 20 °C/min. The

Fig.2 Void content of the pre- 1.8

obtained data from the TGA analysis were used to determine
the thermal stability of the samples.

Results and discussion
Void content

Figure 2 displays the void content (%) of the fabricated com-
posites versus the types of composite samples. It is detected
that the void content of composites of samples E-10, E-20,
E30, and E-40 is 1.2%, 1.6%, 1.5%, and 1.5%, respectively.
The fabricated composite structures of different layers have
different percentages of voids and the presence of additives.
Nevertheless, because of superior adhesiveness and wettabil-
ity of epoxy resin with carbon fiber and other additives, the
presence of voids is lowest in the CFRP composites without
any Al,O; NPs.

Mechanical investigation

With the purpose of conducting a mechanical performance,
we measured the most accurate values and the standard
deviation of the samples such as the tensile strength, the
flexural strength, and the flexural modulus (Fig. 3). For
evaluation of the mechanical behaviors, each sample was
tested three-times and the average results were reported
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Fig.3 Tensile strength a flexural strength b modulus ¢ and hardness d versus types of composite samples

in this research work. Understandably, the highest value
of tensile strength, flexural modulus, and flexural strength
was achieved for the composites with 5 and 10% (by wt)
of a-Al,0; NPs, respectively. As can be seen in Fig. 3a,
the highest tensile strength in this study belongs to the
E-30 sample which was increased from 259 MPa (sam-
ple E-10 was selected as highest mechanical performance
in prototype) to 341 MPa and shows 24% enhancement
compared to other samples. In the flexural test (Fig. 3b
and c), the maximum improvement for flexural strength
(95.5%) was related to the E-40 sample; indeed for this
content of a-Al,O5 NPs, flexural modulus demonstrates
the highest value with 91.8% enhancement. Since E-10 or
the prototype was not modified with NPs, it showed lower
mechanical properties than modified samples. For exam-
ple, it was evident that the samples having NPs showed
higher mechanical properties after the addition of NPs.
Another effective parameter that played a major role in

mechanical properties was the adhesion between the rein-
forcements and matrix. In these samples, the adhesion
between matrix and reinforcements led to the transmission
of the applied forces and stresses from the matrix to the
reinforcements. NPs can improve and increase the bonds
between the fibers and the resin, which in turn increase the
strength of the composite structure and improve the adhe-
sion property. Therefore, the improvement of tensile prop-
erties and flexural properties was related to the presence
of a-Al,0; NPs within the carbon fiber/epoxy resin which
led to an enhancement in interfacial strength. Additionally,
when the crack started to grow the nanoparticles prevented
their growth or created another path. This factor has pre-
vented the sudden and global failure of the sample [48].
The obtained results are in good agreement with previous
studies [49]. The summation of the obtained results from
the mechanical investigation displays that the better result
is related to composites having a-Al,O; NPs.
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Hardness assessment

Figure 3d shows BNH versus an increase in the percent-
age of the used a-Al,O; NPs in the hybrid composite. The
sample showing maximum BHN displays superior hardness.
The findings illustrated that the hybrid composite structure,
reinforced by 10% a-Al,O; NPs, displayed maximum hard-
ness that may be related to their homogenous distribution
in the composite structure and lower interparticle space by
increasing the NPs loading in the polymeric matrix. By con-
sidering the achieved effects, it is detected that an increase in
the accumulation of a-Al,O; NPs enhanced the hardness of
the composite structure. This performance is due to stronger
bonding between the reinforcement and modified matrix.

Morphological analysis

The morphology of a-Al,0; NPs, used in the preparation
of the composite, is displayed in Fig. 4. NPs incline to form
agglomerates because of several forces. Therefore, it is pre-
dictable that the agglomeration of NPs can create numerous
stress and flaws in the structures of the hybrid composite

Fig.4 FE-SEM image of
a-Al,O5 NPs
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[50]. Aluminum oxide NPs generally accumulate after the
ultrasonic process, and the dispersion distribution is not
well done. The sonication of NPs by section solution in the
matrix is a useful way that could prevent their agglomeration
even at high NPs concentrations.

FE-SEM analysis was used to study the morphology
of the samples after undergoing mechanical tests. Fig-
ure 5a-b displays the effect of mechanical study on the
structure of the fabricated composites. As a result of the
unfortunate interlaminar interfaces, extra delamination
and structural damages are detected in CF/unmodified
epoxy composite structure (Fig. 5a) in compared to 10%
(by wt) a-Al,0O5 NPs-modified resin (Fig. 5¢). These FE-
SEM images show that interlaminar connection is signif-
icantly enhanced through the modified epoxy resin. As
perceived in Fig. 5a-b, CF pull-out [51] and CF break-
age [52], which are a sign of weak adhesion of CF/epoxy,
occur within unmodified hybrid composite structures. In
contrast, when the polymeric resin was adapted (10% (by
wt) a-Al,O5 NPs), fiber breakage and fiber pull-out trends
have not been strictly detected. Alternatively, a perfect
sign of improved CF/epoxy boundary adhesion through the

117.83 nm

L4 = 72.27 nm
\3
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resin rupture characteristics on pull-out CF is perceived in
Fig. 5d. Besides, it is observed in Fig. Sc—d that hardening
mechanisms for instance crack path deflection occurs after
the polymeric resin is improved by 10% (by wt) a-Al,0O;4
NPs.

FE-SEM images of the systems with different ratios
of a-Al,0; NPs (2, 5, and 10% by wt) are exhibited in
Fig. Se—f. From Fig. 5e, it is seen that the a-Al,0; NPs
were distributed homogeneously in the structure of the
composites. As can be seen in the microscopic image,
the NPs have no aggregation and the dispersion is well
distributed and dispersed in the sample. It is anticipated
that the uniform dispersion of a-Al,O; NPs in the struc-
ture of the composites could have a positive influence on
their mechanical properties. As it is evident, small round-
shaped a-Al,0O; NPs with an average diameter of 90 nm
were uniformly dispersed in the hybrid composite. As it
is shown, the distribution of NPs in the samples is noticed
in Fig. 6. Figure 6a shows a sample without NPs, while
Fig. 6b—d shows samples with percentages of 2.5 and
10%, respectively. EDS analysis of the E-40 composite
as a model of the fabricated samples is shown in Fig. 6e.
EDS analysis displayed the presence of only C, O, and

2=9307nm" =
L 3 x -

113.42 nm

L1 =106.47 nm
»

L3=71.38nm 14 =90.99 nm
Y »

L2 = 135.90 nm
M

Lé‘ts = 46.53 nm

Al elements in the structure of E-40 and is a sign that the
composite structure comprises NPs reinforcement.

Thermal study

The TGA analysis was used to study the thermal behav-
ior of the prepared hybrid composites. The obtained TGA
and DTA results for the hybrid composites are illustrated
in Fig. 7. As it is shown in this figure, for E-10 a major
destruction has occurred between 420 °C and 521 °C
(45%) which is due to the destruction and evaporation of
epoxy resin and carbon fiber present in the hybrid com-
posites. For E-20 sample, the solvent removal was carried
out at 100 °C. Major destruction of this sample started
at 291 °C, and the weight loss stage was continued until
643 °C. The observed major weight loss (44%) was due
to the volatilization and degradation of epoxy resin and
carbon fiber. E-30 sample showed an initial degradation
at 98 °C, which was due to the solvent removal from the
hybrid composite. For this sample, the major destruction
(60%) started at 299 °C and continued until 591 °C which
was because of the volatilization and degradation of epoxy
resin and carbon fiber. The TGA of E-40 demonstrated the
initial weight loss at 98 °C, while the major weight loss

eV
10.00

Fig.6 FE-SEM images: E-10 sample a E-20 sample b E-30 sample ¢ E-40 sample d and EDS of E-40 sample e
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Fig.7 TGA curves and DTG of the prepared composite samples
(62.5%) was started at 379 °C and continued till 559 °C  Declarations

which was due to the volatilization and degradation of
epoxy resin and carbon fiber [53]. The TGA analysis
showed that by the selection of a specific percentage of
a-Al,0; NPs we can acquire a composite with desired
thermal stability [54, 55].

Conclusion

The present paper reports the effect of a-Al,0; NPs on
the thermal and mechanical properties of the carbon fiber/
epoxy resin hybrid composites. Major achievements of the
current study are listed as follows: uniform distribution of
a-Al,0O5 NPs in the carbon fiber/epoxy resin hybrid com-
posites led to an impressive improvement on the flexural
strength, tensile strength, flexural modulus, and hardness.
Variations in the properties of the composite by addition
of NPs due to the good adhesion between the resin and the
fibers. The thermal stability is decreased in hybrid com-
posites by a-Al,O; NPs loading which shows the effect of
composite components on the final properties. The con-
clusion of this study revealed that modified epoxy resin
(with 10% by wt of a-Al,0; NPs) could be a prospective
candidate as operational materials under dissimilar load
owing to its enhanced properties. Based on the obtained
results, the prepared hybrid composite potentially could
be used in industry due to its good mechanical properties.
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