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Preface to ”Fabrication of Carbon and Related
Materials/Metal Hybrids and Composites”

This Special Issue covers various aspects of materials science and engineering in the field of

the fabrication of hybrid and composite materials. It mainly focuses on the novel developments

in and new processing methodologies for the fabrication and modification of carbon and related

hybrid and composite materials for different applications. It consists of sixteen research papers and

one review article describing diverse research topics. The contributions of this Special Issue may be

classified into four groups: the first concerns fabrications of new composite and hybrid materials of

the different allotropies of carbon, such as carbon fibers, carbon nanotubes and graphene; the second

group considers the synthesis and properties of new polymeric composite and hybrid materials with

various applications due to their electrical, mechanical and antimicrobial activities; the last group is

strongly related to a discussion on alloys and metal matrix composites and their welding properties.

Some of the articles generally contain the results of calculations and are compared with experimental

observations. The results presented in the articles collected in this Special Issue clearly demonstrate

that the carbon-based hybrid and composite materials are clearly very important in the field of

advanced functional materials.

We would like to thank all authors whose contributions are included in this Special Issue for

their excellent work, and for their inspiring and interesting articles.

Walid M. Daoush, Fawad Inam, Mostafa Baboli, and Maha M. Khayyat

Editors
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Syntheses and Step-by-Step Morphological Analysis
of Nano-Copper-Decorated Carbon Long Fibers for
Aerospace Structural Applications
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Abstract: Carbon long fiber/copper composites were prepared using electroless and electroplating
methods with copper metal for potential aerospace applications. Carbon fibers were heat-treated at
450 ◦C followed by acid treatment before the metallization processes. Three different methods of
metallization processes were applied: electroless silver deposition, electroless copper deposition and
electroplating copper deposition. The metallized carbon fibers were subjected to copper deposition
via two different routes. The first method was the electroless deposition technique in an alkaline
tartrate bath using formaldehyde as a reducing agent of the copper ions from the copper sulphate
solution. The second method was conducted by copper electroplating on the chemically treated carbon
fibers. The produced carbon fiber/copper composites were extensively investigated by Field-Emission
Scanning Electron Microscopy (FE-SEM) supported with an Energy Dispersive X-Ray Analysis (EDAX)
unit to analyze the size, surface morphology, and chemical composition of the produced carbon long
fiber/copper composites. The results show that the carbon fiber/copper composites prepared using
the electroplating method had a coated type surface morphology with good adhesion between the
copper coated layer and the surface of the carbon fibers. However, the carbon fiber/copper composites
prepared using the electroless deposition had a decorated type morphology. Moreover, it was
observed that the metallized carbon fibers using the silver method enhanced the electroless copper
coating process with respect to the electroless copper coating process without silver metallization.
The electrical conductivity of the carbon fiber/copper composites was improved by metallization of
the carbon fibers using silver, as well as by the electrodeposition method.

Keywords: carbon long fibers; copper composites; electroless copper deposition; electroless silver
deposition; copper electroplating; contact electrical resistivity

1. Introduction

Advanced materials and carbon-fiber composites are used extensively throughout revolutionary
aircrafts such as Boeing 787 Dreamliner and Airbus A350 family [1]. The stiffness, lightness, and toughness
of the carbon fiber allowed technologists to create a very-low-drag delta wing body and fuselage.
These advanced carbon fiber composites lead to not only lighter aircraft but also lower fatigue sensitivity,
which means they require less maintenance. The Boeing 787’s heavy maintenance interval was increased
from 6 to 13 years [1]. Carbon-fiber-reinforced plastics (CFRPs) constitutes more than 50 vol.% of these
aerospace mobile structures, as represented in Figure 1. CFRPs are micro-composites formed from
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a lightweight polymer binder (e.g., epoxy) with laid carbon fiber to manufacture structures having
extraordinarily high stiffness and strength-to-weight ratios.
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This revolutionary technology (Figure 1) relies on the superlative combination properties of CFRPs
primarily contributed by carbon fibers [2–6]. Carbon fibers, containing more than 92% by weight of carbon,
have high strength, low density (1.8 g/cm3, light weight, high breaking strength (2–7 GP), high tensile
modulus (200–500 GPa), and a low thermal expansion coefficient (0.1–1.1 × 10−6 K−1) [3,7]. They are
also characterized by high resistance to acids, alkalis, and organic solvents. Carbon fibers have a low
coefficient of thermal expansion and a good electrical conductivity, as well as low x-ray absorption and
nonmagnetic properties [8–10]. The as-produced carbon fibers usually have relatively smooth surfaces,
low surface energy, low chemical reactivity, and lack of chemically active functional groups, which have a
significant effect on their mechanical properties and restrict their extensive applications [11,12].

Wing boxes, made of CFRP, are able to support the load imposed during flight and support the
whole aircraft aerodynamically while also strategically minimizing their overall contribution to the
weight of an aircraft. However, CFRPs, unlike like their aluminum counterparts, do not conduct
electricity. This makes them susceptible to lightning strike damage and to mitigate such a drawback,
an electrically conductive expanded copper foil layer is usually laid on the outer surface of the
composite structure layup [13]. If a lightning bolt strikes an unprotected composite structure, up to
200,000 amps of electricity seeks the path of least resistance and may vaporize metal control cables and
weld hinges on control surfaces or explode fuel vapors within fuel tanks if the current arcs through
gaps around fasteners [1]. High electrical conductivity is, therefore, required here to dissipate the high
current and heat generated by a lightning strike. However, expanded copper foil (ECF) layer possess
issues of its own. Temperature and atmospheric pressure variations (for instance, 50 ◦C to −50 ◦C
and 100 to 25 kPa, respectively) during the ground-to-air flight cycle can lead to the expansion and
reduction of the protective layer, which can damage the relatively less resilient epoxy matrix of CFRPs,
reducing the overall effectiveness of the composite substitution.

Here, we synthesized nano-copper-influenced carbon fibers as an alternate technology for the
ECF laid on top of the CFRP wing box. Carbon fibers, generally speaking, have poor wetting behavior
with metals such as copper and aluminum [12,14–17].
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It is necessary to modify the surfaces of carbon fibers to resolve this key issue. One of the widely
researched solutions is to coat the carbon fibers with metal layers. This method also reduces their
susceptibility to interfering with the matrix and avoids the interaction of carbon fibers with several
metals such as iron [18]. Metal-coated carbon fibers can also be used as a reinforcement phase in
different metal matrix composites for different applications such as electric contact materials and
electric brushes [16,19], as well as for the fabrication of fiber composites used automotive and aerospace
sectors and other electrical equipment [20]. Materials with high electrical and thermal conductivities
in combination with a low coefficient of thermal expansions are currently required for electrical and
electronic applications. Carbon fiber/Cu composites possess the properties of copper, i.e., the excellent
electrical and thermal conductivities, and the properties of carbon fiber, i.e., small coefficient of thermal
expansion. These composites can be used in electrical and electronic applications. The electrical
conductivity of carbon fiber/Cu composite materials is very important, particularly if these materials
are used for electrical and electronic applications. The materials for this application should possess
high electrical and thermal conductivities. Carbon fiber/Cu composites have successfully solved this
problem. In this type of material, carbon is utilized because of its good sliding and antifriction properties,
whilst copper is used because of its high electrical and thermal conductivities [16,19]. Various other
studies have been conducted to improve the wetting of carbon fibers to metals. An SnCl2/PdCl2
solution is used as activating solution by depositing Pd nanoparticles on the surface of the carbon
fibers before coating using the electroless deposition technique [21,22]. Electroless deposition can take
place after the surface has been activated by Pd particles via the autocatalytic reaction to deposit metal
nanoparticles on the surface of carbon fibers [23].

In another report, deposition of silver nanoparticles or films using electroless silver deposition was
used for obtaining surface activity and improving their electrical conductivity and physical properties.
Activation by silver aerosols and copper electrolyte deposition was also considered. After annealing,
silver-activated carbon fibers were effectively placed in a solution for electroplating copper, to obtain a
uniform copper coating on their surface [24]. Electroplating Cu was utilized to increase the thickness of the
interlayer and forming a coating layer with a good adhesion with the surfaces of the carbon fibers. The current
work utilizes a superlative combination of properties offered by carbon fiber (PAN: Polyacrylonitrile
type) with high electrical conductivities of copper to synthesize a nano-copper-decorated carbon fiber
nanocomposite via the coating route. To make these composites suitable for powder technology processing,
surface treatment of the carbon fibers was essential via thermal de-binding, acid treatments, and/or a
tin/silver metallization process before encapsulating the carbon fibers into the copper matrix using two
coating methods, (electroless or electrodeposition) to produce a continuous conductive coating with uniform
thickness. The contact electrical resistivity of the produced carbon fiber/Cu nanocomposites using either
electroless or electrodeposition techniques was measured as well.

2. Materials and Methods

2.1. Starting Materials

High-purity PAN-type long carbon fibers were provided by Mitsubishi Chemical Carbon Fiber and
Composites Ltd. (Sacramento, USA). Each bundle was composed of around 1000 fibers, which were
bonded together with an organic binder (sizing agent). Table 1 lists the physical and mechanical
properties of the carbon fibers used in this study. Copper sulfate pentahydrate was purchased from
Winlab Ltd., Leicester, UK. Silver nitrate and stannous chloride dihydrate were purchased from
BDH Chemicals Ltd., East Yorkshire, UK. Potassium sodium tartrate and potassium dichromate were
provided by Merck Ltd., Darmstadt, Germany. Formaldehyde and sodium hydroxide were purchased
from Panreac AppliChem, Barcelona, Spain. Acetone, hydrochloric acid, ammonia solution, nitric acid,
and sulfuric acid were provided by Riedel De-Haen, Seelze, Germany.

3
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Table 1. Physical and mechanical properties of PAN-type carbon fibers.

Property Value

Fiber diameter, µm 7
Density, g·cm−3 1.78

Tensile strength, GPa 3.0 ± 0.2
Tensile modulus, GPa 221 ± 4

Ultimate elongation, % 1.4
Specific heat, J·kg−1

·K−1 711
Thermal conductivity, W·m−1

·K−1 8
Electrical resistivity, Ω·cm 2.2 ± 0.5 × 10−3

2.2. Methods

2.2.1. Pretreatment of Carbon Fibers

Carbon fibers were treated as described in Figure 2. In brief, the bundles of as-received carbon
long fibers were cut into strands of around 6 cm in length and then heat-treated at 450 ◦C for 30 min in
an open oven (Figure 3) to remove any sizing, binding, and degreasing agents. They were then washed
in acetone for 15 min followed by washing with distilled water to remove any organic remained
contaminants. The obtained carbon long fibers were then acid-treated by concentrated nitric acid,
and then stirred in a freshly prepared chromic acid solution for 15 min (by dissolving 5 g of potassium
dichromate in 5 mL distilled water in the form of a paste, before adding 100 mL of 98% concentrated
sulfuric acid dropwise). This was then followed by washing thoroughly (at least three times in
deionized water) to remove any inorganic impurities on the surface of the carbon fibers. The obtained
carbon fibers were dried for 15 min at 110 ◦C.
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2.2.2. Metallization of Carbon Fibers Using the Tin/Silver Process

As elaborated in Figure 2, a batch of heat-treated and etched carbon fibers were further activated.
The activation process included two steps: sensitization and silver deposition. About 0.01 g of the
treated carbon long fibers were treated using tin sensitization solution. The sensitizing agent was
prepared by dissolving 0.1 g of SnCl2·2H2O in 10 mL of distilled water, and the pH of the solution was
adjusted to around 1.8 using hydrochloric acid. The solution was stirred using a magnetic stirrer for
30 min. The sensitized carbon fibers were then washed with distilled water to remove any residuals of
the sensitizing agent. The obtained sensitized carbon fibers were surface-activated using the silver
deposition method. About 0.2 g of silver nitrate was dissolved in 100 mL of distilled water, and the pH
of the solution was adjusted by ammonia to around 10.7. The sensitized carbon fibers were then added
and the solution was stirred using magnetic stirring for 15 min. Then, 20 mL of formaldehyde was
added to the solution. The reduction reaction was completed within 15 min, and then the activated
carbon fibers were washed with distilled water, filtered, and dried at 110 ◦C for 30 min.

2.2.3. Metallization of Carbon Fibers Using the Copper Deposition Processes

Two processes were used to metallize the chemically treated carbon fibers with copper (Figure 2).
The first method (electroless copper deposition) was conducted on the acid-treated carbon fibers in an
alkaline tartrate bath. The solutions included in the process were 70 g/L copper sulfate as a source
of copper, 170 g/L potassium sodium tartrate as a chelating agent of the copper ions, and 100 mL/L
formaldehyde as a reducing agent of the copper ions to copper in the metallic state. The pH of the
solution was adjusted to around 13, and the temperature was maintained at room temperature (~24 ◦C).
After completion of the copper deposition reaction, the metallized carbon fibers underwent washing
with distilled water, filtration, and drying at 110 ◦C for 30 min.

The second metallization process was the electrodeposition of copper nanoparticles on the surface
of the chemically treated carbon fibers. The acid-treated carbon long fibers (around 6 cm in length)
were stretched on a cathode frame made from plastic. The current and time were adjusted to get the
required copper deposition on the carbon long fibers. In brief, 120 g of copper sulfate pentahydrate
and 90 mL of sulfuric acid were dissolved in distilled water (via 30 min of magnetic stirring) to prepare
1 L of electrolyte solution. The copper electrodeposition on the surface of the carbon long fibers was
achieved by passing 8 µA current for 1 min.

2.2.4. Syntheses of Carbon Fiber/Copper Composites

The acid-treated and tin/silver-metallized carbon fibers were coated using an electroless copper
chemical reduction method to prepare 10 wt.% carbon fiber/copper composite samples (Figure 2).
About 0.35 g of copper sulfate pentahydrate was dissolved in 10 mL of distilled water, and the solution
was stirred using a magnetic stirrer. About 1.7 g of potassium sodium tartrate was added as chelating
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agent to prevent precipitation of copper as copper hydroxide at high pH of the alkaline solution.
Then, 0.5 g of sodium hydroxide was added to adjust the pH to 12.5. A calculated amount of ~0.01 g
equivalent to 10 wt.% carbon long fibers was added to the solution, and continuous magnetic stirring
at 500 rpm was used to disperse the fibers in the solution. Then, 10 mL of formaldehyde solution (38%)
was added as a reducing agent of the copper ion in the copper sulfate to copper metal. The reaction on
the surface of the treated carbon fiber was completed within 30 min. The solution was filtered, and the
obtained 10 wt.% carbon fiber/copper composite was dried at 110 ◦C.

On the other hand, the metallized carbon long fibers using copper electroplating were connected
to the negative electrode of the electroplating cell of the same composition as mentioned in Section 2.2.3,
where two copper plates were connected to the positive electrode. Direct current of density 12 µA/cm2

was passed through the electroplating cell at time intervals of 5 min.

2.2.5. Characterization of Carbon Fiber/Copper Composites

The as-received, heat-treated, and chemically treated carbon fibers and the activated, metallized,
and copper-coated carbon fibers underwent investigations using a field-emission scanning electron
microscope (FE-SEM, model JEOL JSM-7600F). The powders were sputter coated by a platinum JFC
1600 auto fine coater. The compositional analysis of the samples was determined using the Energy
Dispersive X-Ray Analysis (EDAX) unit connected with the FE-SEM.

The electrical resistivity of the prepared carbon fiber/Cu nanocomposites was measured using the
four-probe method with an Omega multimeter device. A fixed direct current (DC) current of 1 A was
passed through the test sample via two crocodile clips. For each test, the multimeter was zeroed with
no current passing the specimen, and then the measurement was carried out. The resistivity (ρ) was
calculated according to the following equation:

R = (ρ L)/A, (1)

where R is the resistance in Ω, L is the measured length in cm, A is the cross-section area in cm2, and ρ
is the resistivity in µΩ·cm. The dimensions of the fibers were calculated according to the data listed in
Table 1. Each bundle was composed of around 1000 fibers of diameter ~7 µm and length ~6 cm.

3. Results and Discussion

Figure 4 shows the SEM images of as-received carbon fibers. It was observed that the fibers had
diameters of approximately 6.7 µm, as roughly confirmed in Table 1.
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Carbon long fibers were heat-treated to remove some of the volatile organic materials such as
the sizing agents which were added to the fibers during the fabrication process. Figure 5 shows the
SEM images with different magnifications and the EDAX compositional analysis of the carbon fibers
after heat treatment. Comparing the surface morphology of the untreated carbon fibers (Figure 4)
with the surface morphology of the heat-treated carbon fibers (Figure 5), it was observed that the
layers of the sizing agent were partially removed as the carbon fiber surface in evident. Some other
impurities composed of Ba, K, Cr, and oxygen were detected through the EDAX analysis of heat-treated
carbon fibers due to the presence of remnants from the sizing agent. Figure 6 shows SEM images with
different magnifications of the treated carbon fibers after washing and treating them with chromic
acid. The results reveal that the diameter of the carbon fibers decreased from around 6.7 µm to around
5.1 µm due to heat and chemical treatments. The decrease in the diameter was due to the removal of the
binding, sizing, and degreasing agents which adhered to the surface of carbon fibers as a consequence
of heat and chemical treatments of the carbon fibers with acetone and chromic acid. A uniform
morphological roughening of the carbon fiber was observed (Figure 6). This process was conducted to
increase the bond strength of the applied deposits by increasing the surface roughness of the carbon
fiber substrate. However, a very rough surface such as that of etched fibers is not recommended
since it affects the smoothness and uniformity of the final deposits. Suitably rough surfaces create a
network profile to which the subsequent deposit can be physically anchored and produce a uniform
coating thickness.
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The chemically treated carbon fibers were metallized using three different techniques, namely,
electroless tin/silver deposition, electroless copper deposition, and copper electrodeposition.

3.1. Metallization of Carbon Fibers Using Electroless Tin/Silver Deposition

Some of the surface-etched carbon fibers were further sensitized and activated to impart a uniform
conducting film on the fiber surfaces, ensuring uniform adhesion of subsequent metallization and
further promoting better coating and plating.

Tin/silver sensitization and activation were carried out to deposit nanosized silver particles onto
carbon fibers prior to the electroless copper coating operations. Tin(II) ions were adsorbed onto the
carbon fiber surfaces and silver(I) ions were reduced to metallic silver nanoparticles. Silver nanoparticles
were deposited onto the surface of the carbon fibers in the second step as shown in the chemical
reaction below.

Sn++
(aq) + 2 Ag+

(aq)→ Sn4+
(aq) + 2Ag0

(s) (2)

Tin(IV) ions were produced from the oxidation of tin(II) ions by silver(I) ions. Figure 7a,b
show the SEM image of the silver-activated carbon fibers. Deposited silver nanoparticles in the range
of around 40–130 nm could be observed. These deposited silver nanoparticles decorated and adhered
to the surface of the carbon fibers. Figure 7c,d show the EDAX compositional area analysis of the
silver-activated carbon fibers. It was observed from the results that silver particles were composed
mainly of 2.04 wt.% Ag and 0.61 wt.% tin, as remnants from the sensitization process.
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3.2. Metallization of Carbon Fibers Using Electroless Copper Deposition

The chromic-acid-treated carbon fibers were subjected to autocatalytic electroless copper deposition
on its surface in the alkaline tartrate copper sulfate solution. Figure 8a,b show the SEM images with
different magnifications of the deposited copper nanoparticles on the acid-treated carbon fibers. It was
observed from the results that the deposited copper nanoparticles had particle size range between
85 and 165 nm. The copper nanoparticles had polygonal particle shapes, and some agglomerated
particles were also observed. The deposited copper nanoparticles adhered to the surface of the
carbon fibers, imparting a decorative type copper layer. A good uniform deposition can be observed.
Figure 7c,d show the EDAX compositional analysis of the metallized carbon fiber by the deposited
copper nanoparticles. It was revealed that the copper nanoparticles were composed mainly of copper
metal. The appearance of the small oxygen peak may be due to the oxidation of the surface of some
deposited copper nanoparticles which were present in the aqueous solution during the process or due
to the technical limitations of the EDAX technology with respect to the detection of oxygen.
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elemental analysis.

The alkaline tartrate electroless copper solution used formaldehyde as a reducing agent of
the copper ions to the copper metal. The half-cell reaction for the electroless copper deposition is
shown below.

Cu++ + 2e−→ Cu0 E0 = +0.340 V (3)

The rate of copper deposition was affected by the variation of the pH of the solution. Electroless
copper solutions, using formaldehyde as a reducing agent, employed a high pH above 12. It was
reported that the E0 of formaldehyde depends on the pH of the solution [22], as shown below.

HCOOH + 2H+ + 2e−→ HCHO + H2O (pH = 0, E0 = +0.05 V) (4)

HOO− + 2H2 + 2e−→ HCHO + 3OH− (pH = 14, E0 = −1.07 V) (5)

As copper salts (copper sulfate pentahydrate) are insoluble at pH above 4, the use of alkaline
media necessitates the use of a complexing or chelating component, such as tartrate salts and
ethylenediaminetetraacetic acid (EDTA) [22]. The full electroless copper deposition process at pH ~12
can be written according to the redox reaction below.

Cu2+ + 2HCHO + 4OH−→ Cu0 + H2 + 2H2O + 2HCO2 (6)

3.3. Metallization of Carbon Fibers Using Copper Electrodeposition

Electrodeposition is a common way of depositing of metals and its alloys on the surface of
conductive materials. Copper is used in the electroplating process with either cyanide or sulfate
baths. However, cyanide solutions are hazardous and should be avoided for industrial practices.
An alternative approach is to use other acid baths to precipitate Cu. Chloride, oxalate, nitrate,
thiosulfate, glycolate, lactate, and acetate have been reported; however, sulfate baths are the most
commonly used [23].
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A conventional acid electrochemical copper cell was used to electroplate carbon long fibers.
This electrochemical cell consisted of copper sulfate and a sulfuric acid solution as the electrolyte.
Two high-purity copper plates were used as anodes. A cathode of carbon fibers was inserted between
the anodes in the solution. Copper ions of the copper sulfate were dissolved in the electroplating
solution. The remaining SO4

2− anion played no part in the reactions and, therefore, does not appear in
the equations [23]. The complete chemical reaction of the electroplating process of the carbon fibers
confirmed the transfer of copper ions from the anode to the cathode passing through the electrolyte
and depositing copper on the conductive carbon long fibers fixated on the cathode. It was assumed
that the total copper ion concentration in the electrolyte remained unchanged.

Figure 9 shows SEM images with different magnifications of the deposited copper nanoparticles
on the surface of the carbon long fibers upon passing a current of 8 µA for 1 min through the
electrodeposition cell. It was observed that polygonal copper nanoparticles ranging between 85 and
135 nm in size were homogeneously deposited on the surface of the treated carbon fibers, giving a
decorative morphology texture (Figure 9b).
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3.4. Syntheses of Carbon Fiber/Copper Composites

The acid-treated, tin/silver-metallized, and copper-metallized carbon fibers were used to fabricate
the 10 wt.% carbon fiber/copper composite via electroless coating and copper electroplating.

Figure 10a,b show SEM images with different magnifications of 10 wt.% carbon fibers coated
via electroless deposition of copper on silver-metallized carbon fibers. The surface of the fibers was
completely covered with multilayers composed of polygonal copper nanoparticles ranging in size from
50–100 nm. Figure 10c,d show the EDAX semiquantitative analysis of the produced 10 wt.% carbon long
fiber/copper composite via electroless deposition in the alkaline potassium sodium tartrate bath using
formaldehyde as a reducing agent. A compositional analysis of the copper-coated silver-metallized
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carbon fibers showed mainly copper and carbon. In addition, some silver and tin remained in the
copper-coated layers from the earlier tin/silver metallization process.Crystals 2020, 10, x FOR PEER REVIEW 13 of 17 
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Figure 11 shows SEM images with different magnifications for carbon fiber/copper composites
prepared via the electroplating method. The morphology (Figure 11) was achieved using 12 µA/cm2

current density for 5 min. Carbon fibers were completely coated and covered by a dense copper layer.
Fine copper particles were deposited on the surface of the carbon fibers. These particles appeared to be
growing laterally, simultaneously forming a network and eventually becoming a layer of bulky copper
clusters of particles. It was also noticed that the Cu deposits on the carbon fibers adhered very well to
the carbon fibers, and the degree of tightness was higher than the Cu-coated carbon fibers fabricated
via the electroless deposition method due to the absence of pores in the deposited layers. However,
Figure 12 shows that there were some regions where there was no coating. Such regions could create
some interfacial regions for the application discussed in this work. The EDAX compositional analysis of
the prepared carbon fiber/copper composites via the electrodeposition method with 12 µA/cm2 current
density is also shown in Figure 12. It was observed that the electrodeposited layer was composed
mainly of copper on the surface of the carbon fibers.
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3.5. Electrical Resistivity of Carbon Fiber/Copper Composites

The contact electrical resistivity for the fiber/deposit interface following electroless and electrolytic
deposition for each Cu deposit condition was measured. The correlation provided qualitative analysis
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on the bonding and adhesion of the deposit to the carbon fibers. For example, a higher void content at
the interface would result higher contact resistivity and lower adhesion. When measuring the contact
electrical resistivity of the carbon fiber/deposit interfaces of the investigated Cu-coated fibers, as shown
in Figure 13, it was found that the contact electrical resistivity of the carbon fiber/copper composites
fabricated via electrodeposition was lower than that of the carbon fiber/copper composites fabricated
via silver metallization and that of the non-metallized carbon fiber/copper composites fabricated
via electroless deposition. This was probably due to the high purity of the deposited copper when
using the electrodeposition method than the electroless one, as shown from Figures 10d and 12b,d.
Copper and carbon fibers have no mutual wettability and solubility. Accordingly, carbon fiber is
mechanically bonded to copper matrix solely due to the fiber’s roughness. Thus, the interfacial
adhesion between carbon fibers and the copper matrix remains weak. When carbon fibers are oxidized
with CrO3, greater surface roughness is produced, resulting in better adhesion properties between the
carbon fibers and Cu and leading to improved electrical conductivity. When the oxidized carbon is
surface-activated and metallized with Sn/Ag solution, Ag acts as the active center for Cu deposition,
consequently improving the carbon fiber/copper matrix interface and decreasing the percentage
porosity, thereby resulting in a higher electrical conductivity. In addition, the resistivity of all the
produced carbon fibers/copper composites was lower than that of the uncoated fibers (Figure 13).
This means that the conductivity of carbon fibers was improved by the contribution of copper in the
composite. Since copper is a face-centered cubic (FCC) crystalline material, it theoretically contributes
a free electron per atom to the conduction bond where it is available for conducting electrical current.
At any time, a certain number of free electrons can be at any given distance outside of the copper
surface. Carbon fibers, similar to copper, also possess free electrons, which are available for conduction.
In the case of two clean surfaces (i.e., carbon fiber and copper) placed together closely in an intimate
contact, the free electrons are able to exchange positions without interference [25].
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4. Conclusions

The present work provided an economical strategy highlighting the step-by-step synthesis
and morphological analysis of nano-copper-decorated carbon fibers for aerospace structural
applications. Carbon long fibers (PAN type) were successfully coated with copper using electroless
or electrodeposition methods. The loading of copper coating was about 90 vol.%. Electroless silver
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deposition, electroless copper deposition, and copper electroplating were used to produce and analyze
the conductive area coatings. The 10 wt.% carbon fiber/copper nanocomposites were subjected to heat
and acid treatments followed by stannous chloride sensitization and the silver deposition method
and/or electroless copper deposition and copper electroplating method, thereby producing continuous
and selective area coatings of copper. The coating protocol was optimized to achieve a high degree of
coating uniformity and conductivity as all samples were characterized for use in different conditions.
Silver and copper nanoparticles ranging in size from 40–170 nm were deposited/decorated and adhered
to the surfaces of treated carbon fibers. The morphology and thickness of conductive clusters of copper
could be manipulated by varying the electrochemical variables as demonstrated in this study. It was
concluded from the measurement of the electrical conductivity that the adhesion of the electrodeposited
Cu coating on carbon fibers was the highest, followed by silver-metallized/electroless copper-coated
carbon fibers and, lastly, electroless copper-coated carbon fibers. Such an optimization of variables
could alter the performance of lightning protection measures for the outer layers of aerospace structures
(e.g., wing box), which will be the subject of future research.
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Abstract: Thermal energy storage (TES) technologies are considered as enabling and supporting
technologies for more sustainable and reliable energy generation methods such as solar thermal
and concentrated solar power. A thorough investigation of the TES system using paraffin wax (PW)
as a phase changing material (PCM) should be considered. One of the possible approaches for
improving the overall performance of the TES system is to enhance the thermal properties of the
energy storage materials of PW. The current study investigated some of the properties of PW doped
with nano-additives, namely, multi-walled carbon nanotubes (MWCNs), forming a nanocomposite
PCM. The paraffin/MWCNT composite PCMs were tailor-made for enhanced and efficient TES
applications. The thermal storage efficiency of the current TES bed system was approximately 71%,
which is significant. Scanning electron spectroscopy (SEM) with energy dispersive X-ray (EDX)
characterization showed the physical incorporation of MWCNTs with PW, which was achieved by
strong interfaces without microcracks. In addition, the FTIR (Fourier transform infrared) and TGA
(thermogravimetric analysis) experimental results of this composite PCM showed good chemical
compatibility and thermal stability. This was elucidated based on the observed similar thermal mass
loss profiles as well as the identical chemical bond peaks for all of the tested samples (PW, CNT, and
PW/CNT composites).

Keywords: TES; PCM; paraffin wax; multi-walled CNTs; SEM; EDX; TGA; FTIR

1. Introduction

Intermittent thermal energy, particularly from renewable resources such as solar
energy, has entailed the need to develop reliable thermal energy storage (TES) technologies,
mainly for heating and cooling applications. Furthermore, the balance of thermal energy
supply and demand should be investigated thoroughly, such as the economic deployment
of TES technologies, which could be achieved and be successful. In this regard, solar
heating and cooling have been considered the most substantial applications requiring
TES systems. Although most of the traditional thermal energy systems require short-term
thermal storage solutions (i.e., water thermal storage), some significant applications require
robust TES technologies, especially for long-term storage requirements in the industrial
and commercial sectors.

There are three types of thermal energy storage technologies: sensible storage, latent
or, more often, phase change storage, and thermochemical storage [1]. First, sensible
thermal storage is based on the capability of storage materials to store thermal energy
while varying its temperature without changing its state (i.e., solid or liquid). The most
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well-known sensible materials include rock, sand, and water. Meanwhile, latent thermal
storage is associated with storing thermal energy by changing the storage material phase
or state from solid to liquid or vice versa. Some common examples include molten salt,
ice/water, and paraffin wax (PW). The third type (thermochemical storage) is different, as
it stores thermal energy through a chemical process called adsorption, which differs from
the previous two types associated with physical thermal storage. For example, silica gel
and zeolite are considered thermochemical storage materials.

The key to the effective and widespread use of solar energy for low-temperature
thermal applications is efficient and cost-effective heat storage. Latent heat storage is
mostly desirable because of its capability to deliver a high-level energy storage intensity
and its features to store heat at a constant temperature, which are related to the phase
transition temperature of the heat storage element. For example, molten salt has been used
in concentrated solar power systems to store solar heat. Additionally, ice storage has been
widely used for chilled water applications. However, storage capacity and temperature
range are the two main factors that determine the suitability of phase change materials for
specific applications. Therefore, paraffin wax (PW) has been introduced as a promising
PCM, especially for free cooling applications [2–5].

Carbon nanotubes (CNTs) are considered a high thermal conductivity additive due to
their huge, homogeneous micropores, matchless physicochemical properties, particular sur-
face area, minimal density, and thermal conductivity at high levels [2000–6000 W/(m K)] [4].
CNTs are being employed as an addition to improve the heat transfer properties of other
chemical adsorbents [2,4]. Considering that CNTs are a one-dimensional nano-addition
substance, they have a distinguished nano-scale effect, high thermal conductivity, and low
mass loss [4]. Corresponding to related studies, CNTs have a thermal conductivity greater
than 3000 W/(m K) [5,6]. Based on the previous facts, the mixing of CNTs with paraffin
wax (PW) to enhance the thermal conductivity of PCMs has been conducted in numerous
studies [7–10].

Wang et al. [10] integrated pristine multi-walled CNTs (MWCNTs) into paraffin and
revealed that the thermal conductivity improvement ratios in the composite containing
2.0 wt.% were 35% and 40%, respectively, in solid and liquid states. In alternative research,
Wang et al. [11] handled CNTs with a mechano-chemical treatment. Handled CNTs have
been effectively spread regarding the palmitic acid solution caused by their chemical func-
tional structure, mainly the hydroxide radical in the shell of said CNTs. Wang et al. [11,12]
synthesized separate dual types of MWCNTs and compared the impact of the two vari-
ations on the thermal behavior of PW and palmitic acid. The authors mentioned that by
adding low amounts of grafted MWCNTs, this modification could improve the PCMs’
thermal conductivity at a heat above 60 ◦C compared to premier MWCNTs. Nevertheless,
these modified MWCNT-containing nanocomposites have lower thermal conductivity than
premier MWCNTs at lower temperatures.

Teng et al. [13] reported the addition of MWCNTs and graphite to paraffin to improve
the properties of PCMs. This investigational outcome showed that the addition of MWCNTs
is more efficient than graphite in changing the thermal storage of paraffin.

Ye et al. [14] used Na2CO3, MgO as a PCM, and MWCNTs as supportive substances.
The obtained results showed that the thermal conductivity of MWCNTs improves as the
mass fraction increases, and likewise raises with the increase in test temperature. Xu and
Li [15] manufactured stable paraffin composites modified by diatomite and MWCNTs
to produce cement-based thermal energy storage composites. They reported that the
thermal conductivity and thermal storage rate increased significantly compared to the
blank paraffin. Li et al. [16] combined CNTs with 1-octadecanol to improve the thermal
conductivity of the PCM. Tang et al. [17] applied multi-walled CNTs plus n-octadecylamine
(f-MWCNTs) to enhance the MWCNT dispersibility of PCMs in paraffin.

Xiao et al. [18] developed oxidized and grafted carbon nanotubes as a filler to improve
the thermal energy storage of palmitic acid (PA). Wherever the grafted type was implanted
on the 3-propyltrimethoxysilane based on oxidized type, the composite PCMs’ thermal
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conductivity with different types of carbon nanotube raised by 34–40% compared to that of
ordinary palmitic acid. However, it is worth noting that the latent heat of grafted CNTs
doped with palmitic acid is higher than that of ordinary palmitic acid, whereas oxidized
CNTs doped with palmitic have lower latent heat than palmitic acid. Tao et al. [3]. Em-
ployed single-walled carbon nanotubes, multi-walled carbon nanotubes, graphene, and
C60 as fillers to enhance the properties of high-temperature salt PCM. the results showed
that the capability of enhancing of thermal conductivity is in the following decreasing order:
single-walled carbon nanotubes, multi-walled carbon nanotubes, and graphene, while the
composite PCM with C60 has the lowest thermal conductivity. It was concluded that that
the columnar framework encourages efficient heat conduction pathway connections. There-
fore, single-walled carbon nanotubes and multi-walled carbon nanotubes exhibit additional
advantages for thermal conductivity improvement. The thermal conductivity of composite
PCMs with the load up of 1.5 wt.% of single-walled carbon nanotubes and multi-walled
carbon nanotubes increased by nearly 57% and 50%, respectively. Moreover, new sorts of
carbon nanotubes were investigated, such as grafted types CNTs. While the combination of
high conductive additives into PCM revealed a substantial increase in thermal conductivity,
latent heat storage/discharge, and overall performance improvements. However, there are
still unanswered problems, such as whether PCM packed in the pores of supporting mate-
rials is required to build an effective heat transfer network. As a result, choosing the best
heat transfer additive for PCM composites is crucial. This needs a complete research study
to examine the performance of various additives and to define the elements impacting
PCM composites, filling the knowledge gap in previous studies, as previously described.
Our current research focuses on the use of paraffin wax and multi-walled carbon nanotube
(MWCNT) composites for thermal energy storage applications.

In this study, paraffin wax was doped with nano additives of Multi-Walled Carbon
Nanotubes (MWCNs), to forming a nanocomposite PCM. The properties of nanocomposite
PCM have been investigated such that the thermal energy storage features and capabilities
of the new materials can be greatly enhanced and improved. First, an experimental study
of the Thermal Energy Storage (TES) system is described. Characterization of Paraffin-Wax
doped with Multi-Walled Carbon Nanotubes Composites is then discussed. Furthermore,
SEM, EDX, FTIR, and TGA are among the characterization techniques used.

2. Materials
2.1. TES System Evaluation and Experimental Set-Up

A thermal energy storage (TES) system mainly consists of the following parts (see
Figure 1): a source of heat, a storage unit, and load resistance. To improve the overall perfor-
mance and to increase the efficiency of the system, several approaches can be considered.
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Figure 1. A thermal energy storage system mainly consists of a source of thermal energy (such as solar tubes, as shown)
and a TES unit to store the thermal energy for some period of time to be used by a load for domestic or industrial use.
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The course of the melting and solidifying process of the PCM was investigated during
the experiments. The material was tested as follows: Temperature sensors were installed
on the supply and return of the storage tank water system. The flow meter measured the
water flow continuously, and the measurement results were saved every 10 s. The mass of
the material used to fill the bed, which was used during the test, was 822.3 kg. It should be
noted that the calculations did not take into account heat losses due to the environment
or the heat accumulated in the structural elements of the tank itself, in which the phase
change material was located.

2.2. Materials: Paraffin Wax (PW) and Multi-Walled Carbon Nanotubes (MWCNTs)

A phase change material with the properties described below was used during the
tests. The phase change temperature of the PW was 54 ◦C with the other related prop-
erties tabulated, as shown in Table 1. Paraffin wax from the unit bed at our laboratory
was provided by NET (New Energy Transfer Company, Poland). The MWCNTs had
the following parameters: 9.5 nm in diameter, 1.5 µm in length, and a carbon purity of
approximately 90%.

Table 1. Physical properties of the paraffin wax (PW) [5].

Thermal-Related Parameters Value Unit

1 Melting temperature 54.32 ◦C
2 Latent heat of fusion 184.48 kJ/kg
3 Density of PW (liquid phase) 775.00 kg/m3

4 Density of PW 833.60 kg/m3

5 Specific heat of PW (liquid phase) 2.44 kJ/kgK
6 Thermal conductivity 0.15 W/mK
7 Viscosity 6.3 × 10−3 P.S (Pascal Second)
8 Kinematic viscosity 8.31 × 10−5 m2/s
9 Prandtl number 1001.23 -
10 Thermal expansion coefficient 7.14 × 10−3 1/◦C

2.3. Preparation of PW Using the Melting Method

Paraffin and Paraffin/MWCNT compounds were prepared separately by adding
CNTs and MWCNTs, respectively, to paraffin using a mechanical dispersion method. The
first batch of samples was prepared with a different load of nanoparticles corresponding
to 0.5% (PW1-CNT), 0.75% (PW-2CNT), and 1% (PW-3CNT) by mass. Paraffin wax was
weighted and melted in a beaker on a hotplate stirrer at 70 ◦C. Magnetic stirring was
applied for 1 h after adding different fractions of nanoparticles, followed by sonication
for 3 h. Finally, the liquid compounds were cooled at room temperature to obtain a solid
(Figure 2). Element analysis for PW from the TES unit and the pristine one from the Techno
Pharm Chem company are showed in Appendix A.
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2.4. Thoretical Background of TES System Evaluation

In this section, we review the necessary equations and theoretical foundations to
evaluate the thermal energy storage (TES) and the temperature of the feed water, which
was calculated at the start using Equation (1):

Tw,aw =
Tw1 + Tw2

2
(1)

By linearly interpolating the literature data, the density and specific heat of the water
were calculated using Equation (2):

f (T) = f (T0) +
f (T1)− f (T0)

T1 − T0
× (Tw,aw − T0) (2)

Equation (3) was used to calculate the heat flux transferred from the water to the PCM
material throughout the storage loading process as well as the amount of heat according to
the dependency:

Q = ρw × Vw × Cw × (Tw,1 − Tw,2) (3)

The heat accumulation during the charging and discharging of the paraffin bed were
determined by Equation (4). Finally, we determined the theoretical heat using Equation (5):

η =
Q
Qt

× 100% (4)

Qt = mPCM × CPCM,S × (Tm − T1) + mPCM × L + mPCM × CPCM,L × (T2 − Tm) (5)

For more information on the abbreviations and symbols for equations, see Appendix B.

3. Results and Discussion
3.1. TES System Evaluation

Based on the obtained results, the heat transferred from the feed water to the PCM
material (i.e., PW) when the heat storage was being charged and the heat received by
the water from the phase modification material through the heat storage discharge were
calculated. Therefore, the feedwater temperature was calculated at the beginning, according
to Equation (1).

In order to conduct further analysis of the test results, the density and specific heat of
the supply water needed to be determined. However, these values change as a function of
temperature, as shown in Table 2. Since the literature data only provide the thermophysical
properties of water at selected temperatures, analysis of the obtained test results and the
density and specific heat of the water were calculated by linearly interpolating the literature
data using Equation (2).

Table 2. The density and specific heat of water as a function of temperature.

Temperature (◦C) Density (kg/m3) Specific Heat (J/kg. K)

0.01 999.90 4.212
10.00 999.70 4.191
20.00 998.20 4.183
30.00 995.70 4.174
40.00 992.20 4.174
50.00 988.10 4.174
60.00 983.20 4.179
70.00 977.80 4.187
80.00 971.80 4.195
90.00 965.30 4.208

100.00 958.40 4.220
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In Equation (2), T is the actual temperature for which the density or specific heat of
the water is determined. T0 and T1 are the closest temperatures from the literature data
below and above the actual temperature, respectively, while f (T), f (T0), and f (T1) are the
specific density or heat values for the given temperatures T, T0, and T1. The average water
temperature at the inlet and outlet from the reservoir, calculated according to Equation (1),
was used to calculate the density and specific heat of the water.

The heat flux transferred from the water to the PCM material during the storage
loading process as well as the amount of heat according to the dependency was then
calculated using Equation (3).

The heat that could theoretically be accumulated in the PCM material (i.e., PW) and
the efficiency Equation (4) of heat accumulation during charging and discharging of the
paraffin bed were determined. The thermal efficiency during the loading and unloading of
the heat storage was also determined. The theoretical heat formula (Equation (5)) consists
of three parts: sensible heat accumulated in a solid substance in the range from the initial
temperature (T1) to the material phase change temperature (Tm), which is 54 ◦C, and the
phase change heat and sensible heat accumulated in the liquid from the melting point to
the final temperature (T2) of water flowing from the exchanger.

The heat stored in the material while the paraffin bed was charging was lower than the
theoretical heat. This is because some of the PCM material in the tank may not melt, and
the properties of PCM materials change over time. PCM material partially degrades during
the following cycles, and its heat storage capacity partially decreases. The theoretical
thermal capacity of the paraffin bed, which resulted from the scope of the calculations, was
57.39 kWh according to the characteristics of the PCM material used. The heat absorbed by
the deposit in the calculations was 35.04 kWh. Thus, the ratio of the heat stored in paraffin
to the theoretical heat capacity of the bed equaled 61.07%. The results are presented in
Table 3.

Table 3. Process of heat storage loading.

Time (s) Water Temperature at the Inlet to the Tank (◦C) Water Temperature at the Outlet to the Tank (◦C) Water Flow (kg/s)

10 42.6 ± 0.4 34.6 ± 0.4 1.90
660 46.5 ± 0.4 44.8 ± 0.4 2.85
1340 53.0 ± 0.4 51.2 ± 0.4 2.86
2000 57.4 ± 0.4 55.8 ± 0.4 2.86
2660 62.7 ± 0.4 61.1 ± 0.4 2.86
3340 66.7 ± 0.4 66.0 ± 0.4 2.87
4000 67.7 ± 0.4 66.1 ± 0.4 2.87
4660 68.1 ± 0.4 66.8 ± 0.4 2.88
5340 67.2 ± 0.4 66.0 ± 0.4 2.87
6000 68.1 ± 0.4 66.3 ± 0.4 2.86
6660 67. 9 ± 0.4 66.3 ± 0.4 2.87

Total heat (kWh) 35.04
Theoretical heat (kWh) 57.39

Efficiency (%) 61.07
Average heat flux (kW/m2) 19.18

As shown in Table 3, the total heat removed from the PCM material was 39.41 kWh,
while the heat that could theoretically be removed was 57.39 kWh. Thus, the heat storage
discharging efficiency was 70.91%. The discharge efficiency of heat storage with PCM
materials ought to be in the range of 45–78%. This value is in the upper range of the
discharge efficiency for the paraffin bed, which proves the good performance of the bed.

Figure 3 shows the temperature difference between the water supply and the return
from the bed. A sudden drop and increase in the value of the water return temperature from
the ex-changer is related to the incorrect reading of the measuring system. The average
difference in temperature was 1.93 K. This is an acceptable disparity to ensure greater
test accuracy. This can be achieved, for example, by reducing the water flow through
the exchanger.
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Figure 3. Temperature difference between the supply and return from the paraffin tank.

3.2. Characterizations of Paraffin Wax Containing Multi-Walled Carbon Nanotube Composites

Carbon nanotubes are categorized into single-wall carbon nanotubes (SWCNT) and
multi-walled carbon nanotubes (MWCNT), where SWCNTs have been made of monolayer
graphene. The dangling bonds are swiftly incorporated on the boundary while winding
the graphene layer into a cylinder, resulting in the axis of CNTs becoming randomly
dispersed [5]. When the graphite surface area is lined up lengthwise across the SWCNT axis,
a two-dimensional geometry such as a graphene surface with a single layer is produced [6].
On the contrary, multi-walled carbon nanotubes have outstanding characteristics (thermal,
electrical, and mechanical), which afford a wide range usage potential opportunities [7]. It
has been determined that the thermal conductivity of single multi-walled carbon nanotubes
near 37,000 W/(m K) at a temperature of 100 K with the macroscopic thermal conductivity
are able to achieve 6000 W/(m K) [8]. The thermal conductivity of single multi-walled
carbon nanotubes at room temperature can be comparable to an isotopically pure diamond
and can even achieve a greater value [9].

3.2.1. SEM and EDX Characterizations

SEM images of carbon nanotube and carbon nanotube–paraffin nanocomposites were
used to describe their micromorphology using Scanning Electron Microscope manufactur-
ing by JEOL Ltd., model: JSM-7100F, Tokyo, Japan.

The multi-walled carbon nanotubes were made of a black powder with a laminar
architecture and loosely packed particles, as shown in Figure 4, displaying PW-based
MWCNTs nanocomposites. Figure 4 confirms that the MWCNT layers were distributed
in the PW in various paths and spots. The MWCNTs created a framework that supports
heat transfer. Moreover, the layers of the MWCNTs were totally and regularly covered
by paraffin, where the MWCNTs and PW were strongly integrated as the content of the
MWCNTs increased, without any microcracks or loose interfaces. These observations have
been confirmed by the EDX Elemental Analysis (see Figure 5), of the spatial distribution of
various emelments.
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It was anticipated that as the mass fraction of multi-walled carbon nanotubes rises,
the thermal conductivity slowly rises, while the latent heat drops, which would indicate
that the increase in the PCM’s thermal conductivity using MWCNTs complements the
decreased latent heat of the PCM composite. Consequently, further thermal measurements
are required, with a fitting mass fraction of multi-walled carbon nanotubes needing to be
measured, based on the application.

3.2.2. FTIR Analysis

The FTIR spectra of the paraffin, carbon materials, and composites are shown in
Figure 6.

24



Crystals 2021, 11, 951
Crystals 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 6. FTIR spectra of paraffin wax, CNTs, PW-1CNT (0.5% CNT), PW-2CNT (0.75% CNT), and PW-3CNT (1% CNT). 

The PW-1CNT, PW-2CNT, PW-3CNT, and PW spectra displayed four remarkable 

peaks, corresponding to the presence of PW. The bonds detected at around 2800 cm−1 are 

designated to the C-H stretching vibration of the CH3/CH2 groups. The peak near 1500 

cm−1 is assigned to the bending vibration of C-H. The 717 cm−1 absorption band is credited 

to the in-plane deformation rocking vibration of the PW molecule [19,20]. The spectra cor-

responding to the CNT showed a band of absorption around 3000 cm−1, which can be ac-

credited to the stretching of the C=C bonds. Bonds corresponding to the stretching of the 

C-C of the CNT structure were observed at around 1000 cm−1 [19,21–23]. 

The addition of CNT to the PW did not form any new peaks, and the PW-1CNT, PW-

2CNT, and PW-3CNT only displayed a combination of peaks corresponding to the PW 

and CNT. 

3.2.3. TGA Analysis 

Thermogravimetric analyses (TGAs) were performed in alumina crucibles under ni-

trogen (flow rate, 100 mL/min) using a thermobalance Discovery SDT 650 from TA Instru-

ments with a heating rate 10 °C/min. 

Thermogravimetric analysis method: Figure 7 shows the measured TGA curves. The 

clear mass loss that is observed is due to paraffin degradation. Furthermore, the nearly 

overlapping TGA curves in Figure 7 not only reveal the close paraffin impregnation 

amount but also the CNTs’ exceptionally stable thermal performance. In addition, the 

mass loss that is seen in the thermal behaviour curves and as calculated in Table 4 confirm 

that the CNT disperses well in the paraffin wax. In other words, CNT is known to be 

chemical inert and shows resistance to thermal degradation of the thermal decomposition 

of paraffin wax nanocomposites after the addition of CNT particles, as shown in Table 4 

and Figure 7. It is shown that the thermal decomposition of paraffin wax nanocomposites 

gradually moves to a slightly higher temperature with increasing amounts of MWCNT 

particles. Even though the CNT interaction with PW is weak due to the fact that CNT did 

Figure 6. FTIR spectra of paraffin wax, CNTs, PW-1CNT (0.5% CNT), PW-2CNT (0.75% CNT), and PW-3CNT (1% CNT).

The PW-1CNT, PW-2CNT, PW-3CNT, and PW spectra displayed four remarkable
peaks, corresponding to the presence of PW. The bonds detected at around 2800 cm−1

are designated to the C-H stretching vibration of the CH3/CH2 groups. The peak near
1500 cm−1 is assigned to the bending vibration of C-H. The 717 cm−1 absorption band is
credited to the in-plane deformation rocking vibration of the PW molecule [19,20]. The
spectra corresponding to the CNT showed a band of absorption around 3000 cm−1, which
can be accredited to the stretching of the C=C bonds. Bonds corresponding to the stretching
of the C-C of the CNT structure were observed at around 1000 cm−1 [19,21–23].

The addition of CNT to the PW did not form any new peaks, and the PW-1CNT,
PW-2CNT, and PW-3CNT only displayed a combination of peaks corresponding to the PW
and CNT.

3.2.3. TGA Analysis

Thermogravimetric analyses (TGAs) were performed in alumina crucibles under
nitrogen (flow rate, 100 mL/min) using a thermobalance Discovery SDT 650 from TA
Instruments with a heating rate 10 ◦C/min.

Thermogravimetric analysis method: Figure 7 shows the measured TGA curves. The
clear mass loss that is observed is due to paraffin degradation. Furthermore, the nearly
overlapping TGA curves in Figure 7 not only reveal the close paraffin impregnation amount
but also the CNTs’ exceptionally stable thermal performance. In addition, the mass loss
that is seen in the thermal behaviour curves and as calculated in Table 4 confirm that the
CNT disperses well in the paraffin wax. In other words, CNT is known to be chemical inert
and shows resistance to thermal degradation of the thermal decomposition of paraffin wax
nanocomposites after the addition of CNT particles, as shown in Table 4 and Figure 7. It is
shown that the thermal decomposition of paraffin wax nanocomposites gradually moves to
a slightly higher temperature with increasing amounts of MWCNT particles. Even though
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the CNT interaction with PW is weak due to the fact that CNT did not functionalize, the
CNT can still interact with the surrounding matrix and can improve the overall thermal
stability of the PW/CNT nanocomposite. The residual weight at 600 ◦C, after considering
the CNT weight loss and considering that the PW temperature was completely decomposed
at this point, as well as the fact that the CNT showed a little degradation, was close to the
initial loadings 0.5, 0.75 and 1 wt.% [24–26]. Also as seen in Figure 7, occurrences of rapid
degradation of all nanocomposites are shown at around 210 ◦C due to the degradation of
PW, but each single composite experienced different weight loss.
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Figure 7. TGA thermogram of the paraffin wax/MWCNT and composites (PW-1CNT, PW-2CNT,
and PW-3CNT).

Table 4. Mass loss of the PW, CNT, and composites 1, 2, and 3.

Sample Code Onset Temperature ◦C Mass Loss at 600 ◦C Mass Loss % at 700 ◦C

CNT 533.56 94.237 85.234
PW (2) 243.12 0.281 0.195

Composite 1 249.26 0.171 −0.043
Composite 2 244.56 1.603 0.639
Composite 3 239.97 1.493 0.98

Weighing Accuracy for thermobalance Discovery SDT 650 = ±0.5%; Standard uncertainty (mK) of electronic thermometer = ±1.0.

It was reported by Kuziel et al. [27] that in MWCNT (0.5 wt.%)–paraffin nanocom-
posites, the thermal conductivity is enhanced by 37%, in addition to increasing by 6.3% to
the enthalpy phase change (∆Hm), compared to the paraffin, which has brilliant cycling
stability. Individual and fibrous ultra-long MWCNTs have superior properties due to the
faster nucleation of larger crystallites by MWCNTs via short- and long-range templating as
well as the intrinsic properties of individual and fibrous ultra-long MWCNTs [28–30].
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4. Conclusions

Phase change materials (PCMs) are considered efficient for storing thermal energy
due to their high latent temperature and slight temperature variation during the phase
change process. Based on a literature review of PCM type, nanoparticle type, and fraction,
as shown in Table 5, we started studying PW (as a PCM) as a material for storing thermal
energy, as it has several advantages, including latent fusion, chemical stability, negligible
supercooling, no phase separation, and low cost. The thermal storage performance of a
TES bed system was approximately 71%, which can be considered relatively high. In order
to enhance the thermal conductivity of the PW, the dispersion of high thermal conductivity
materials such as MWCNTs was employed. The prepared composites of PW and MWCNTs
of various weights were characterized by using various techniques, namely, SEM, EDX,
FTIR, and TGA. First, the SEM and EDX results showed significant improvement in the
molecular structure of the PW/MWCNT composites. When PW and MWCNTs were
mixed, the MWCNT layers were distributed evenly and were integrated with paraffin
layers through strong interfaces without microcracks. The FTIR results showed that adding
CNT to PW did not form any new peaks, and the prepared composites only displayed a
combination of peaks corresponding to the PW and CNT, such that a physical combination
can be intuitively expected. TGA analysis elucidated that the addition of MWCNT to
paraffin enhanced its thermal properties toward better thermal conductivity. At 700 ◦C,
composites 1, 2, and 3 showed a mass loss of −0.043, 0.639, and 0.98, respectively. Moreover,
it can be deduced that the relatively coinciding mass loss profiles (PW, CNT, and PW/CNT
composites) could be due to the fact that a uniform distribution of the CNT layers within
PW was accomplished.

Table 5. Summary of the previous work on PCM type, nanoparticle type, and fraction.

Authors (Year) PCM Type of Additives Fraction of Additives Comments

Wang et al. (2009) [10] Paraffin MWCNTs 0.2, 0.5, 1 and 2

The composite containing
2.0 wt.% had a higher

thermal conductivity of
35% and 40%, respectively,
in solid and liquid states.

Wang et al. (2011) [12] Paraffin
Palmitic acid

G8-CNT
G18-CNT -

The thermal conductivity
of paraffin and palmitic
acid were improved by

adding a small amount of
G8-CNT. The results

showed that the thermal
conductivity of CNTs is
clearly affected by the

length of the grafted chain.

Teng et al. (2013) [13] Paraffin MWCNTs
Graphite 1, 2 and 3

MWCNTs were more
effective in enhancing

paraffin performance in all
experimental parameters

compared to graphite.

Ye et al. (2014) [14] Na2CO3/
MgO MWCNTs 0.1%, 0.2%, 0.3% and 0.5%

As the weight percentage
of the MWCNTs increased,
the thermal conductivity
of the composite PCMs

increased by
approximately 96% (the

highest) for 0.5% of
MWCNTs.
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Table 5. Cont.

Authors (Year) PCM Type of Additives Fraction of Additives Comments

Xu and Li (2014) [15] paraffin (R27,
Rubitherm)

MWCNTs
Diatomite materials

0.26%
-

The thermal conductivity
of PCM-DP600-CNTs was

substantially improved,
with an improvement
level of up to 42.45%.

Li et al. (2014) [16] Paraffin CNTs
CNTs-SA -

The thermal conductivity
of MicroPCMs/CNTs-SA
with 4% CNTs increased

by 79.2% when compared
to MicroPCMs.

Tang et al. (2014) [17] Paraffin (f-MWCNT) 1, 5 and 10%

With 10 wt.% of
f-MWCNTs, the thermal

conductivity and the heat
transfer of the

paraffin/f-MWCNTs
composite PCMs

increased by 86.7%.

Xiao et al. (2015) [18] Palmitic acid CNTs, oxidized CNTs and
grafted CNTs 1/100

CNTs, O-CNTs, and
G-CNTs improved the
palmitic acid thermal

conductivity, but G-CNT
composites had the
highest latent heat.

Tao et al. (2015) [3] Salt SWCNT, MWCNT, graphene
and C60 0.1%, 0.5%, 1.0%, 1.5%, 2.5%

SWCNTs and MWCNTs
exhibited significant

enhancement in the PCMs’
thermal conductivity with
mass fractions near 1.5%

by 57% and 50%,
respectively.

The main suggestions for future work drawn in the light of the obtained results are
as follows:

1. Studying the effect of PW/MWCNT composites (of various lengths and diameters)
on the thermal conductivity and diffusivity of PW nanocomposites.

2. Comparing the effect of MWCNTs on heat storage/release rates to pristine PW.
3. Investigating the durability of these composites considering the number of possi-

ble circular (heating/cooling) applications and any possible degradation of PCM
over time.

Author Contributions: Conceptualization, experimental work, and writing—original draft, N.H.A.;
experimental work and analysis, M.R.A.; design, methodology, and interpretation of results, M.A.;
editing, D.R.; editing and interpretation of results discussion, S.M.A.; conceptualization, design,
interpretation of results, writing—original draft and editing, M.M.K.; reviewing. B.M.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the King Abduaziz City for Science and Technology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included within
the article. However, the corresponding author can provide the data used in this study upon request.

Acknowledgments: The authors would like to thank the King Abdulaziz City for Science and Tech-
nology and the Saudi Electricity Company for supporting this work. The authors would also like to
thank SASO (Saudi Standards of Metrology and Quality) for providing access to their tools to conduct
the DSC measurements. The authors are also grateful to Ali A. Algarni, Mohammed S. Alotaibi,
Mohammed A. Alhajji, and Sultan A. Alburidi for the FT-IR, SEM, and TGA analysis.

28



Crystals 2021, 11, 951

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Element Analysis for PW from the TES Unit and the Pristine One from
the Techno Pharm Chem Company

PW (TES Unit Bed)

Element Conc (mg/kg)

Li 0.022 ± 0.001
B 1.83 ± 0.011

Na 545 ± 0.2
Mg 7.88 ± 0.2
Al 31 ± 0.15
Si 85 ± 0.2
Ca 191 ± 0.5
Sc 0.02 ± 0.003
Ti 1 ± 0.005
V 0.058 ± 0.001
Cr 11 ± 0.05
Mn 0.8 ± 0.04
Fe 21 ± 0.1
Co 0.065 ± 0.005
Ni 0.33 ± 0.005
Cu 0.66 ± 0.007
Zn 2 ± 0.05
Se 0.22 ± 0.005
Sr 0.3 ± 0.015

Mo 0.29 ± 0.005
Ag 0.048 ± 0.001
Sn 107 ± 0.2
Sb 0.044 ± 0.001
Ba 0.29 ± 0.005
W 0.11 ± 0.004
Pb 0.11 ± 0.003
Ge UDL
Sb UDL
Cs UDL

Appendix B. Nomenclature of Quantities Used in Equations

Tw1—water inlet temperature
Tw2—water outlet temperature
Tw,aw—average temperature of the water supply and return
Tm—phase change temperature of a phase change material
F(T)—the actual density or specific heat of the water
F(T0)—the density or specific heat of water at a stationary point
F(T1)—the density or specific heat of water at another known stationary point
ρw—average water density at constant pressure
Vw—water volume flow
Cw—specific heat at constant pressure
Q—real heat capacity
Qt—theoretical heat capacity
mPCM—mass of the phase change material
CPCM,S—the sensible heat of a phase change material (solid)
CPCM,L—the sensible heat of a phase change material (liquid)
L—the latent heat of a phase change material
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Abstract: The aroused quest to reduce the delay at the interconnect level is the main urge of this
paper, so as to come across a configuration of carbon nanotube (CNT) bundles, namely, squarely
packed bundles of mixed CNTs. The demonstrated approach in this paper makes the mixed CNT
bundle adaptable to adopt for high-speed very-large-scale integration (VLSI) interconnects with
technology shrinkage. To reduce the delay of the proposed configuration of the mixed CNT bundle,
the behavioral change of resistance (R), inductance (L), and capacitance (C) has been observed with
respect to both the width of the bundle and the diameter of the CNTs in the bundle. Consequently,
the performance of the modified bundle configuration is compared with a previously developed
configuration, namely, squarely packed bundles of dimorphic MWCNTs in terms of propagation
delay and crosstalk delay at local-, semiglobal-, and global-level interconnects. The proposed bundle
configuration is, ultimately, enacted as the better one for 32-nm and 16-nm technology nodes, and is
suitable for 7-nm nodes as well.

Keywords: mixed CNT bundle; crosstalk delay; interconnect; propagation delay; RLC model

1. Introduction

The overwhelming exploitation of interconnects to the device delay makes researchers
weigh Carbon Nanotubes (CNTs) for the possession pertinent to long mean free path [1],
electrical properties [1,2], thermal properties [2,3], electromigration, and current density [4].
Moreover, crosstalk delay is a potential stymie for CNTs due to capacitive coupling be-
tween adjacent bundles [5]. While it is brought up, in previous literature [1], that the
performance will be meliorated with further technology scaling, CNTs can render much
better performance based on the exploration of some features.

It is claimed in [5,6] that mutual inductance does not have a considerable impact
on crosstalk-induced delay and glitches; instead, coupling capacitance with electrostatic
and quantum capacitance makes the main contribution. It is also noticed in [7] that
the graphitized electron beam-induced deposition (EBID) carbon has the capability to
produce a low-resistance ohmic contact to multiple shells of MWCNT, in the context of
making high-performance electrical interconnect structures for next-generation electronic
circuits. Although the densely packed configuration of bundled CNTs is seizing attention
for improving performance, a trade-off between propagation delay and crosstalk delay is
conspicuous [8]. Having noticed, from earlier work [5], that SWCNT and DWCNT shows
poorer performance than Cu-based interconnects, owing to higher coupling capacitances,
we endeavored to avoid putting any SWCNTs and DWCNTs on the edge of the bundle in
our configuration.

To improve the crosstalk delay along with propagation delay, some works [6,9–12] are
conducted by introducing different bundle configurations and by combining both MWCNT
and SWCNT in the bundle. Rai et al. claimed that the structure with MWCNTs surrounded
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by SWCNTs yields better performance by considering the tunnelling and intershell coupling
between adjacent shells by depicting four different structures in [10]. The same group,
subsequently, showed that the structure with SWCNTs and MWCNTs possessing equal
halves vertically was the best one in terms of frequency noise amplitude by delineating
the same four structures in another work [11]. However, it is demonstrated in [6,9] that, by
varying the relative position of MWCNTs and SWCNTs in the bundle, CNTs with spatial
distribution, putting the SWCNTs entirely wrapped up by the MWCNTs in the bundle,
indulges lower crosstalk delay than those with random arrangements. A delay-efficient
configuration of a mixed bundle is proposed in [12] as well, though the crosstalk delay
performance of this configuration is not well-proved since this work opposes the fact,
mentioned in [6,9], that SWCNTs are mounted over the boundary of the bundle.

The aim of this paper is to present an innovative diameter-controlled configuration
to alleviate the propagation delay and crosstalk delay of size shrinking interconnects,
which is feasible from the fabrication aspect. This configuration is presented here with a
detailed theoretical and mathematical model analysis and comparison results to assure
better enquiries of its performance and enlighten its advantages. To analyze the delay
performance, the analytical delay model has been obtained using the parameters from
previous works [13–16].

The rest of this paper is organized in the following manner. A modified configuration
of a mixed CNT bundle is proposed and illustrated in Section 2. Section 3 is used to
develop the mathematical models for RLC elements for isolated CNTs, and eventually for
a mixed bundle based on the configuration introduced in Section 2. Section 4 is dedicated
to the interest of simulating and analyzing the performance indicators, propagation delay,
and crosstalk noise for different technology nodes, and depicting a graphical comparison
with the previously well-developed research work [17,18]. Section 5 comes up with the
conclusion by appending the future work potentialities and improvements.

2. Modified Mixed CNT Bundle Configuration

Our endeavor in this paper is to enhance the performance by altering the configuration,
shown in Figure 1a. In this newly introduced configuration, illustrated in Figure 1b, the
replacement of smaller MWCNTs takes place with a bunch of SWCNTs, which are wrapped
up by the larger MWCNTs. This modified approach is a virtue of increasing the number
of CNTs in the bundle so that we can fill up the unoccupied space with SWCNTs more
efficiently and densely. The spacing between shells of MWCNTs and adjacent CNTs,
equivalent to the van der Waals distance (δ ≈ 0.34 nm) between graphene layers in
graphite, is maintained concurrently [19,20].

Figure 1. (a,b) In both architectures, the size of the larger MWCNTs are the same. The main
modification happened in the introduced configuration by means of smaller MWCNTs replaced by a
bunch of SWCNTs with the same predefined diameter, according to the space available based on the
technology nodes.
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The proposed configuration is inspired by the geometric pattern previously proposed
in the works [17,21], to accommodate a greater number of CNTs in the bundle. In addition
to every four larger MWCNTs forming a square by taking the vertices of the square in
the center of those MWCNTs, another square forms in the center of the square. A certain
number of SWCNTs is accommodated in this newly formed square, which will follow the
hexagonally packed pattern. The number of larger MWCNTs and the number of SWCNTs
in the bundle are calculated using Equation (1).

By considering one-third of the shells of the MWCNTs as metallic [22], the average
number of conducting channels for a shell can be calculated by:

Nc(i) ≈
{

αTDi + β if Di >
DT
T ;

2
3 if Di ≤ DT

T ;
, (1)

where α = 2.04× 10−4 nm−1K−1, β = 0.425, DT = 1300 nm·K, and Di is the diameter of
the ith shell of the MWCNT.

To assure the simplicity of the calculation and to show the relation among all parame-
ters, we are going to pursue further by considering a constant ‘a’, which is the side of the
square formed by the MWCNTs in Figure 1. Thus, the diameter of the outermost shell of
the MWCNT is:

DMWmax = a− δ. (2)

The number of shells of MWCNTs can be calculated using the following Formula (3),
according to [9,12,23]:

n =

⌈
DMWmax − DMWmin

2δ

⌉
. (3)

According to the geometry of circle, we know that the diagonal of the bigger square
from Figure 1 is

√
2a. Hence, we may calculate the side (s) of the smaller square from

Figure 1 by:
s =
√

2a− (a + δ) =
(√

2− 1
)

a− δ. (4)

To calculate the plausible number of accommodated SWCNTs in the smaller square of
Figure 1:

NSW =

(
NSWH NSWV −

⌊
NSWV

2

⌋)
(5)

where

NSWH =

⌈
s− DSW

DSW + δ

⌉
; and NSWV =

⌈
2(s− DSW)√
3(DSW + δ)

⌉
.

The number of MWCNTs in Figure 1 is, thus:

NMWh =

⌊
w− DMWmax

DMWmax + δ

⌋
(6)

NMWv =

⌊
h− DMWmax

DMWmax + δ

⌋
, (7)

where bXc and dXe signifies that each element of X has been rounded to the nearest integer
less than or equal to that element, and to more than or equal to that element, respectively.

The number of smaller squares (NSq) in Figure 1 can be estimated by the following
expression:

NSq =
(

NMWh − 1
)
(NMWv − 1). (8)
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The total number of SWCNTs in the bundle is given here:

NSW∑
= NSqNSW. (9)

3. Improved Mathematical Models

After obtaining the total number of CNTs (both MWCNT and SWCNT) from Section 2,
we develop and extract the diameter-controlled RLC elements for the mixed bundle of
dimorphic CNTs at different technology nodes in this section. In Figures 2–4, the diameter
of the MWCNTs is yielded as a function of ‘a’, the diameter of SWCNTs is presumed to
be the constant value of 1 nm, and the length of the interconnect and aspect ratio are
considered as 100 µm and 2, respectively.

3.1. Resistance in Mixed CNT Bundle

The mathematical approach to determine the equivalent resistance of the mixed bundle
is the extraction of the resistance components for isolated CNTs and, eventually, the total
resistance of the bundle. To pursue the calculation, we will consider the equivalent single-
conductor (ESC) model, where the resistance of the shells of the MWCNTs are in parallel,
and adjacent CNTs are also in parallel [24]. According to [25], the quantum resistance (Rq)

of SWCNTs can be estimated using the conductance G =
(

2e2

}

)
MT, where e is the electron

charge with the value of 1.62× 10−19 C, and } = 6.6262× 10−34 Js is the Planck constant:

Rq =
}

4e2 ≈ 6.45 kΩ. (10)

On the other hand, in the case of a single-wall nanotube length (l) exceeding the mean
free path of electrons (λSWCNT), another resistance (Rs) comes up along with the former
one, owing to scattering, which can be computed from the following expression:

Rs =
}

4e2

(
1

λSWCNT

)
. (11)

Finally, the total resistance, emerging from the previous two components of the resis-
tance, for an isolated SWCNT, is denoted by (12):

RSWCNT =

{
Rc + Rq if l << λCNT;
Rc + Rq + lRs if l ≥ λCNT;

. (12)

The lump resistance (Rlump), having the quantum or intrinsic resistance from Equa-
tion (10), caused by the quantum detainment of electrons in a nano-wire and imperfect
metal–nanotube contact resistance (Rc), may vary from a few to several hundreds of
kilo-ohms, based on the fabrication process [9,12,26]. The lump resistance for different
isolated MWCNTs of the proposed bundle configuration using (13) has been acquired
from [4,9,23,24,26,27]:

Rlump =

[
n

∑
i=1

(
Rq

Nc(i)
+ Rc

)−1
]−1

. (13)

The per-unit length (p.u.l) scattering resistance (Rs) emerges for the length of the nano-
wire surpassing the effective mean free path of the electron [24]. The scattering resistance
(Rs) for different isolated MWCNTs of the proposed bundle configuration is estimated from
Equation (14), based on [4,9,26]:

Rs =
n

∑
i=1

Rq

Nc(i)λi
. (14)
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The equivalent resistance of the bundle including both MWCNTs and SWCNTs can be
reckoned by the following expression:

Rbundle =

[(
Rq

NMW
+ l

Rs

NMW

)−1
+

RSW

NSW∑

]−1

. (15)

The characteristics of resistance (R) depend on both the width of the interconnect
wire based on the technology node and the diameter of the used CNTs in the bundle. The
simultaneous impact of both factors is observed in Figure 2. It is obvious that the lower
resistance for the bundle is attainable by increasing the width of the bundle along with the
diameter of the CNTs. Since it is taken into account that all the CNTs in the bundle are in
parallel with each other, the increased number of CNTs can be obtained by increasing the
width in a given space of the bundle, and can reduce the resistance significantly. Moreover,
the increased diameter of the MWCNTs increases the number of shells, which are also in
parallel to each other.
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Figure 2. Synchronal variation of resistance of the squarely packed bundle of mixed CNTs from
altering the width of the bundle and the diameter of the CNTs.

3.2. Inductance in Mixed CNT Bundle

To determine the overall inductance for our proposed configuration of the mixed
bundle, we will first calculate the inductance for isolated SWCNT and then for the isolated
MWCNT, and finally, the equivalent inductance for the entire bundle will be demonstrated,
as given in Equation (20). The inductance of the SWCNT consists of two components,
which are denoted as kinetic inductance (Lk) and magnetic inductance (Lm). Considering
the ballistic conduction for a 1D conductor, the kinetic inductance (Lk) can be obtained by:

Lk =
}

2e2vF
, (16)

where vF is the Fermi velocity of an electron with the value of approximately 8× 105 ms−1.
Since Lk is the function of some constant values, the approximate per-unit length (p.u.l.)
value is 16 nH/µm [28]. On the other hand, the stored energy of carriers in a magnetic field
engenders magnetic inductance (Lm) in SWCNTs [28] which is approximated by:

Lm =
µ0

2π
ln
(y

d

)
, (17)
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with µ0 = 4π × 10−7 Hm−1. Now, in the case of MWCNTs, the magnetic inductance for
the ith shell can be approximated by the following expression:

LmMW(i) =
µ0

2π
cosh

(
2h

DMW(i)

)
, {i ∈ N : 1 ≤ i ≤ n}. (18)

The magnetic and kinetic inductance of the isolated MWCNT in the proposed bundle
is calculated using Equations (18) and (19), respectively:

LkMW(i) =
n

∑
i=1

Lk
2Nc(i)

. (19)

Finally, the overall equivalent inductance of the bundle is estimated in (20), which
indicates that the kinetic inductance component of SWCNT exists when the length of the
interconnect wire exceeds the electron mean free path:

Lbundle =





(
NMW

LmMW+LkMW
+

NSW∑
LmSW+LkSW

)−1
if l ≤ λCNT;

(
NMW

LmMW+LkMW
+

NSW∑
LmSW

)−1
if l > λCNT;

. (20)

The inductance of the bundle also exhibits the same phenomena as the resistance does.
The behavioral change of the inductance of the bundle, with the width and diameter of the
CNTs in the bundle, is depicted in Figure 3. Based on the attained diameter, we estimate
the delay of the bundle in Section 4.
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Figure 3. Concurrent extraction of inductance of the squarely packed bundle of mixed CNTs by
varying the width of the bundle and the diameter of the CNTs.

3.3. Capacitance in Mixed CNT Bundle

The p.u.l. quantum capacitance for a CNT is estimated in Equation (21) by taking the
analogy of the required energy to enclose an extra electron at an acquirable quantum state
level beyond the Fermi energy level and effective capacitance. This capacitance comes into
notification due to the quantum electrostatic energy stored in the nanotube while carrying
the current [28]:

Cq =
2e2

}vF
≈ 0.1 fF/µm. (21)
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It has already been mentioned that, to estimate the inductance for a isolated SWCNT,
that SWCNT must have four conducting channels, and these channels should form a
parallel combination [28]. As a result, the equivalent effective quantum capacitance of an
isolated SWCNT can be approximated here:

CSW = 4Cq ≈ 0.4 fF/µm. (22)

The electrostatic capacitance is expressed in the following expression by considering
the SWCNT as a thin wire with the diameter DSW putting, at a distance of ‘y’, away from
the ground [28]:

Ce(SWCNT) =
2πε0εr

cosh−1
(

y
DSW

) , (23)

with absolute dielectric permittivity (ε0) = 8.854× 10−12 Fm−1. Now, the capacitance for
an isolated MWCNT is calculated using the recursive model. It is recommended in [6]
that it is mandatory to determine the quantum capacitance of each shell before estimating
the effective capacitance of a single MWCNT. The quantum capacitance is basically the
estimation of the finite density of electronic states of quantum wire [24].

Cq =
4e2

}vF

n

∑
i=1

Nc(i). (24)

According to the ESC model of MWCNTs, it can be inferred from [27] that a shell-to-
shell mutual capacitance between two adjacent shells of MWCNT is:

Cs(i + 1, i) =
2πε0εr

ln
(

Di+2δ
Di

) , {i ∈ N : 1 ≤ i ≤ n}, (25)

where Di is the diameter of the ith shell of any isolated MWCNT. At first, in the case of the
outermost shell, the equivalent capacitance (CESC), expressed in Equation (26), represents
only the quantum capacitance of that shell. As much as we move toward the inner shell,
the quantum capacitance of that particular shell makes a parallel combination with the
equivalent capacitance (Cq−s), as shown in expression (28); a series combination of the
capacitance of any shell and the mutual capacitance between that shell and previous shell
obtained in (27), will continue until reaching the innermost shell.

CESC(1) = Cq(1) (26)

Cq−s(i− 1) =
(

1
CESC(i− 1)

+
1

Cs(i + 1, i)

)−1
where, {i ∈ N : 2 ≤ i ≤ n} (27)

CESC(i) =Cq(i) + Cq−s(i− 1)where, {i ∈ N : 2 ≤ i ≤ n}. (28)

The electrostatic capacitance demonstrates the potential difference between the ground
and the CNT over the ground plane [24]. The p.u.l. electrostatic capacitance can be
approximated in (29):

CE =
2πε0εr

ln
(

Di+2δ
Di

) . (29)

The conglomerate capacitance of the proposed mixed bundle is obtained in (30) by
considering the overall effect of the SWCNTs and MWCNTs in the bundle. To estimate this,
we considered the effect of electrostatic capacitance of MWCNTs over the ground plane on
the effective capacitance in series:
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Cbundle =
NMWH CE

(
NMWCESCMW + NSW∑

CSW

)

NMWCESCMW + NSW∑
CSW + NMWH CE

. (30)

Unlike the resistance and inductance, capacitance shows a descending behavior, with
a lower diameter of CNTs in the bundle. We can also notice, from Figure 4, that capacitance
decreases further in higher-technology nodes. The reason behind this phenomenon is that
the capacitance components rising from parallel CNTs magnify the equivalent capacitance
in the bundle.
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Figure 4. Contemporaneous denouement of capacitance of the squarely packed bundle of mixed
CNTs by varying the width of the bundle and the diameter of CNTs.

4. Simulation Results

This section illustrates the performance comparison of a squarely packed bundle of
dimorphic MWCNTs and that of mixed CNTs to exploit the feature of using mixed CNTs in
the interconnect bundle. To observe the performance in terms of propagation delay, we
simulate the Kahng’s model, obtained from earlier work [13], using the extracted equivalent
value of RLC and the optimized dimensions of CNTs in Section 3. Having the RLC value
of our model, we validate the extracted conductance, inductance and capacitance rising in
our configuration by comparing them with those in the previously discussed mixed CNT
model in [18]. Subsequently, we assess the performance of the proposed configuration in
terms of crosstalk delay, excerpted from [4], using the optimized size of particular CNTs
and extracted RLC in Section 3, and the number of CNTs in Section 2.

To validate the RLC value of the proposed model, the conductance and inductance of
the mixed CNT bundle is observed by varying the probability of metallic CNT (%) using
Equation (1). We observe, from Figure 5, that the conductance of our mixed CNT bundle
configuration varies proportionally with the percentage of metallic CNTs in the bundle. It
can be deduced from expression (1) that the number of channels per shell increases with
an increase in the percentage of metallic CNTs, which, in turn, reduces the resistance and
increases the conductance of the bundle. As our proposed configuration is densely packed
and geometrically organized, its capacity to hold a noticeably higher number of CNTs in
the bundle makes the conductance of our configuration, as depicted in Figure 5, much
higher than that of the mixed CNT bundle in [18]. For the same reason, our proposed
configuration comes up with a lower inductance than the previous mixed CNT models
in both Figures 5 and 6. Figure 6, meanwhile, demonstrates that the capacitance of the
proposed model increases with increasing interconnect lengths, though our configuration
still sustains better performance by generating lower capacitances. In this circumstance, we
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can infer that by increasing the percentage of metallic CNTs and delimiting the interconnect
length, we can reduce the extracted RLC parameter and, eventually, the delay.
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Figure 5. Impact of increasing metallic CNTs on the conductance and inductance and comparison of
the results of the proposed configuration and the earlier mixed CNT bundle configuration. Overall
conductance and inductance of the mixed CNT bundle is obtained, considering the interconnect
length of 40 nm.
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Figure 6. Findings of overall bundle inductance (L) and capacitance (C) for different interconnect
lengths to observe the comparative parameter illustration of the proposed configuration and the
previous model by considering that 2

3 of the CNTs are metallic in the bundle.

It is demonstrable from Figures 7–9 that our proposed configuration yields a lower
propagation delay than the preceding configuration in [17] does. It is conspicuous, from
Table 1. that we can increase the number of CNTs without distorting the overall config-
uration of the squarely packed bundle using the proposed approach. As a consequence,
the resistance and inductance decreases while the capacitance increases for any specific
technology node. Finally, the overall impact decreases the propagation delay for the
squarely packed bundle of mixed CNTs, which is represented in the Figures 7–9 for the
local, semiglobal, and global levels, respectively. However, the preceding squarely packed
bundle configuration does not seem suitable for 7-nm technology nodes, because of the
unavailability of space to accommodate CNTs of various sizes. Hence, the simulation
illustrations don not include the delay of a squarely packed bundle of dimorphic MWCNTs
for 7-nm technology. In comparison with [18], the unique contribution of our proposed
configuration is the feasibility for 32-nm, 16-nm, and 7-nm technology nodes, along with
performance enhancements.
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Table 1. Diameter and number of pertinent CNTs accommodated in the bundle during simulation to
obtain propagation delay and crosstalk delay.

Interconnect
Length (µm)

Technology
Node (nm)

Squarely Packed Dimorphic Squarely Packed Mixed

DL
MWmax

(nm)
NL

MW
Ds

MWmax

(nm)
Ns

MW
DMWmax

(nm) NMW
DSW
(nm)

NSW∑

Local
(0–100)

32 nm 10 32 4.31 21 10 21 1 96

16 nm 8.5 8 3.72 3 8.5 8 1 15

7 nm - - - - 4.5 3 1 8

Semiglobal
(101–500)

32 nm 10 32 4.31 21 10 21 1 96

16 nm 8.5 8 3.72 3 8.5 8 1 15

7 nm - - - - 4.5 3 1 8

Global
(501–2500)

32 nm 10 48 4.31 33 10 33 1 160

16 nm 8.5 14 3.72 6 8.5 12 1 25

7 nm - - - - 4.5 12 1 5
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Figure 7. Comparison of delay performance of a squarely packed bundle of mixed CNTs and that of
dimorphic MWCNTs for local-level interconnect lengths. The size and number of accommodated
CNTs for different technology nodes are mentioned in Table 1.
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Figure 8. Illustration of comparative delay performance of a squarely packed bundle of mixed CNTs
and that of dimorphic MWCNTs for semiglobal-level interconnect lengths. The size and number of
accommodated CNTs for different technology nodes are mentioned in Table 1.
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Figure 9. Demonstration of comparison between the propagation delay performance of a squarely
packed bundle of mixed CNTs and that of dimorphic MWCNTs for global-level interconnect lengths.
The size and number of accommodated CNTs for different technology nodes are mentioned in Table 1.

The crosstalk delay, basically, arises from the capacitance formed between the CNTs
from different bundles, while it is considered that all CNTs in the bundles are in parallel [4].
The inter-bundle capacitance, the function of spacing between the the centers of two
adjacent CNTs, the average diameter of the adjacent CNTs, and the relative permittivity
based on the level of interconnect length, is estimated by Equation (31), where DMWmax is
used as the diameter because we placed MWCNTs on the edge of the bundle to reduce the
overall crosstalk impact, having been motivated by previous works [6,9]:

CcmESC =
πε0εr

cosh−1
(

Sp
DMWmax

)NMWh . (31)

Eventually, the crosstalk performance of our proposed configuration is depicted in
Figures 10–12 for local-, semiglobal-, and global-level interconnects by comparing with
the preceding configuration from [17]. It is noticeable from Figure 11 that the crosstalk
performance of the proposed configuration is substantial for both the 32-nm and 16-nm
technology nodes. On the other hand, Figure 11 illustrates significant crosstalk performance
betterment in the 32-nm technology node, compared with that in the 16-nm technology
node. In the case of the global-level interconnect, the amount of crosstalk delay performance
enhancement of our proposed configuration for both 32-nm and 16-nm technology nodes
is almost the same, as is illustrated in Figure 12. It is also demonstrable that our proposed
configuration is appropriate for 7-nm technology nodes.
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Figure 10. Comparative exhibition of the crosstalk delay of the proposed and previously developed
bundle configurations for different technology nodes at local-level interconnect lengths. The dimen-
sion of the used CNTs are the same as those used in the simulation for obtaining propagation delays
at the local level.
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Figure 11. Comparative analysis of the crosstalk delay of the proposed and previously developed
bundle configurations for different technology nodes at semiglobal-level interconnect lengths. The
dimension of the used CNTs are the same as those used in the simulation for obtaining propagation
delays at the semiglobal level.
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Figure 12. Comparative illustration of the crosstalk delay of the proposed and previously developed
bundle configurations for different technology nodes at global-level interconnect lengths. The
diameter and number of the used CNTs are the same as those used in the simulation for obtaining
propagation delays at the global level.
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5. Conclusions

A modified configuration of the squarely packed bundle of mixed CNTs is presented
to assure the high speed VLSI interconnect with less area possession. By proposing this
configuration, the simultaneous applicability of both MWCNTs and SWCNTs for scaled
interconnects in future VLSI-integrated circuits is analyzed abstractly. The propagation
delay and crosstalk delay performance are extracted and analyzed using an RLC model
and a delay model. As a result, it exhibits the transcendence of squarely packed bundles of
mixed CNTs for local-, semiglobal-, and global-level interconnects at 32-nm, 16-nm, and
7-nm technology nodes. In this approach, CNTs with only two different sizes are used. In
the upcoming endeavor, our intention is to advance the work by adding the CNTs with
various sizes to make the configuration more convenient in terms of fabrication process.
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Abstract: Graphene and silica are two materials that have wide uses and applications because of their
unique properties. Graphene/silica hybrid composite, which is a combination of the two, has the
good properties of a combination of graphene and silica while reducing the detrimental properties
of both, so that it has promising future prospects in various fields. It is very important to design a
synthesis method for graphene/silica composite hybrid materials to adapt to its practical application.
In this review, the synthesis strategies of graphene, silica, and hybrid graphene/silica composites
such as hydrothermal, sol-gel, hydrolysis, and encapsulation methods along with their results are
studied. The application of this composite is also discussed, which includes applications such as
adsorbents, energy storage, biomedical fields, and catalysts. Furthermore, future research challenges
and futures need to be developed so that hybrid graphene/silica composites can be obtained with
promising new application prospects.

Keywords: graphene; silica; hybrid composites; nanocomposites; adsorbents; energy storages;
biomedical fields; catalysts

1. Introductions

In the period 1982–1983, the major concept re-direction of the sol-gel process to
create heterogeneous material was explained by Roy, Komarneni, and colleagues. During
the process, the term ‘nanocomposite’ was often used [1]. Nanocomposite, solid phase
material, has at least one dimension in the nanometre range on amorphous, semicrystalline,
or crystalline or combinations thereof. Composition of nanocomposites are design based
on multifunctional properties that refer to the inorganic or organic, or both [1,2].

To a great extent in the last two decades, the progression of many aspects built by
nanocomposite has been developed. Nanocomposite properties are influenced by the
structures. Therefore, the need for understanding and practicing material behavior across
length scales from the atomic to the macroscopic scale is important for scientists and
engineers. Commonly, their reinforced material is divided into particles, layered materials,
and fibrous materials [2].

Similarly, nanocomposites are also divided by their matrix. There are polymer matrix
nanocomposites, ceramic matrix nanocomposites, and metal matrix nanocomposites [3].
Extraordinary properties were obtained by combining various materials as previously
mentioned. such as its based composition, reinforcement, or matrix on the design material
process by the scientist and engineer. Essentially, a variety of applications of nanocompos-
ites is achieved by versatile properties that could be enhanced from their manufacturing [4].
Recently, nanocomposites have widely been applied in environmental remedies, energy,
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medicine, sunscreens, biomaterials, etc. Nanocomposites are becoming an attractive field
of materials which provide novel performance due to their remarkable properties [5].
Currently, nanocomposites are widely used in industry to replace the use of conventional
fillers because most of the nanoscale fillers are able to improve the mechanical and thermal
properties of nanocomposites [6].

Graphene, a semimetal thin material, is a single layer carbon atom with 2 dimensional
sheets in a densely packed honeycomb lattice structure [5]. Since its discovery, it has
continuously been making an impact on future material development, increasing research
into advance synthesis methods from year to year, in order to confront industrial challenges
from many angles, such as automotive, green energy, electronics, biomedical, catalyst and
others [7]. The graphene-copper (II) phthalocyanine (CuPc) hybrid material has been used
as an electrocatalyst for the electrochemical reduction of CO2 [8]. Meanwhile, reduced
Nickel/graphene oxide nanoparticles were applied as a catalyst to convert CO2 to CH4 by
showing good activity in CO2 methanation processes [9].

Starting from the academic field to isolated graphite in 2004, existing theoretical
possibility in preparing tiny sheets of graphene, within 10 years becoming a high prospect
project in growing economical and innovative research for society, aiming dynamics field
and multitude of actors on commercial [7]. Graphene discovery was a sign of the new era
for researchers and the material physics community to collect the “gold” from the “hidden
gold mine”. [10].

With numerous functions and a high chance of becoming a future material, graphene
has been supported by its great properties. It has a large surface area (2630 m2), high
electrical conductivity (106 S cm−1), high thermal conductivity (5000 W m−1 K−1), high
mechanical strength (~40 Nm−1), great optical transmittance (~97.7%), high modulus
of elasticity (1 TPa), and high electron intrinsic mobility (250000 cm2 V−1 s−1) [11–13].
Primarily, due to the potential value of graphene, analysis of this material is focused
on its properties such as electrical, physical, mechanical, and optical [12]. For example,
recognizing that properties needed for several characterization methods are likely optical
microscopy, transmission electron microscopy (TEM), atomic force microscopy (AFM),
angle-resolved photoemission spectroscopy (ARPES), Raman scattering and Rayleigh
scattering [14]. In the case of graphene attractive properties, various applications have been
listed including high-end composite materials, field effect transistors, electromechanical
systems, strain sensors, electronics, supercapacitors, hydrogen storage and solar cells [13].

Silica is an inexhaustible resource on earth [15] that can be found both from natural
resources [16] and inorganic compounds [17]. Agricultural waste such as rice husks,
rice hulls, bagasse ash, semi-burned rice straw ash [18], bentonite, quartz sand, and
diatomaceous earth [15] are the natural resources containing high silica. Meanwhile, silica
obtained from inorganic compounds, namely TEOS (Tetraethyl Orthosilicate) [18], SSS
(Sodium Silicate Solution), and TMOS (Tetramethyl Orthosilicate) can be synthesized from
silane [17]. In recent years, the synthesis of silica from natural materials has been growing
with various advantages. The natural evolution of plants over the years has been able to
develop silica layers and produce highly reactive silica by a simple process [15].

Silica has wide applications in various fields including drug delivery systems, cataly-
sis, biomedical, imaging, chromatography, sensors and as a filler composite material [18].
Porous silica ceramics as candidates for high temperature dielectrics and thermal shields
with their dielectric and thermal properties as well as low density used in aerospace and
engineering [19]. Naturally, silica has a tendency to produce the strength and hardness of
ceramic materials [15]. In addition, silica aerogel is a promising material used in composite
insulators with its porous, ultra-lightweight, and nanostructured properties. It also can
be used as a material for water resistance, UV protection, fire resistance, and has excellent
acoustic barrier properties [20]. Silica gel with a high specific surface area and a gas ad-
sorption capacity due to the presence of micro and mesopores is used as an adsorbent such
as for removal of heavy metals from wastewater and the adsorption of volatile organic
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compounds [21]. In other fields of application, silica nanoparticles are used as superhy-
drophobic materials by changing their hydrophilic properties to hydrophobic ones [22].

Based on the several advantages possessed by graphene and silica, both can be
integrated to produce better new properties. The synthesis of graphene silica hybrid
composites will produce properties that integrate the two and can avoid performance
degradation caused by agglomeration of graphene [23]. Stack agglomeration that occurs
in the graphene preparation process will greatly reduce the specific surface area, thereby
reducing the performance of graphene. The combination of graphene and silica can
effectively reduce agglomeration and produce advanced functional materials [24]. This
material has complementary advantages and considerable application prospects in many
fields. Currently, graphene and silica (G/SiO2) hybrid composites are widely applied for
electrodes, catalysts, hydrogen storage, batteries, displays, adsorbents, and sensors [23].

In this paper review, we report on the current focus on the development of graphene–
silica hybrid composites and their applications in various fields. Furthermore, various
synthesis methods for graphene, silica, and graphene–silica hybrid composites have been
summarized according to sources. The functions and applications of graphene–silica
hybrid composites in various fields are briefly discussed.

2. Synthesis Methods
2.1. Synthesis Method of Silica

Silica extraction from several sources with various methods aims to produce silica with
a high purity and a high quality. Several researchers have conducted research to synthesize
silica from its source with various methods and have focused on the environmental regula-
tion of temperature and combustion time as well as chemical treatment so as to produce
different structures and properties of silica amorphous to the crystalline phase [25].

2.1.1. Sol-Gel Method

Sol-gel is the most frequently used method in silica synthesis and is suitable for
the manufacturing industry. The reaction in this method is controlled by one of the
acidic or basic conditions. By using this method, a uniform silica particle in size, high
purity, ease of control and scalability was achieved [22]. Abbas, et al. [20] conducted
an experiment on extracting silica aerogel from rice husks using the sol-gel method for
application in environmentally friendly, lightweight, and heat-resistant cement composites.
It uses sodium hydroxide solution to form hydrogel, is immersed in ethanol to make an
alcogel and surface modification to form a hydrophobic gel, and is then dried to produce
silica aerogel. The result showed a dominant mesoporous structure and a high surface area
of 760 m2/g. The addition of silica aerogel to the cement composite can reduce the density
from 2102 kg/m3 to 1133 kg/m3 and lowers the thermal conductivity from 1.76 W/mK to
0.33 W/mK.

In the study by Ismail et al. [22], the extraction of silica nanoparticles from silica
sand using is performed mechanically by grinding and the sol-gel method is used as a
superhydrophobic material. To form a silica superhydrophobic, silica nanoparticles were
mixed with stearic acid and ethanol. It was observed that the particle size increased with the
increasing chain length of the alcohol. The particle size distribution was related to solvent
polarity, which influenced the nucleation and growth of the silica particles. Methanol is
the most polar alcohol solvent, which can increase the solubility of sodium silicate and
therefore obtained a high concentration of very small silica nuclei. The superhydrophobic
effect of silica nanoparticles can also be seen in their application, both as coatings and as
mixed materials.

The sol-gel method was also used in the research of Sdiri et al. [21] to extract silica
gel from siliceous sands. Silica sand was mixed with sodium carbonate to prepare sodium
silicate, and hydrochloric acid was then added to obtain silica gel in micro and mesoporous
pores with a high adsorption capacity. The silica content resulting from this method was
88.8–97.5%. The porosity of the silica gel reaches 57% and the specific surface area exceeds
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340 m2/G. Silica gel obtained from this method was in micro and mesoporous pores with a
high adsorption capacity, which has potential to be applied to adsorbents, such as heavy
metal removal from wastewater and the adsorption of volatile organic compounds.

2.1.2. Hydrothermal

The hydrothermal method is one of the processes used to synthesize silica with a low
cost and a simple technique in the preparation of nanomaterials [26]. The synthesis of amor-
phous silica nanowires from commercial silicate glass was carried out by Zhu Y et al. [26]
using the one-step hydrothermal method. The hydrothermal process was carried out at
a temperature of 170 ◦C. The results showed that the silica in nanoscale was achieved in
the form of an amorphous SiO2 nanowire with a diameter of 20–100 nm and a length of
several tens of micrometers.

In a study by Ortiz et al. [27], MCM-41 mesoporous silica was synthesized by a hy-
drothermal method using sodium silicate (Na2SiO3) as a source of silica, hexadecyltrimethyl-
ammonium bromide (CTAB) as a template agent, and ethyl acetate as a pH regulator. The
synthesis was carried out at 80, 90, and 100 ◦C, resulting in an increase in temperature
affecting the formation of MCM-41 silica negatively. Mesoporous silica MCM-41 is syn-
thesized from these reaction conditions depicted in a well-ordered hexagonal array with
spherical morphology and particle sizes of 200 to 500 nm. MCM-41 mesoporous silica
could have promising applications in catalysis, drug delivery systems and the adsorption
of organic molecules owing to its high specific surface area.

2.1.3. Leaching

The two main steps in extracting silica, especially from natural resources, are combus-
tion and chemical treatment. Dissolution of materials in acid can be used to remove organic
compounds in materials before combustion [28]. A method of chemical treatment with
hydrochloric acid or sulfuric acid was used to prepare ultrafine size silica, high reactivity
and high purity. The purpose of acid pretreatment is to increase purity by removing
impurities and gives the silica a high surface area during its deposition [25]. Eko, et al. [29]
applied sulfuric acid for the leaching process of low-grade silica from quartz sand. The
result depicted sulfuric acid as being very effective to remove impurities of aluminum and
iron up to 42% and 85%, respectively. The process using sulfuric acid could produce high
purity silica with 96.44% purity.

In environmentally friendly chemical extraction methods, there are acid alkaline treat-
ment and washing steps aimed at controlling the size and pores in the silica particles [25,26].
Febriana, et al. [30] has succeeded in synthesizing silica by a direct leaching method at
atmospheric pressure. Precipitated silica content of 13.6% was obtained under optimum
conditions at a temperature of 90 ◦C and a stirring speed of 800 rpm, with a sodium hydrox-
ide solution of 7.5 M, which produced amorphous precipitate silica with a purity of ±96%.
Azat, et al. [25] conducted an experiment to extract silica from rice husk. The leaching
process used a hydrochloric acid solution and was calcined at 600 ◦C. The amorphous silica
with a purity of 98.2–99.7% and a certain surface area of 120–980 m2/G was produced from
this method.

Another study by Park et al. [28] demonstrating the process of extracting silica from
rice husks uses a two-stage continuous process consisting of a friction ball attrition and
an alkaline washing method. With the use of NaOH, the silica yield becomes saturated,
starting from 0.2 M and a yield of 79%. With the use of KOH, silica yields a saturation
starting from 0.5 M with a yield of about 77%. The optimum reaction conditions were
a concentration of 0.2 M at 80 ◦C for 3 h, and a solid content of 6% (w/v). This extrac-
tion method produces amorphous silica with 98.5% purity. Synthesis of amorphous and
crystalline silica from rice husk was also carried out by Zainal et al. [15] using chemical
treatment with hydrochloric acid at a temperature of 60 ◦C. The combustion was carried
out at a temperature of 700 ◦C and 1000 ◦C for 2 h. From the experiment, it was found that
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amorphous silica is formed at 700 ◦C and crystalline silica is formed at 1000 ◦C. Chemical
treatment before combustion increased the silica content from 95.7% to 98.7%.

2.1.4. Pyrolysis

Pyrolysis is one of the methods used to synthesize silica. Catalyst-assisted pyrolysis of
polymeric precursors for nanostructures is a simple and easy controlling method. Moreover,
its products are of a high purity. It can be applied in fabricating Si-based nanostructures
by adjusting the composition of polymeric precursors, catalysts, and atmospheres [31]. In
the study of Cho et al. [32], silica particles were synthesized by the flame spray pyrolysis
(FSP) method from two precursors of tetraethylorthosilicate (TEOS) and silicate acid. When
the concentration of TEOS is increased from 0.1 to 0.5 M, the specific surface area of silica
powder is decreased from 285 to 81.4 m2/g and the average particle size is increased from
9.6 to 33.5 nm.

Research conducted by Gao, et al. [31] nano-/submicron silica spheres were suc-
cessfully synthesized by the pyrolysis method from amorphous polysilazane preceramic
powder with FeCl2 catalyst. The perhydropolysilazane precursor was solidified by heating
at 260 ◦C for 0.5 h in N2. The mixture of amorphous SiCN with FeCl2 was heated to
1250 ◦C and pyrolyzed there for 2 h. This experiment resulted in an amorphous silica with
a diameter of 600–800 nm and a smooth clean surface without any flaws.

A comparison of the result characteristic from several different synthesis methods can
be seen in Table 1.

Table 1. Comparison of the result and method of silica synthesis.

Paper Source of Silica Method Purity (%) Particle Size (nm) Product Surface Area (m2/g)

Abbas, et al.
(2019) [20] Rice husk Sol-gel - - Mesoporous 760

Ismail, et al.
(2021) [22] Silica sand Sol-gel - 170.3 ± 14.3 Nanoparticle -

Sdiri, et al.
(2014) [21] Siliceous sand Sol-gel 88.8–97.5 - Micro and

mesoporous 340

Zhu Y, et al.
(2019) [26] Silicate glass Hydrothermal - 20–100 Amorphous

nanowires -

Ortiz, et al.
(2013) [27] Sodium silicate Hydrothermal - 200–500 Mesoporous 860–1028

Azat, et al.
(2019) [25] Rice husk Leaching 98.2–99.7 - Amorphous 120–980

Park, et al.
(2021) [28] Rice husk Leaching 98,5 - Amorphous silica 1973

Zainal, et al.
(2019) [15] Rice husk Leaching 98 - Amorphous and

crystalline -

Gao, et al.
(2013) [31]

Polylazane
preceramic

powder
Pyrolysis - 600–800 Nano-/submicron

spheres -

Cho, et al.
(2009) [32]

TEOS and silicate
acid Pyrolysis - 9.6–33.5 Particle 81,4

2.2. Synthesis Method of Graphene

About two past decades, since its first mechanically exfoliation, graphene has been
widely synthesized with many various methods and materials. Graphene synthesis can
be divided into two different methods, there are: ‘Bottom-up’ and ‘Top-down’ [11,33].
The bottom-up method is by using another substrate as a field for planting the graphene
by putting the carbon precursor vapor into them, or in other words, using a different
source that contains carbon rather than graphite. Meanwhile, for top-down methods using
mechanical or chemical steps to obtain one single layer graphene from the structure of the
graphite and derivatives (graphite oxide and graphite fluoride), or crushing apart multiple
layer graphite into a single graphene sheet [11,34]. The detailed explanation of synthesis
graphene is described in the following sections.
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2.2.1. Top-Down Approaches

The Top-Down method processing raw material into final product that can be used
to widely apply in industry. Starting from its first exfoliation in 2004, a thousand trials
have been elevated to produce graphene from graphite. This method has several benefits
compared with bottom-up methods, such as its potential to scale up, optimization of cost
revenue, no need for substrate transfer, and its high productivity [35]. Therefore, the top-
down method is mainly used on large-scale implementations. Some methods are discussed
in the following segments.

Exfoliation Method

Basically, this method is the easiest and most widely used to synthesize graphite into
graphene. An exfoliation method is divided into several types: mechanical exfoliation
(scotch tape), chemical/electrochemical exfoliation, thermal exfoliation, and electrical
exfoliation [35,36]. Mechanical exfoliation, also known as scotch tape, was developed by
Geim and Novoselov in 2004 by using highly oriented pyrolytic graphite (HOPG) as a
precursor and subjected it into oxygen plasma etching. As a result, 5 µm deep mesas
existed and then it pressed into a layer of photoresist to the baking process. To peel out
flakes of graphite from the mesas, scotch tape was used. After that, the thin flakes obtained
are deposited to acetone and framed on the surface of Si/SiO2 wafer. SEM and optical
microscopy were used to analyze the few-layer graphene (FLG) formed. From this, Geim
and Novoselov gained few- and single-layer graphene flakes up to 10 µm in size [5,37].

GICs, graphite intercalation compounds, were structured by graphite with atoms or
molecules in compounds which were intercalated between the carbon layers. Mechanical
and thermal exfoliation was served by this intercalation because of its characteristics. The
increase in space between the layers weakened the interlayer interactions. The arrangement
of the layer involved stacking from first stage GICs to the higher stage to complete formed
monolayer platelets. Then, the expanded graphite (EG) could be produced from the higher
stage GIC by exfoliating in rapid heating [36]. Graphene oxide (GO) could be formed from
graphite oxide by using mechanical exfoliation (i.e., ultrasonication and stirring), since
graphite oxide has natural hydrophilic and larger space interlayers along concentration
3 mg/mL [36].

Eswaraiah et al. (2011) implemented this method using focused solar radiation [38].
From a convex lens of 90 mm diameter, solar radiation is intensified and is directed to
graphite oxide. It will increase the temperature of solar radiation by 150–200 ◦C from
ambient temperature and a change in power from 60 mW to 2 W. The color of graphite
oxide is also changed from light brown to dark black due to the high intensity of radiation.
Exfoliation happens at a low temperature (150–200 ◦C) because of the rapid heating rate
(>100 ◦C s−1), then decomposition of the functional group occurs with the evolution of
CO2. The synthesis result depicts most of the GO as being efficiently exfoliated to form
separated, ultrathin, and transparent sheets. Moreover, TEM images show the wrinkled
nature of the graphene sheets. The thickness of graphene sheets calculated by HRTEM
lattice imaging came out to be ~1 nm. The average step heights measured between the
surface of the sheets and the substrate were found to be ~0.9 to 1.4 nm, proving them to be
two atoms thick.

Chemical Reduction of Graphene Oxide/Organic Treatment

Chemical reduction triggered the exfoliated graphene oxide sheets to produce a
balanced colloidal dispersion of graphene oxide (GO) [39]. Graphite oxide has hydrophilic
characteristics in several solvents, including water, alcohol, etc. The same as graphite oxide,
graphene oxide is suspended by sonication in solvents and acts as a precursor for graphene
synthesis [37,40]. Purposing graphene formed by oxidizing graphite into graphene is one
step ahead of producing a bulk graphene process [41]. Single- or multi-layer GO is created
by the modification of Hummer’s original method, and is adjusted in a thermal or chemical
process [11,37].
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Handayani et al. used sulphuric acid, sodium nitrite, and hydrogen peroxide potas-
sium permanganate as chemical reagents in this method [42]. An exfoliation and inter-
calation process are performed by oxidizing graphite powder into graphene oxide and
reducing it into graphene in polar aprotic solvents. Brownish graphene oxide from chemi-
cal treatment is the product and then sodium borohydride is added as a reducing agent
to dispersing graphene oxide, turning the color black and homogenizing it. Abbas, et al.
synthesized graphene oxide from Spent coffee beans via modified Hummer’s method
and reduced graphene oxide to form graphene using hydrazine as a reducing agent [43].
The electrochemical performance of the rGO-based modified electrode showed that the
energy, voltage, and coulombic efficiency of the rGO-based electrode were more than 90%
with a stability of up to 65 cycles. The efficiency is comparable to that of pure graphite
electrodes used commercially. This is so that the material from biomass-derived rGO has
great potential as a substitute for commercial graphite as an electrode material for VRB
applications. He et al. in 2011 investigated the properties of graphene paper using chemical
reduction [44]. Graphene was prepared in a paper form after synthesis using exfoliation,
sonication, homogenization, and the addition of a hydrazine process. Furthermore, it
annealed at 80 ◦C in a vacuum for 24 h before being cooled to room temperature. Charac-
terization methods such as Ultraviolet-Visible Spectroscopy (UV-Vis) absorption spectra,
Fourier Transform Infrared (FT-IR) spectra, X-Ray Diffraction (XRD), Thermogravimetric
Analysis (TGA), Cyclic Voltammetry (CV) and others were implemented to analyze the
properties of chemically reduced graphene (CRG). As a result of this research there is
the fabrication of stable CRG aqueous dispersions and papers with different reduction
levels. Properties of CRG are associated with levels of chemical reduction that can be
adjusted and monitored to obtain the desired thermal stability, electrical property or tensile
strength, and advanced controlled properties. Chemical reduction of graphene oxide using
sodium acetate trihydrate presents its advantages in low-cost, use of non-toxic agent, no
hazardous waste and simple product separation processes [45]. Sodium acetate trihydrate
is an effective reducing agent in removing most of the oxygen-containing groups from GO
for restoring the conjugated electronic structure of graphene.

Electrochemical Method

Electrochemical reactions mainly consist of cathode, anode, electrolyte, and metallic
contact (standard electrochemical cell). The synthesis method of electrochemical reduction
has the purpose of returning the actual properties of pristine graphene and of utilizing
the reduced graphene (rGO) capability. This method has a resulting product, namely
electrochemically reduced graphene oxide (ErGO), which contains graphene structure and
properties that are different from pristine graphene. The reduction process is controlled
by its potential value, and group of oxygen removal in graphene oxide (GO) by working
of the electrode surface. Part of the electrochemical system affected the properties of the
ErGO [46].

The pencil core is used as an electrode, a cathode and an anode in research by
Liu et al. [47] Electrochemical exfoliation is configured in 1 M aqueous electrolytes (H2SO4
or H3PO4) and is potentially ramped for between +7 V and −7 V for 5–8 min. The result
of this study is that the exfoliated graphene oxide flakes are quite large and have great
electrocatalytic activity and toxicity tolerance for an oxygen reduction reaction in alkaline
solution. Different electrode materials were conducted by Parvez et al. in 2013 [48] using
Platinum (Pt) as a cathode and graphite as an anode. Electrochemical exfoliation is config-
ured in 0.1 M H2SO4 solutions and is potentially ramped at +10 V for 10 min. The result of
this study is that the exfoliated graphene has yielded about 60% and with multiple layers.
Moreover, the product has a large sheet size, low oxygen content, and/or high C/O ratio
as well as excellent electronic properties. Referring to the two studies above, the perfect
electrolyte for an electromechanical system is a high-grade acid such as H2SO4. Flaking
process on graphite is supported by acid electrolyte.
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Ball Milling

Recently, the current development on the graphene synthesis method has a higher
potential, which is improved from another step-like ball milling process. The product
actually has a chance to enhance and also be an efficient stage for the synthesis method.
Although this method is still being developed, high quality graphene from grinding bulk
is hopefully produced on a large scale. Graphene, a ball-milling product, is influenced
by the wet and dry conditions. Two forces play an important role in this process, such as
shear forces exfoliating large graphene sheets, while normal forces break down graphite
flakes [35].

Wu et al. show the accomplished mechanochemical reactions from the suspension
of graphite and polystyrene (PS) solution by a ball-milling process [49]. High electrical
conductive PS/graphene nanocomposites are obtained with homogenous mono- or few-
layer graphene sheets. The process is operated by dispersed graphite nanoplatelets in
N,N-Dimethylformamide (DMF) solvent to sonicate and generate it into a ball mill with
300 rpm. Mondall et al. used a modified Hummers method and a ball mill with zirconium
ball (5 mm diameter) with 800 rpm angular speed to prove the amorphisms of reduced
graphene oxides and the removal of oxygen function groups [50].

Lin et al. in 2017 found a new method on graphene synthesis, especially few-layer
graphene (FLG) using plasma-assisted ball milling (P-milling) with various media [51].
The ball-milling media used in this experiment are boron nitride (BN), tungsten carbide
(WC), zinc oxide (ZnO), iron oxide (Fe2O3), and germanium oxide (GeO2). Preparation
is done by calcining the expandable graphite at 1000 ◦C for 15 min with a heating rate at
5 ◦C/min under Ar atmosphere. Then, the sample is mixed with tungsten carbide (WC)
with a ratio of 1:4 to place it in the ball-milling process. The P-milling process is set up with
vibration on a 7 mm amplitude, 16 Hz frequency, 15 kV voltage, 1.5 A current, and 60 kHz
discharge frequency. Treatment time is configured at 2 h, 5 h, 8 h and 10 h. The result
of this process is the 6-layered FLG nanosheets with a high quality after the 8 h process
with WC medium. The layers were formed due to the influence of inductive capacity of
the ball-milling media, where it will affect the quality of FLG. The higher the inductive
capacity, the lower the layer formed, and the higher the FLG quality. However, the ideal
range for the inductive capacity is around 7–8.

2.2.2. Bottom-Up Approaches

A bottom-up graphene synthesis method that adjusts to the capability of the material
from the building part is by part of the structure. The electron character is influenced by
the configurations of atoms that are based on carbon precursors. The benefit of this method
is that the size of its setting can be adjusted, so the dimension of the product is predictable.
However, this method has several limitations compared to the top-down method, including
the low properties obtained (i.e., yield), high cost, and the difficulties in scaling up. The
following sections explain the examples of the bottom-up method [35].

Chemical Vapor Deposition (CVD)

Since 2009, the CVD method has become popular among researchers and has been
often used until now. The carrier of this system is an inert gas with a high temperature and
vacuum environment to process highly volatile carbon sources. There are many sources
of carbon, such as precursors in gases (methane, acetylene, ethylene), liquids (ethanol,
methanol), and solids (bio-carbon, polymer, waste plastic). The opportunity of this method
lies in the high electrical conductivity that can be widely applied for electronic devices [11].

Li et al. in 2012 implemented a CVD method by keeping electropolished Cu foils
under low pressure and toluene at 500–600 ◦C to grow continuous single layer graphene
films [52]. As a result, the graphene has been produced with a high sheet resistance, a good
transmittance of around 97.33% at 550 nm and a good electron mobility of 190 cm2/(V.s).
Li et al. also reported this, but from a different precursor, methane [53]. Copper foil was
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analyzed at a high temperature (1035 ◦C) under low pressure. The product obtained had a
single crystallographic orientation, with a high electron mobility of 4000 cm2/(V.s).

Principally, the precursor carbon source and the rate of growth graphene determined
the form of the graphene product. Big or small, the graphene size could be adjusted by
controlling those two factors. Moreover, the large-area, high quality graphene and the large
size of the graphene single crystals with different shapes and layers could be fabricated in
case of the managed synthesis parameter due to Liu et al. in 2017 [54].

Arc Discharge

Arc discharge is a low cost and environmentally friendly synthesized graphene
method. The obtained graphene with this method could be done under several circum-
stances, such as in a hydrogen, helium, or nitrogen state. Few-layered graphene (FLG) is
produced under a helium and carbon dioxide mixture as it was in an experiment by Wu et al.
in 2010 [55]. Synthesis method is controlled by directing current around 100–200 A, dis-
charging voltage 30 V, and setting up diameter of anode 13 mm and cathode 40 mm. The
result exhibits FLG sheets in organic solvents that can be easily dispersed and have fewer
defects than other chemical steps. The capability of the solution used is important for
fabricating electrical devices and composite materials.

In 2016, Kim et al. showed the arc discharge process to produce bi- and trilayer
graphene using water medium as the dielectric [56]. A DC power supply is used to flow
the direct current with amounts 1 A to 4 A between cathode and anode, keeping the
voltage at about 25 V to initiate the arc discharge process. To remove the residual solvent, a
drying process is needed with heating at around 85 ◦C for 2 h. The resulting product has
the probability to become a good electrode because it has a high transmittance (84.5% at
550 cm−1) and an electrical resistivity of 27.7 kΩ cm−2.

CNT Unzipping

Multiwalled carbon nanotubes were cut longitudinally by first suspending them in sul-
phuric acid and then treating them with KMnO4. This produced oxidized graphene nanorib-
bons, which were subsequently reduced chemically. The resulting graphene nanoribbons
were found to be conducting, but were electronically inferior to large-scale graphene sheets
due to the presence of oxygen defect sites [37].

Kosynkin et al. in 2009 [57] explained how to get graphene nanoribbons by unzip-
ping CNT. The product obtained was approximately near a 100% yield of the nanoribbon
structure. Mechanism opening is dependent on oxidation alkenes by permanganate acid.
Graphene structures were found subsequently in acid conditions (H2SO4) in
exfoliating nanotubes.

2.3. Synthesis Method of Silica–Graphene Hybrid Composites

A SiO2/graphene composite is a material that has a high specific surface area, good
mechanical properties, and good electrical conductivity. Appropriate fabrication methods
must be chosen to produce composites with improved physical and chemical properties in
order to obtain a high performance [24].

2.3.1. Hydrothermal

The hydrothermal method is one of the simplest methods of graphene/silica (G/SiO2)
composite synthesis [23]. Graphene/mesoporous silica composites have been successfully
synthesized by Qian et al. with one-step hydrothermal method from Tetraethyl Orthosil-
icate (TEOS) and organic solvents as a carbon source. Hexadecyltrimethylammonium
bromide (CTAB) was dissolved with urea and was then added to an organic solvent, iso-
propanol, and TEOS. It was reacted for 4 h at 180 ◦C. The formation mechanism of G/SiO2
is shown in Figure 1. The result of this experiment shows that graphene and silica layer are
simultaneously produced and the distribution of graphene is uniform in the composite.
In addition, organic solvents such as hexane, heptane, toluene, benzene, and cyclohexane
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can be used as a carbon source, therefore graphene does not need to use graphite as a
carbon source.

Figure 1. Schematic of G/SiO2 composite growth mechanism. This figure is reproduced from ref. [23]
with the required copyright permission.

TEM image of G/SiO2 composites prepared with different organic solvents as a
carbon source are shown in Figure 2. It is shown that all mesoporous spherical particles
with a radial channel structure in the diameter of 0.2–1 µm and uniform distribution of
graphene in composite were produced from this experiment. The pore size of the prepared
SiO2@G/SiO2 particles reaches 17.7 nm.

Figure 2. TEM images of G/SiO2 composites prepared with different organic solvents as carbon
sources. (A), toluene; (B), xylene; (C), mesitylene; (D), n-hexane; (E), n-heptane; (F), cyclohexane.
This figure is reproduced from ref. [23] with required copyright permission.
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The synthesis of SiO2 nanocomposite/reduced graphene oxide (RGO) has also been
successfully synthesized by Yi et al. [58] with a one-step hydrothermal method under acidic
conditions using tetraethoxysilane (TEOS) and graphene oxide (GO). Mixtures of GO and
SiO2 will undergo a hydrothermal reaction in a cylindrical stainless steel reactor at 120 ◦C
for 12 h. Along with the TEOS hydrolysis process, silica is loaded on a GO sheet surface
with covalent bonds. Experimental results show that SiO2 nanoparticles can be dispersed
uniformly on the surface of the RGO. The composite containing 75 wt.% SiO2 has a micro-
mesopore structure with a surface area of 676 m2/g. The synthesized SiO2/RGO samples
had an adsorption performance with the efficiency of Cr(VI) ion removal in wastewater
reached equilibrium in 30 min and the adsorption efficiency of Cr(VI) reached 98.8% at
pH = 2 and temperature 35 ◦C.

2.3.2. Sol-Gel

Sol-gel is one of the methods used to synthesize graphene/silica composites with the
advantage of easy control of chemical composition and the ability to form composites with
various filling materials [59]. The synthesis of silica/graphene oxide hydrogel has been
successfully carried out by Oh Byeolnim et al. using the sol-gel method based on silica
hydrogel with a combination of an acid/base catalyst system. From this experiment, it
was found that GO was dispersed and did not suffer structural damage. The higher the
GO volume, the faster the gelatinization process so as to minimize the occurrence of GO
particle agglomeration. The presence of a catalyst (NaOH) makes the composition in the
composite evenly distributed due to the acceleration of the gelatinization process. On the
other hand, the hydrogel weakens with increasing GO, but the flexibility increases. It has a
modulus of elasticity of 10 kPa–4.5 MPa, the highest compressive strength, compressive
strain, and young modulus is about 0.3 Mpa, 0.35, 4.7 Mpa.

Haeri et al. in 2017 exhibited two route sol-gel methods for synthesized silica-
functionalized graphene oxide nanosheets (GONs) [60]. The first route of the sol-gel
method is running. 5 wt.% silane mixture (TEOS-60 wt.% and APTES-40 wt.%), 80 wt.%
alcohol and 15 wt.% deionized water, then added GO nanosheets with the control pH of
4. For the second route, GO nanosheets are put into a mixture after oligomers formed
from interaction between the hydrolyzed TEOS and APTES silane precursors at specific
circumstances with pH 4 for 72 h, followed by the sonication process. The resulting surface
GONs has coarse and unequal characteristics, and also SiO2 nanoparticles appear a lot for
the second method compared with the first method. This is because in second method,
silane deposition is converted into SiO2 nanoparticles, whereas in method 1, it was grafted
in a GO sheet.

2.3.3. Hydrolysis

Wang et al. [61] have successfully synthesized silica/graphene oxide sheets for epoxy
composites using one step process with assistance of diethylenetriamine (DETA) or ammo-
nium hydroxide (NH4OH) as catalyst. GO was prepared from graphite with a modified
Hummer’s method and SiO2 was prepared from TEOS with hydrolysis and condensation.
The SiO2 could be easily formed onto the GO surface by the hydrolysis of TEOS which
improved the dispersibility of GO and enhanced interaction with epoxy matrix. It was
revealed that the GO-SiO2/epoxy composites exhibited higher tensile, flexural and impact
strength and modulus than that of GO.

Another work of Silica-Graphene Oxide Hybrid Composite Particles synthesizedwith
hydrolysis method was performed by Zhang et al. [62]. Preparation of Si-GO Hybrid
Composites were conducted by dispersion GO and TEOS in ethanol and hydrated ammonia
was added to the mixture as a catalyst. Successful decoration of silica nanoparticles on
layered GO surface by hydrolysis of TEOS in Si-GO composite were ensured by SEM
and TEM images depicted in Figure 3c,f, respectively. The results show the success of the
synthesis of silica particles on the GO surface. Si-GO hybrid composite particles showed a
better thermal stability than GO. The Si-GO hybrid composite-based ER (electrorheology)
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fluid exhibits typical ER characteristics and behaves as a Bingham fluid in the presence of
an electric field. ER fluids present a very short relaxation time in dielectric analysis.

Figure 3. (a) SEM image of pure graphite, (b) SEM image of GO, (c) SEM image of Si-GO hybrid
composite (d) TEM image of pure graphite, (e) TEM image of GO, (f) TEM image of Si-GO hybrid
composite. This figure is reproduced from ref. [62] with the required copyright permission.

2.3.4. Encapsulation

Encapsulation is one of the graphene/silica composite synthesis methods that can
produce advantages in increasing silica−epoxy interface adhesion. The GO (graphene)
encapsulation core shell hybrid made with an ultra-thin layer GO (graphene) on or-
ganic/inorganic objects can provide special properties and applications [63].

The experiment about epoxy/silica composites by introducing graphene oxide to
the interface was done by Chen et al. [63] with the core shell method. GO was prepared
from natural graphite by the Hummers method and surface modification of SiO2 with an
APS coupling agent. The SiO2−GO hybrid was fabricated by mixing the suspension of
SiO2−NH2 and the GO solution. Preparation of epoxy/SiO2−GO composites by dispersion
of SiO2−GO in tetrahydrofuran solvent. The SiO2 and SiO2−GO composite morphology
investigated by SEM and HR-TEM reveal that SiO2 particles exhibits smooth surface
(Figure 4a), whereas SiO2−GO shows that the silica surfaces are intimately covered by
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ultrathin GO with the shell thicknesses less than 3 nm as depicted in Figure 4 b-d The
presence of flexible and very thin GO sheets can be attributed to the creases and rough
texture of the composite. Mechanical properties such as Young’s modulus, tensile strength,
fracture toughness, and elongation are 1.36 GPa, 51 MPa, 1.81 MPa m1/2, and 7.36%
respectively. It also has a Tg of 181.5–209.1 ◦C. The relatively reduced Tg values are
due to the reduced network density, particle confinement of the filler−matrix interface,
and the reduction in organic network density, which dominate the relaxation behavior of
epoxy segments.

Figure 4. SEM image of (a) Raw SiO2, (b) Created SiO2-GO hybrid, TEM of (c) Core shell structured
SiO2-GO hybrid, (d) Graphene encapsulating silica sphere. This figure is reproduced from ref. [63]
with required copyright permission.

The SiO2@poly(methylmethacrylate)–reduced graphene oxide (SiO2@PMMA–rGO)
composite was successfully synthesized by Ye et al. [64] with the encapsulation method.
The synthesis was carried out by dispersion method polymerization and mixing of colloids
based on electrostatic assembly. Monodispersed SiO2 nanoparticles with an average
diameter of 300 nm were synthesized by hydrolysis and condensation of TEOS. An aqueous
graphene oxide suspension was added to a positively charged SiO2@PMMA nanoparticle
dispersion with stirring. The resulting product exhibits a high thermal stability with
a decomposition temperature increased by 80 ◦C. Besides that, it also showed strong
mechanical properties with a 108% increase in modulus up to a 125% increase in hardness.
This composite has advantages in thermal stability, a strong mechanical performance, and
an excellent conductivity. This method can efficiently avoid the agglomeration of the
fused nanofillers as well as improving the interfacial adhesion between the PMMA filler
and matrix, so that the resulting composite has a high performance. The strength and
weaknesses of several processing methods for graphene/silica composites are compared,
as seen in Table 2.
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Table 2. Several processing methods for synthesis of graphene–silica hybrid composites.

No Composites Processing Method Strength Weakness Ref.

1 Graphene/mesoporous silica
(G/SiO2) Hydrothermal

Graphene does not need to be
prepared in advance, graphene

and silica layer overlapped to form
intercalation, uniformly

distribution, organic
solvents can be used as carbon

sources, no toxic gas is generated
during the reaction. It does not

require the use of a catalyst

Graphene can only be made
by adding TEOS as a

precursor, if it is reacted in
big open

space then the rate of
chemical reactions is too slow

to produce
graphene.

[23]

2 SiO2/RGO Hydrothermal Efficient method, easy-to-synthesize
process, low cost, composites stability

Control sheet restacking and
aggregation of SiO2

nanoparticles is required
[58]

3 Silica/graphene oxide
hydrogel Sol-gel

Mechanical properties of the
composite hydrogel such as stiffness

can be adjusted by adjusting the
GO contents

Increasing the addition of GO
can weaken and decrease the

mechanical properties of
the hydrogel

[59]

4
Silica-functionalized
graphene oxide (GO)
nanosheets (GONs)

Sol-gel Using two different route methods
which produce various results - [60]

5 Silica/graphene oxide sheets
epoxy composites Hydrolysis

Catalysts (DETA and NH4OH)
improving mechanical properties of
composites by functionalization GO
and forming SiO2 from a promotion
of the hydrolysis of TEOS on the GO

surface

The mechanical properties
and distribution of the

resulting particles are highly
dependent on the use of

a catalyst

[61]

6 Silica-Graphene Oxide Hydrolysis Relatively simple, inexpensive, and
fast method - [62]

7 Epoxy/silica composites by
introducing graphene oxide Encapsulation

Interfacial structures and properties
can control by using GO as a novel

coupling agent
- [63]

8
SiO2@poly(methylmethacrylate)–

reduced graphene oxide
(SiO2@PMMA–rGO)

Encapsulation

Covalent molecular binding and
strongly electrical interaction produce

outstanding thermal stability,
hardness, and electrical conductivity

The morphology of the
composites are strongly

influenced by the
synthesis conditions

[64]

3. Applications of Silica-Graphene-Based Hybrid Composites
3.1. Adsorbent

Graphene and its derivatives have the advantage of having a high specific surface area
and degrade persistent organic matter chemicals in water, which gives it great potential as
an adsorption material for environmental pollutants. Meanwhile, SiO2 has the advantages
of being a cheap, non-toxic, and chemically stable material that can overcome the problem
of GO aggregation and can increase the specific surface area and adsorption properties.
GO has many functional groups containing oxygen, which can absorb heavy metals from
wastewater by electrostatic attraction, ion exchange, or surface complexation. Mesoporous
silica has good potential in water treatment because of its stable mesoporous structure.
Graphene/silica composites as adsorbents for water treatment have advantages over the
use of graphene and silica individually because they have a higher adsorption capacity
and stability [24].

In the research of Liu et al. [65], synthesis of graphene-silica (GS) composites by an-
chored nano-zero-valent iron (NZVI) to the surface were used to remove As(III) and As(V)
from aqueous solution that the maximum capacity reached 45.57 mg/g and 45.12 mg/g
respectively, by electrostatic attraction and complexation. Mesoporous silica ordered
graphene oxide with a two-dimensional mesoporous structure and a large surface area has
been synthesized by Wang, et al. (2015) [66] through the sol-gel method. This material is
applied as a heavy metal adsorbent in water by adsorption separation-inductively coupled
plasma mass spectrometry, that have removal efficiency, for metals As, Cd, Cr, Hg, and Pb
reaching 97.7, 96.9, 96.0, 98.5, and 78.7%, respectively.

A graphene/silica composite material can be used as an adsorbent for organic pol-
lutants due to their high specific surface area, active site, and good stability [24]. Phenyl-
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modified magnetic graphene/mesoporous silica (MG-MS-Ph) with a hierarchical pore-
bridge structure was synthesized by Wang, et al. (2016) [67], which was applied as a pesti-
cide adsorbent from wastewater. The resulted composite has a surface area of 446.5 m2/g
with very regular mesopores, a uniform pore size of 2.8 nm, a pore volume 0.32 cm3/g,
and a high saturation magnetization of 25 emu/g. The synthesis of the porous magnetic
silica-graphene oxide hybrid composite (Fe3O4@mSiO2/GO) was successfully carried out
by Liu, et al. (2014) [68] through the core-shell method to be applied as a p-nitrophenol
adsorbent from an aqueous solution. The maximum adsorption capacity produced reached
1548.78 mg/g at a solution pH of 8 and a temperature of 25 ◦C.

The adsorbent commonly used for CO2 is an activated porous solid adsorbent such as
carbon, zeolites, and metal-organic frameworks. Graphene coupled with silica also has a
good performance as a CO2 adsorbent by increasing its pores [24]. Wang, et al. (2019) [69]
used a 2D/3D structure of reduced graphene-silica oxide (G-Si) aerogel combination
using mesoporous silica SBA-15. These special 2D/3D morphological features result
in the high CO2 absorption capacity of 6.02 mmol/g as seen in Figure 5a. In addition,
equilibrium is achieved very quickly within the first 12 min for 30-50 wt% of TEPA loading
indicating that CO2 gas molecules diffused freely throughout G-Si aerogel and SBA-15 as
shown in Figure 5b. Another CO2 adsorbent that has also been successfully synthesized
is the reduced amine/graphene oxide (AMS/RGO) modified silica hybrid composite by
Vinodh, et al. with a limited growth methodology, which the RGO introduced into the
amino alkyl siloxane matrix. This composite shows a good absorption capacity (15% by
weight) and a Maximum CO2 adsorption up to 14.7%.

Figure 5. CO2 sorption kinetics of (a) 2D/3D G-Si aerogel/SBA-15 (4.7 wt.%) loaded with TEPA
80 wt.% and (b) short term isotherms by varying the TEPA loading. This figure is reproduced from
ref. [69] with the required copyright permission.

3.2. Energy Storage

Many sources have stated that graphene has high expectations on building energy
storage equipment. Great properties in the electrical field required an important role in
constructing it. A combination between graphene structures and other materials such as
silica provides the strengthened characteristics of composite [11]. Graphene can be formed
into the three-dimensional graphene aerogel type, consisting of interconnected graphene
sheets and loaded materials. Furthermore, important properties, such as mechanical and
electrical ones, are preserved approaching the structures [70].

In the last decade, power saving technology to store energy has been developed in
several ways, such as through batteries, capacitors, and others. Electrochemical capacitors
(Ecs), commonly called supercapacitors, are devices with a high power capacity and a long
cycle life (>100,000 cycles) which required minimal maintenance, and fast charging [71].
Research in this field has attractive value, due to its potential resource as an energy
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storage component. Ghosh et al. (2018) [72], by using the sol-gel method, synthesized a
layer-by-layer composite that contained reduced graphene oxide (rGO) and iron silicate
in glass. From that study it was found that the specific capacitance for the composite
is 370 F/g, ranked in high grade for supercapacitor applications. This is because of a
multilayer structure from rGO and iron silicate glass supporting the properties, such as
a large surface area, swinging bonds, high electrical conductivity, and a racking porosity.
A multilayer concept, such as an electrode capacitor, is also applied and was analyzed by
Kim et al. (2015) [73] A vacuum channel was performed to understand the electrical and
photodetection properties of the resulting product. A high responsivity for the structure of
about 1.0 A/W at 633 nm was discovered and there is the hope for a capacitance of around
10 nF/cm2 for 1 µm depletion.

In the research of Abbas, et al., reduced graphene oxide (rGO) from waste coffee
bean biomass is used as an alternative electrode material for the VRB (Vanadium redox
flow battery) system. The resulting rGO exhibited more than 90% energy, voltage and
coulombic efficiency, which was comparable to that of commercially used pure graphite
electrodes. This electrode also has a stable cyclic performance for 65 cycles due to its high
electrocatalytic activity and its enhanced charge transfer [43].

Another type of graphene form—aerogel—shapes the three-dimensional graphene
that maintains interesting properties such as a large specific area, flexibility, and conduction.
Furthermore, it could be implemented in catalysis, sensing, energy storage and others [70].
Du et al. in 2018 [74] investigated the effect of the addition of amino-functionalized silica
as a template and doping agent for N-doped graphene aerogel. The forming structure is an
N-doped rGO aerogel with a filling of SiO2-NH2 particles between the spaces and it has a
macroscope diameter of around 50 µm. The number of SiO2-NH2 particles has an opposite
value with a pore size of rGO aerogel; when it is higher the pore size it will be smaller,
but the number of pores will increase. Electrochemical properties from the structure can
be identified as the high specific capacitances of 350 F/g at the current density of 1 A/g
with a great reversibility of 88%, a cycling efficiency after 10,000 cycle, and is supported by
other properties like a specific large surface area pf 481.8 m2/g, a low series resistance and
a high nitrogen doping content of about 4.4 atom% so that the composites are reliable as
the components of a capacitor with a high oil-absorbability and recyclability.

Along with the rapid development of technology, the need for energy is also getting
higher. An energy-saving concept with promising future prospects is lithium-ion batteries.
The allocation of excellent properties other than energy storage, such as a high energy
and power density, good durability, and environmental buddies, are impressively used in
electric vehicle applications. However, this requires special attention for operating it under
the limitation of voltage and temperature [75]. Graphene and silica combined were able
to act as the electrode of lithium batteries, both anode and cathode. In 2013, Li et al. [76]
mapped out the anode from a combination of graphene oxide and SiO2 nanoparticles by
an annealing process. Three-dimensional graphene networks were formed owing to great
properties such as reversible capacity (610.9 mAh/g at 50 mA/g after 50 cycles) and superb
rate capability (291.5 mAh/g at 5000 mA/g). Considered as the electrode because of high
power density, there was a large porosity and a high electrical conductivity based on the
attribute of network structure. In addition, the anode can be designed by a self-assembly
process as done by Yin et al. (2017) [77], Wang et al. (2018) [78] and Kim et al. (2018) [79].

Self-assembly procedures to construct the anode lithium-ion battery were done by
Yin et al. [77] using ultrasonic-assisted hydrothermal and heat treatments. The unification
process considered the mass ratio of all the materials used (colloidal silica, sucrose, and
graphene oxide), playing an important role in this manner. Setting up the ratio of silica to
sucrose of 0.15 exhibited a great electrical performance, such as discharge capacity (906
mA h/g) and reversible capacity (542 mAh/g at 100 mA/g after 216 cycle). A uniformly
dispersed order of small SiO2 nanoparticles in the composites display the high properties
(good conductivity) with a simple method implied [77]. An applied convenient method by
a facile electrostatic self-assembly approach for obtaining nano-Si/reduced graphene oxide
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porous composite as anode of Li-ion battery application, Wang et al. [78] forfeiting SiO2 as
a sacrificial template. The composites consist of nano-SiO2 particles evenly spread across
rGO sheets that can intensify electronic conductivity. According to the result as depicted in
Figure 6, electrochemical performances increase with the great reversible capacity (1849
mAh/g at 0.2 A/g) along with a decent capacity retention, and a high rate capability (535
mAh/g at 2 A/g) [78]. Kim et al. [79] reported that the novel structure consists of graphene
nanocomposite with ordered mesoporous carbon-silica-titania using one-pot evaporation-
induced. Mobility of ions is supported by the regular form of mesopores, which can
assist in the transport of electrons in the graphene sheets and the penetration process in
electrolytes. Furthermore, the structure clarifies the reason why it can be appropriate for
electrodes. Within a high reversible capacity (547 mAh/g) and an efficient reversibility
(65%), there is an increasing cycle work besides the large structural area [79].

On the other hand, this was also done for cathode of lithium-sulfur batteries by Kim
et al. in 2014 [80] by using mesoporous-graphene silica that was infiltrated with sulfur on
the organic liquid (polysulfide) electrolyte, resulting in the composite structure with a good
electrochemical performance. Respectively, the electrical properties reported for cycling
stability and reversible capacity were about 500 mAh/g and 380 mAh/g after 400 cycles.
To be more convincing, further research was needed to discover the properties of this
structure [80].

For solar energy conversion, alternative power saving, the best strategy for hydrogen
production is photoelectrochemical (PEC) water splitting based on semiconductor elec-
trodes. In 2018, Zhao et al. [81] analyzed the function and synergy effect of silane molecules
and GO in WO3 nanosheets array (WO3 NS), where the WO3 NS was already grafted by
silane molecules to make an external electric field (EEF). The result product possessed
a high photocurrent of 1.25 mA/cm2 at 1.23 V vs RHE, rising 1.8 times as before. The
important role of silane for this structure was a hole-storage spot together with GO being a
hole-transfer pathway, carrier for channel, and increasing reactive site to promote water
oxidation kinetics.

3.3. Biomedical Fields

GO has good biocompatibility, low toxicity, water solubility, and easy surface modifica-
tion, which makes it attractive in the biomedical field. Meanwhile, silica nanoparticles have
excellent biocompatibility, encapsulation ability in hydrophilic and hydrophobic molecules,
high surface area, tunable morphology, and scalable synthetics availability. This makes the
combination of graphene and silica in composites have a high potential for application in
medical fields such as drug carriers, imaging, diagnosis, and therapy [24].

Research conducted by He, et al. [82] with the assembly of reduced graphene oxide
(RGO) and mesoporous silica grafted with an alkyl chain (MSN-C18) for application as a
drug carrier on exposure to near-infrared light (NIR). This material has a structure formed
by the noncovalent interaction of the RGO cap and the alkyl chain at the MSN-C18 surface.
There is an unlocking mechanism on this material that allows the loaded drug molecules
to be released by irradiating NIR light. These drug carrier agents can be a promising drug
delivery system for cancer therapy.
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Figure 6. (a) CV curves of p Si/rGO at a scanning rate of 0.1 mV s−1 in the potential range of 0.01-3.0 V (vs. Li/Li+). (b) Rate
capability of p Si/rGO and Si/rGO. Galvanostatic discharge/charge curves of (c) Si/rGO and (d) p Si/rGO; (e) Cycling
performance of p Si/rGO and Si/rGO at 0.2 A g−1; (f) Cycling performance of p Si/rGO 1.0 A g−1 in a potential range
of 0.01–1.5 V vs. Li/Li+. The loading mass of active material is 1.1 mg/cm2. This figure is reproduced from ref. [78] with
required copyright permission.

Mesoporous silica nanoparticles (MSNPs) coated in blue fluorescent N-graphene
quantum dots, loaded with DOX drug, and finally coated with hyaluronic acid (HA), was
synthesized by Gui, et al. [83] for intracellular delivery of the cancer drug doxorubicin
(DOX) to specific targeting of tumor cells. Imaging of human cervical carcinoma (HeLa)
cells may arise as a result of cellular uptake of NPs with HA-DOX-GQD@MSNPs type
architecture via fluorescence microscopy. Song, et al. [84] have designed a multifunctional
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probe incorporating active-targeted fluorescent imaging (FL)/photoacoustic imaging (PA)
and chemo-photothermal therapy for tumors. Modified graphene oxide (GO) folate (FA)
molecules were used to coat core-shell silver sulfide@mesopore silica (QD@Si) for loading
the antitumoral doxorubicin (DOX) on mesoporous channels by the presence of electrostatic
adhesion, and a delivery system (QD@Si-D/GO-FA) for active targeted dual-mode imaging
and synergistic chemo-photothermal for tumors. The obtained cell survival rate was
76.3 ± 4.6%, which indicates that the probe has good biocompatibility. Tumors can be
effectively killed at an increase in temperature to 63.5 ◦C under laser irradiation with
combination chemotherapy due to the presence of GO exfoliation from QD@Si-D/GO-FA
after irradiation.

In the study of Shao, et al. [85], mesoporous silica-coated polydopamine (MS)-fused
reduced graphene oxide (pRGO) with modified hyaluronic acid (HA) (pRGO@MS-HA) has
been used for cancer chemo-photothermal therapy as seen in Figure 7. This material is used
to enhance doxorubicin (DOX) loading, with good dispersibility, excellent photothermal
and tumor cell killing efficiency, and a specificity for targeting tumor cells, which is better
than any monotherapy.

Figure 7. In vivo anti-tumor activity of pRGO@MS(DOX)-HA nanocomposite. (A) IR thermal
images of HeLa tumor-bearing mice upon 808 nm-laser irradiation for different periods of time.
(B) Representative images of mice bearing HeLa tumors after different treatments for varied time
periods. (C) Temperature variation curves of tumor regions recorded by the IR thermal camera
during NIR laser irradiation. (D) Tumor growth curves of mice after various treatments (five mice
for each group). (E) The average body weights of mice after various treatments. (F) Representative
H&E sections of tumors after treatment with saline, DOX, pRGO@MS-HA, pRGO@MS-HA+NIR,
pRGO@MS(DOX)-HA, pRGO@MS(DOX)-HA+NIR. This figure is reproduced from ref. [85] with the
required copyright permission.
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3.4. Catalysis

By using a two-step reduction method, purposely to make sandwich nanostructure
electrocatalyst that contain silica nanosphere filled palladium encapsulated with graphene
(denoted Pd/SiO2@RGO), this study has been research by Yang et al. in 2018. [86] The
product has several advantages, mainly in methanol electrooxidation. There are SiO2
particles that help the spreading of Pd NPs and prevent the aggregation of rGO, and also
moderate the rGO strategy. Pd/SiO2@RGO shows an excellent durability because it has
the highest retained current density of 308.5 mA/mg and the lowest current decay speed
of 19.3% during 1500 s.

In 2018, Nguyen et al. [87] find out for an photocatalytic application under visible
irradiation by using convenient simple self-assembly to mixing lanthanum copper sulfur
(LaCuS2) with mesoporous silica and graphene oxide, in order to shape a new ternary
catalyst. The result has a pore size of around 5.83 nm with excellent photocatalytic char-
acteristics. Under pH 11, the rate degrades by almost 100% until pH 9, which means an
enhanced dye removal percentage. Furthermore, the optimum amount is 0.05 g for the
gallic acid photocatalytic, which refers to good photocatalytic performances [87]. On the
other hand, Oh et al. [88], uses TEOS and cetyltrimethylammonium bromide (CTAB) on
a self-assembly method to create mesoporous SiO2/CdO-graphene composites (SCdOG).
The result of the photocatalytic degradation achieves almost 100% Methylene Blue (MB)
organic dye removal after the adsorption equilibrium for 2 h, as shown in Figure 8. Fur-
thermore, the adsorption capability was the highest in the case of MB dye, compared with
the other dyes. Besides that, this work opens a way to elevate the photocatalytic activity of
gallic acid at ambient conditions without any further different oxidation processes, as well
as for developing an efficient hetero-system for hydrogen production.

The composite that contains mesoporous silica layers within an encapsulating graphene
nanosheet supported by an ultrafine metal was studied by Shang et al. in 2014 [89], and
was developed by Sarkar et al. in 2019 [90] by changing metal uses with Cu. Besides
producing the structure with the desire properties, their research is also trying to provide
a catalyst which can be useful in chemical reactions. Shang et al. found catalysts with
high activity and stability, and great recycling and reusability. Catalytic performance is
enhanced by SiO2 layers, and can be deactivated by feedstock poisoning.

Here, the applications and challenges for graphene/silica composites are compared as
seen in Table 3.

From the application of graphene-silica hybrid composite, we summarized the prop-
erties of graphene, silica and graphene/silica composites and its potential applications
which is depicted in the Table 4:
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Figure 8. (a) SCdOG nanocomposite for the different cationic dyes degradation under visible light
irradiation. (b) Adsorption capability of SCdOG nanocomposites for MB removal.The experiments
were carried out with a neutral pH. This figure is reproduced from ref. [88] with the required
copyright permission.
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Table 3. Applications of graphene-silica hybrid composites, advantages and challenges.

No
Applications of
Graphene/Silica

Composites
Method Advantages Challenge Ref.

1
Adsorbent for As(III) and

As(V) from
aqueous solution

electrostatic attraction
and complexation

Can be composited with
other materials to increase

absorption efficiency

Dependent on pH of the
solution, unable to reach

WHO drinking water
standard

[65]

2 Adsorbent for heavy metal
As, Cd, Cr, Hg, and Pb Sol-gel

Low-cost, environmental
friendly

synthesis method, highly
efficient adsorption

Complicated manufacturing
process [66]

3 Adsorbent for pesticides One-step solvothermal
and one-step method

Low cost and efficient
adsorbents

low concentrations
pesticides in complex

wastewater.
[67]

4 Adsorbent for
p-nitrophenol Grafting and core-shell

High adsorption capacity,
composites could be easily
separated from solutions

through an external
magnetic force

The introduction of SiO2
and GO will reduce the

magnetization so that an
external magnetic field

is needed,
the rate of diffusion slows

down in the first stage

[68]

5 Adsorbent for
CO2 capture Freeze-drying method

High CO2 sorption
capacity, very stable

under sorption

Morphological feature of the
2D/3D sorbent assembly is

attributed to decreasing
surface area and pore

volume, very slow
sorption kinetics

[69]

6
Energy storage: electrode

material in
supercapacitors

Sol-gel

specific capacitance of the
composite is considerably

higher than that of
graphene and has good

cyclic stability as electrode
material for

supercapacitor

The measurement of
temperature dependent

resistance for the composite
in the

temperature range from 5
K–300 K was performed
under cycle cryostat and
high vacuum condition

[72]

7 Energy storage:
supercapacitor electrode Hydrothermal method

Ultrahigh specific
surface area,

high capacitance and
long lifetime

Need high temperature
annealing process [74]

8
Energy storage: as anode

materials of lithium
lithium-ion batteries

Hydrothermal method
and heat treatments

enhance the electrical
conductivity, and improve

the electrochemical
performance.

[77]

9
Energy storage: Lithium

battery
electrode

electrostatic
self-assembly

method

Enhance the electronic
conductivity, provide

more transfer channels for
Li+, excellent

electrochemical
performance

The pH value of process
needs to be adjusted to

help electrostatic
self-assembly method

[78]

10

Biomedical field: drug
carrier for near

infraredlight-responsive
controlled drug release

Capped noncovalent
binding

Biocompatible, biofriendly,
efficient killing efficacy

towards cancer cells

NIR light is needed to
control the drug

release from
mesopores to nucleus

[82]

66



Crystals 2021, 11, 1337

Table 3. Cont.

No
Applications of
Graphene/Silica

Composites
Method Advantages Challenge Ref.

11

Biomedical field:
fluorescent imaging of

tumor cells
and drug delivery

Coating
enables simultaneous

drug release, fluorescent
monitoring

Metal ion can quench the
intensity

of the N-GQDs (N-Doped
graphene quantum dot)

[83]

12

Biomedical field: imaging
and Chemo- Photothermal

Synergistic
Therapy Against Tumor

Coating Core-Shell

Biocompatibility, provide
a basis for the early

diagnosis and treatment of
tumor

Laser radiation are needed
to produce a more effective

tumor killed
[84]

13 Biomedical field: Chemo-
Photothermal Therapy Coating

Good biocompatibility,
dispersibility, excellent
photothermalproperty,
remarkable tumor cell

killing efficiency,
specificity to target

tumor cells

Fluoroscopy results differ in
certain body parts due to

organ efficiency
[85]

14
Catalyst: electrocatalysts

for methanol
oxidation reaction

Hydrothermal method

Improve the
electrocatalytic

performance, long-time
endurance and

superior durability.

[86]

15 Catalyst: photocatalytic of
organic dyes, gallic acid Hydrothermal method

Enhanced photocatalytic
activity for

organic dyes and gallic
acid, improved the
hydrogen evolution

process

[88]

16
Catalyst: for Oxidation

and Reduction
Reactions

Deposition–
precipitation

method.

High catalytic activity
and excellent

high-temperature stability

Nanosize
catalyst can agglomerate

and sinter very easily
during high

temperature calcination

[89]

Table 4. Properties of graphene, silica and graphene/silica composites and its potential applica-ions.

No Properties of Graphene Properties of Silica Properties of
Graphene/Silica Composites Potential Applications Ref.

1

Graphene and its derivatives
exhibit high specific surface

area, however, graphene
oxide will be easily

agglomerated in the aqueous
solution and

re-stack between layers

SiO2 is a non-toxic and
chemically stable material

which not only easily
overcomes the aggregation

problem of GO but also
improves the specific surface

area and
adsorption properties

The combination of graphene
and silica nanoparticles

enhance the specific surface
area, prevent restacking of

graphene sheet and produce
an excellent

adsorption capacity

Environment and
adsorption material [65–68]

2

Graphene-based materials
have excellent

chemical and physical
stability and high electrical

conductivity, however,
graphene sheets are easy

to restack

SiO2 particles could be
inserted into the space

between graphene sheets to
produce a rigid support for
flexible graphene sheets to
prevent the π-π stacking of

graphene sheets

Ultrahigh specific surface
area, hierarchical porous

structure, high capacitance
and long lifetime

Energy storage [74,77]
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Table 4. Cont.

No Properties of Graphene Properties of Silica Properties of
Graphene/Silica Composites Potential Applications Ref.

3

Graphene, especially
graphene oxide (GO), has
good water solubility, low

toxicity, good
biocompatibility, and easy

surface modification

Silica has a high surface area,
good biocompatibility,

encapsulation capability in
hydrophilic and hydrophobic

molecules, tunable
morphology, and
scalable synthetic

availability

The combination of graphene
and silica nanoparticles

exhibit excellent synergistic
properties include high
surface area, excellent

biocompatibility, tunable
morphology and low toxicity

as biomedical
composite materials

Biomedical application
includes drug delivery

system, imaging
and therapy

[84,85]

4

Graphene shows strong
catalytic activity in
photocatalysis and

electrocatalysis, owing to its
large surface area, has
excellent conductivity

for electron
capture and transport

Silica has large surface area,
regular pore size, thermal and

chemical stability, and
variable chemical functional

groups. Silica can prevent the
agglomeration of graphene,

and enhance the
electrocatalytic performance

of graphene

The combination of graphene
and silica nanoparticles

integrates the advantages of
the two components and

shows remarkable
application prospects in

improving the
catalytic performance

Catalysis [86,88]

4. Conclusions and Future Prospects

Various advances in synthesis methods and applications related to silica, graphene,
and graphene/silica hybrid composites have been reviewed in this paper. Graphene and
silica have become interesting materials for use in various fields because of their special
properties. Graphene and its derivatives have properties such as a large surface area,
high electrical conductivity, high thermal conductivity, high mechanical strength, great
optical transmittance, high modulus of elasticity, and high electron intrinsic mobility. Silica
has a wide application based on its various properties such as low density, tendency to
produce the strength and hardness of ceramic materials, high porous, ultra-lightweight,
biocompatibility, nanostructured properties, high specific surface area, and gas adsorption
capacity due to the presence of its micro and mesopores. The several major findings for this
review are (1) the current progress of strategy for synthesis graphene/silica was described
with their advantages and potential applications; (2) The combination of graphene with
silica in graphene/silica hybrid composite can avoid performance degradation of materials
caused by agglomeration of graphene and greatly increasing specific surface area and
biocompatibility. On the other hand, graphene can provide excellent mechanical properties
and a high electrical and thermal conductivity. (3) The combination of graphene and silica
in graphene/silica hybrid composites can form a synergistic effect to produce excellent
properties. These excellent properties of graphene/silica contribute to spacious application
prospects in many fields such as energy storage, catalysts, adsorbent, and biomedicine.

One of the challenges of silica/graphene-based composites is the difficulty of maximiz-
ing electrical conductivity, thermal conductivity, and electromagnetic shielding together
because of their high surface areas and chemical stability that tend to resist losses. The
development of new fabrication methods need to be carried out by taking into account the
optimization of components and the interactions between the components graphene and
silica, as well as the structure and property relationships, in order to efficiently produce
properties suitable for the desired application. In this way, SiO2/graphene composites
can produce extraordinary properties that can open new technological opportunities in
various fields.
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Abstract: Room-temperature ball milling technique has been successfully employed to fabricate
copper-zinc graphene nanocomposite by high-energy ball milling of elemental Cu, Zn, and graphene.
Copper powder reinforced with 1-wt.% nanographene sheets were mechanically milled with 5, 10,
15, and 20 wt.% Zn powder. The ball-to-powder weight ratio was selected to be 10:1 with a 400-rpm
milling speed. Hexane and methanol were used as a process control agent (PCA) during composite
fabrication. The effect of PCA on the composite microstructure was studied. The obtained composites
were compacted by a uniaxial press under 700 MPa. The compacted samples were sintered under
a controlled atmosphere at 1023 K for 90 min. The microstructure, mechanical, and tribological
properties of the prepared Cu-Zn GrNSs nanocomposites were studied. All results indicated that
composites using hexane as PCA had a uniform microstructure with higher densities. The densities
of sintered samples were decreased gradually by increasing the Zn percent. The obtained composite
contained 10 wt.% Zn had a more homogeneous microstructure, low porosity, higher Vickers hardness,
and compression strength, while the composite contained 15 wt.% Zn recorded the lowest wear rate.
Both the electrical and thermal conductivities were decreased gradually by increasing the Zn content.

Keywords: copper-zinc alloy; graphene nanosheets; microstructure; mechanical properties; electrical
conductivity; thermal conductivity; wear rate

1. Introduction

The fabrication of Cu-matrix composite has attracted an increased interest, especially
the fabrication of Cu-Zn alloy (brass), which has been widely used as an industrial material
due to its excellent characteristics, such as: high corrosion resistance, non-magnetism,
and good plasticity [1]. Cu-Zn alloy is significantly less expensive than copper, but un-
fortunately, has low strength properties, which can negate the economic advantage of
brass [2,3]. Zinc plays a crucial role in the mechanical properties of copper-zinc alloys. For
many working conditions, the copper-zinc alloys are subjected to the static tensile load or
dynamic fatigue load. During the past decades, much of the research on the microstructure
and mechanical properties of the copper-zinc alloys has been carried out, including the
microstructure evolution and tensile plastic deformation, by using equal-channel angular
pressing process, which demonstrated the increase in both plasticity and strength of re-
fining grain of copper-zinc alloy with grain sizes less than 100 nm [4–6]. In recent years,
engineering applications of copper-zinc alloys have increased steadily due to their attrac-
tive properties, such as high specific strength and good machinability. In order to improve
the strength of Cu-Zn alloy, previous researchers have completed the addition of one or
more alloying elements, such as Sn, Mn, Ni, Al, or Co.
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An excessive effort has been made to develop a high-strength duplex brass alloy with
small amounts of a chromium (Cr) additive by powder metallurgy technique [7]. After iron,
aluminum, and copper, zinc is the fourth most widely used metal globally. In 2018, the
global zinc supply increased to 13.4 Mt, with a global demand of 13.77 Mt. [8]. Significant
amounts of zinc are recycled, and secondary zinc production is estimated to be 20–40%
of global consumption [9]. However, due to of the strict limitation on impurities in die-
casting composition standards, almost all zinc die-casting alloys are prepared from primary
zinc production. In general, about one half of the consumed zinc finds its application in
galvanizing steel, to prevent corrosion [10]. Other essential applications involve using
zinc for other coatings, or as an alloying element in brasses, bronzes, aluminum, and
magnesium alloys. Zinc is exploited as an oxide in chemical, pharmaceutical, cosmetics,
paint, rubber, and agricultural industries. Zinc-based alloys offer a series of properties
that make them particularly attractive for die-casting manufacturing and, in general, for
foundry technologies [11]. The large precipitates reduce the ductility of this alloy. On
the other hand, less than one mass% Cr addition in the brass alloy can prevent many
precipitations, which causes a remarkable decrease in ductility and machinability. It is
possible to produce a high-strength brass alloy with a supersaturated solid solution using
the rapid solidification method. Brass alloys were prepared using rapid solidification
of the ternary Cu-40 mass% Zn-0.5 mass% Cr alloy powder. The effect of solid solute
Cr behavior in the consolidated materials on microstructures and mechanical properties
was investigated [12]. Mechanical milling has received an increased interest as a simple
and environmentally friendly alternative to high temperature [13]. It is well known that
ball milling elemental powders induces a solid-state reaction through the atomic mixing
of the components, which has been used to synthesize various equilibrium and non-
equilibrium alloy powders with extremely fine microstructures. To avoid the formation of
an oxide in the preparation process, mechanochemical reactions of Cu and its oxides under
several atmospheres have been investigated separately. The advantage of this technique is
the comparison with other fabrication techniques in the ability to synthesis Cu-Zn alloy
without oxide phases, and the uniform distribution of the reinforcement particles in one-
step [14]. Cu-Zn alloy was prepared by high-energy ball milling of elemental copper
and zinc powders by the attrition mill. The different parameters, such as milling time,
ball-to-powder ratio, and milling speeds, were optimized. The results show that different
milling parameters can produce the different Cu-Zn alloy phases. It has been found that
milling time is highly significant to the refining process, and the ratios of the ball to powder
also benefit the new phases formed. Copper-based composites are widely used in various
applications, and the Cu-Zn system is rich in equilibrium and non-equilibrium phases
such as α, β, γ, η, and β′ [15]. In addition, different compositions of many copper-zinc
alloys, such as 70 Cu-30 Zn, 75 Cu-25 Zn, and 80 Cu-20Zn alloys, have already been studied
as a function of strain amplitude during the load interruptions, and the characteristic
shapes of these loops were considered to arise from zinc segregation to dislocations as a
function of cycle strain. Although the damage mechanism of copper-zinc alloys has already
been obtained by many researchers, the quantitative effects of the proportion of zinc on
the deformation behavior, plastic work consumption, and strain-life of copper-zinc alloys
during static tensile tests and dynamic fatigue tests were seldom mentioned. C11000 copper
and H63 copper-zinc alloy were adopted to investigate the quantitative effects of zinc on the
static and dynamic mechanical properties of copper-zinc alloys. The deformation behavior,
plastic work consumption, and strain-life of the C11000 copper and H63 copper-zinc
alloy during static tensile and dynamic fatigue tests were investigated. During the tensile
testing, C11000 copper shows apparent plastic deformation behavior with a tensile strength
of 270.1 MPa and elongation of 19.6%. H63 copper-zinc alloy shows the obvious brittle
deformation behavior with a tensile strength of 396.8 MPa and elongation of 3.4% [16].

The present work aims to offer simple and suitable techniques for fabrication Cu-Zn
GNSs nanocomposites by powder metallurgy techniques, including mechanical milling,
cold compaction, sintering process, and studying the effect of hybrid reinforcement of
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copper with constant percent of GNSs and a variable percentage of Zn for different
mechanical applications.

2. Experimental Work

Elemental powders of high purity (99.94%) Cu (75 µm), Zinc 99% purity (75 µm), and
1 wt.% of high purity (99.95%) Graphene nanosheets with 50 nm particle size were used
as starting reactant materials. Figure 1 showed the microstructure of the used powders,
in which graphene had a nanosheet structure (Figure 1a), while copper had a dendritic
structure (Figure 1b), and zinc had irregular spheres-like morphology (Figure 1c).

Crystals 2021, 11, x FOR PEER REVIEW 3 of 15 
 

 

The present work aims to offer simple and suitable techniques for fabrication Cu-Zn 
GNSs nanocomposites by powder metallurgy techniques, including mechanical milling, 
cold compaction, sintering process, and studying the effect of hybrid reinforcement of 
copper with constant percent of GNSs and a variable percentage of Zn for different me-
chanical applications. 

2. Experimental Work 
Elemental powders of high purity (99.94%) Cu (75 µm), Zinc 99% purity (75 µm), and 

1 wt.% of high purity (99.95%) Graphene nanosheets with 50 nm particle size were used 
as starting reactant materials. Figure 1 showed the microstructure of the used powders, in 
which graphene had a nanosheet structure (Figure 1a), while copper had a dendritic struc-
ture (Figure 1b), and zinc had irregular spheres-like morphology (Figure 1c). 

The powders were mixed to give the desired composition and then sealed in a stain-
less steel (SUS 316) vial (80 mL in volume) together with 10 stainless steel (SUS 316) balls 
(12 mm in diameter) in a glove box under an Ar gas atmosphere (O2 and H2O are less than 
10 ppm). The ball-to-powder weight ratio was selected to be 10:1. The milling procedure 
was carried out at room temperature, using a high-energy ball mill (FRITACH P6) for 12 
hr. milling time with 400-rpm milling speed. 

 
Figure 1. SEM micrographs for Graphene nanosheets (a), Copper (b), and Zinc powder (c).  

Hexane or methanol was used as a PCA (to choose the preferable one, Cu with 1wt.% 
GNSs was mixed mechanically with 10 wt.% of hexane or methanol). Copper GNSs was 
reinforced with 5, 10, 15, and 20-wt % Zinc powder (Table 1). The mixed composite pow-
ders were compacted in a uniaxial single hydraulic press using stainless steel die under 
700 MPa pressure. Next, the compacted samples were sintered in a vacuum furnace at 
1023 K for 90 min., in which there were three holding steps. During the first step (degas-
sing step), the applied heating rate was 276 K/min. and holed in 523 K. The second step 
(melting of Zn) was headed with the same heating rate and holed in 673 K. Finally, the 
third step (sintering process) was headed with a heating rate of 278 K/min. and holed in 
1023 K for the complete sintering process. 

The phase structure and composition of the sintered Cu-Zn GNSs were characterized 
by scanning electron microscope (SEM) and X-ray diffraction (XRD). For microstructure 
investigation, the samples were ground with 220, 400, 600, 800, 1000, 1200, 2000, and 3000 
grit SiC paper and polished with 6-micron alumina paste. The microstructure was studied 
using an Optical microscope (model Leco LX 31, camera PAX-Cam). Additionally, a field 
emission scanning electron microscope (models FEI Inspect S 50) was used. The densities 
of the sintered samples were estimated according to Archimedes’ principle, using water 
as a floating liquid. The sintered samples were weighed in air and in distilled water, and 
the actual density (ρୟୡ୲.) was calculated according to the Equation (1):  

Figure 1. SEM micrographs for Graphene nanosheets (a), Copper (b), and Zinc powder (c).

The powders were mixed to give the desired composition and then sealed in a stainless
steel (SUS 316) vial (80 mL in volume) together with 10 stainless steel (SUS 316) balls (12 mm
in diameter) in a glove box under an Ar gas atmosphere (O2 and H2O are less than 10 ppm).
The ball-to-powder weight ratio was selected to be 10:1. The milling procedure was carried
out at room temperature, using a high-energy ball mill (FRITACH P6) for 12 hr. milling
time with 400-rpm milling speed.

Hexane or methanol was used as a PCA (to choose the preferable one, Cu with 1wt.%
GNSs was mixed mechanically with 10 wt.% of hexane or methanol). Copper GNSs was
reinforced with 5, 10, 15, and 20-wt % Zinc powder (Table 1). The mixed composite powders
were compacted in a uniaxial single hydraulic press using stainless steel die under 700 MPa
pressure. Next, the compacted samples were sintered in a vacuum furnace at 1023 K for
90 min., in which there were three holding steps. During the first step (degassing step),
the applied heating rate was 276 K/min. and holed in 523 K. The second step (melting
of Zn) was headed with the same heating rate and holed in 673 K. Finally, the third step
(sintering process) was headed with a heating rate of 278 K/min. and holed in 1023 K for
the complete sintering process.

Table 1. The composition of fabricated composites.

Alloys Cu wt.% Zn wt.% GNSs wt.%

Cu94Zn5GNSs1 94 5 1

Cu89Zn10GNSs1 89 10 1

Cu84Zn15GNSs1 84 15 1

Cu79Zn20GNSs1 79 20 1

The phase structure and composition of the sintered Cu-Zn GNSs were characterized
by scanning electron microscope (SEM) and X-ray diffraction (XRD). For microstructure
investigation, the samples were ground with 220, 400, 600, 800, 1000, 1200, 2000, and
3000 grit SiC paper and polished with 6-micron alumina paste. The microstructure was
studied using an Optical microscope (model Leco LX 31, camera PAX-Cam). Additionally,
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a field emission scanning electron microscope (models FEI Inspect S 50) was used. The
densities of the sintered samples were estimated according to Archimedes’ principle, using
water as a floating liquid. The sintered samples were weighed in air and in distilled water,
and the actual density (ρact.) was calculated according to the Equation (1):

ρact. =
Wa

Wa −Ww
(1)

where Wa and Ww were the weight of the sample in air and water, respectively. The
theoretical density (ρth.) for the investigated composite was determined according to the
following Equation (2):

ρth. = (VM∗ρM) + (VR∗ρR) (2)

where VM and RM were the volume fraction and density of the matrix, respectively, while
VR and ρR were those for the reinforcement sample, respectively [17].

Relative Density = ρact./ρth. (3)

XRD device of the (model D8 XPORT) was used to emphasize the chemical composi-
tion and any new chemical compound or intermetallic formed between the constituent of
the composition, and to study the crystal structure of the sintered composition. Vickers
hardness was measured using Vickers microhardness tester (D-6700 Wolpert, Meisenweg,
Germany) at a load of 10 kg/f, and an indentation time of 10 s for all specimens. The
reported Vickers hardness values of the specimens were represented by the average of five
readings of each sample. Compression strength test of the investigated samples was per-
formed using a micro-computer controlled uniaxial universal testing machine (WDW300).
The samples used for compression tests had a 10 mm cross-section and a height of 15 mm.
The applied crosshead speed of the universal test machine used was 2 mm/min, and the
tests were conducted at room temperature.

The electrical conductivity, resistivity, and (International Annealed Copper Standard)
IACS% were estimated for the sintered sample. The test was established using Material
Tester for Metal, PCE-COM20. Next, the thermal conductivity was calculated using the
Wiedemann and Franz equation, which is a relationship between electrical and thermal
conductivity [14]. The Wiedmann-Franz relation is shown in the following equation:

K/σ = LT

where K is the thermal conductivity in w/m·k, σ is the electrical conductivity s/m, L is
Lorenz constant which equals 2.44× 10−8 wxΩk−2 value, and T is the absolute temperature
in Kelvin.

The adhesive wear was carried out using the Tribometer pin on a ring testing machine
under normal loads of 10, 20, and 30 N, at 150, 300, and 450 rpm, respectively, during the
sliding process. The adhesive wear of the pin was determined as the weight loss divided
the time to determination wear rate per unit second. A sensitive electronic balance was
used to measure weight loss.

3. Results and Discussions

The density results of Cu-1% GNSs with hexane and methanol indicated that the
hexane sample had a higher density than the methanol sample, as shown in Table 2.

Table 2. Relative densities and process control agent (PCA) used.

Sample Process Control Agent (PCA) Relative Density

Cu-1 wt.% GNSs Hexane 86.35

Cu-1 wt.% GNSs Methanol 76.32
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Furthermore, microstructure indicated the good homogeneity of the hexane sample
rather than the methanol sample, as shown in Figure 2.
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From the above results (Table 2), we found the use of hexane was better than using
methanol as a PCA. In the present study, all CU-Zn GNSs composites were manufactured
using hexane as a PCA. This result was mentioned previous in prior work [18].

3.1. Optical Micrographs

Figure 3 shows the microstructure of Cu-Zn GNSs composites estimated by optical
microscope, in which a, b, c, and d represented Cu-Zn-1% GNSs with 5, 10, 15, and 20 wt.%
Zn percentage, respectively. GNSs were well distributed throughout the copper matrix.
Samples containing 10 wt.% Zn had the most homogenous and uniform microstructure,
which was confirmed by the SEM images and the density values.
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Figure 3. Optical micrographs of sintered Cu-Zn GNSs nanocomposites: (a) Cu-Zn 5 wt.% + Graphene 1 wt.%; (b) Cu-Zn
10 wt.% + Graphene 1 wt.%; (c) Cu-Zn 15 wt.% + Graphene 1 wt.%; and (d) Cu-Zn 20 wt.% + Graphene 1 wt.%.

3.2. Microstructure Examination

Figure 4 showed the microstructure of Cu-Zn (5, 10, 15, and 20 wt.% zinc)/1 wt.%
GNSs nanocomposites (a, b, c, and d), respectively. For all samples there were three
areas: white, gray, and black. The white area represented the Zn metal; the gray area
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represented the Cu matrix; and the black area represented the GNSs and the pores. It
could be noted that, samples containing 10 wt.% Zn had a good microstructure, good
homogeneity between GNSs, and a Cu-Zn matrix with the lowest porosity. By increasing
the Zn contents, some aggregations transpired that causes the formation of pores, as
recorded in the density results.
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3.3. EDX Analysis

Figure 5a–d showed the EDX analysis of Cu-Zn (5, 10, 15, and 20)/1 wt.% GNSs
samples, respectively. It was clear that the specimens had perfect homogenous dispersion
with a smaller number of GNSs agglomerations, due to the good mixing process between
Cu-Zn and GNSs. Furthermore, the EDX patterns of all samples referred to the presence of
Cu, Zn and C (that belong to GNSs) in a good homogeneity (Figure 5). The percent of each
constitute were near to the added ones, which indicated the good processing parameters.
This could be due to the suitable PCA in the mechanical milling process with good sintering
conditions suitable for Cu-Zn solid solution formation.

3.4. Relative Density

Table 3 Showed the effect of Zn metal additions on the relative density of Cu matrix
reinforced with 1 wt.% GNSs. The density increased by increasing Zn value from 5 up to
10 wt.%, then decreased gradually by increasing Zn up to 20 wt.%. Generally, decreasing
the density could be attributed to the lower density values of Zn (7.14 g/cc) and GNSs
(2.2 g/cc) than that of Cu (8.96 g/cc). As such, the addition of light material to a heavier
one decreased the overall density [19]. Furthermore, the mismatch between GNSs and the
Cu-Zn brass alloy was due to the high surface energy and the non-wettability problem
between GNSs and its ceramic nature with the metallic brass Cu-Zn alloy [20]. This
was causing a gap between the internal particles, which formed voids that decreased the
density. However, the 10 wt.% Zn sample had the highest density value, as it had the best
homogenous microstructure; both Zn and GNSs were well distributed on the Cu matrix,
and 10 wt.% Zn percentage was the most suitable for Cu-Zn alloy formation.
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Table 3. Relative density measured value for obtained composites.

Alloys Relative Density %

Cu94Zn5GNSs1 89.90

Cu89Zn10GNSs1 90.64

Cu84Zn15GNSs1 87.41

Cu79Zn20GNSs1 85.82

3.5. XRD Analysis

XRD pattern for obtained nanocomposites (Figure 6) showed the phase composition
and structure of the manufactured Cu-Zn GNSs. For 5 and 10 wt.% Zn samples, only the
phases corresponding to Cu and Zn were observed, while for the higher percentages of Zn
(15 and 20 wt.%), new peaks were recorded corresponding to the β (Cu-Zn) solid solution.
This could be explained according to the phase rule and phase diagram between Cu and
Zn. Cu-Zn was an important binary alloy system. In the interested temperature ranges
from 300 to 1500 K, there were eight phases: liquid, Cu, β, β′, γ, δ, ε, and Zn phases, as
shown in Figure 7. A new description of the liquid phase and a simplified description of
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the body-centered cubic (bcc) phase was proposed, in which a solution of a solid in a solid
occurred for a certain concentration of both alloys at a certain temperature. Two metals
were combined in a solid solution, such as zinc in copper, where the Zn atoms replaced the
Cu atoms in the unit cell, leading to the formation of Cu-Zn solid solution. For the small
Zn percent, the Cu-Zn beta phase was formed, but its percent was lower than the XRD
device limits.
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3.6. Vickers Hardness

Figure 8 presented the effect of Zn additions on Vickers hardness values of Cu matrix
reinforced with 1 wt.% GNSs. The Figure demonstrated that the hardness of all prepared
samples was higher than that of pure annealed Cu (40 Hv). As such, reinforcing Cu with
1 wt.% GNSs and Zn metal improved the hardness of Cu up to 78.1 Hv for 10 wt.% Zn sam-
ple. This may be attributed to the high strength of GNSs, which dispersed homogeneously
on the Cu matrix. GNSs had superior properties, such as being super-flexible, super-strong,
super-light, and super-thin. Owing to all these extraordinary properties, reinforcing any
ductile metal with GNSs improved its mechanical properties, especially hardness. GNSs
were the hardest material known, until now. It had a tensile strength of 130 GPa, and as
such, the addition of GNSs to Cu-Zn alloy enhanced the microhardness. A Zn sample has
the highest hardness with a 10 wt.%, possibly attributed to its highest density and more
uniform microstructure. Although the hardness of 15 and 20 wt.% Zn was decreased, it
was still higher than that of pure Cu. This could be attributed to reinforcing Cu with a
hard ceramic GNSs and Zn metal that formed a solid solution that gave strength to the
samples [21].

Crystals 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 8. Dependence of the Vickers hardness of bulk composite samples. 

3.7. Compression Strengths Estimation 
Figure 9 showed the effect of 1 wt.% GNSs and Zn additions on the compression 

strength of Cu-Zn -GNSs nanocomposites. The Figure showed that compression strength 
increased by Zn addition up to 10 wt.% sample, which subsequently decreased by increas-
ing the Zn percentage up to 20 wt.% Zn. This may be explained according to the higher 
density and hardness of the 10 wt.% Zn sample. Furthermore, the good homogeneous 
structure of GNSs and Zn was throughout the Cu matrix. Meanwhile, by increasing the 
Zn percentage, the density decreased, and consequently, porosity increased. As such, the 
availability of material cracking was increased as the internal pores were considered as a 
center for crack initiation and spreading [22]. It must be mentioned that dispersing GNSs 
in the Cu-Zn alloy improved the overall strength of the manufactured samples due to the 
good mechanical milling parameters that helped in its dispersing and distribution in the 
Cu matrix. The strength of the Cu-Zn alloy matrix was improved, which made the sample 
able to withstand the high mechanical loads. 

 
Figure 9. Effect of compositions on compressive strengths of obtained composite samples. 

Figure 8. Dependence of the Vickers hardness of bulk composite samples.

3.7. Compression Strengths Estimation

Figure 9 showed the effect of 1 wt.% GNSs and Zn additions on the compression
strength of Cu-Zn-GNSs nanocomposites. The Figure showed that compression strength
increased by Zn addition up to 10 wt.% sample, which subsequently decreased by increas-
ing the Zn percentage up to 20 wt.% Zn. This may be explained according to the higher
density and hardness of the 10 wt.% Zn sample. Furthermore, the good homogeneous
structure of GNSs and Zn was throughout the Cu matrix. Meanwhile, by increasing the
Zn percentage, the density decreased, and consequently, porosity increased. As such, the
availability of material cracking was increased as the internal pores were considered as a
center for crack initiation and spreading [22]. It must be mentioned that dispersing GNSs
in the Cu-Zn alloy improved the overall strength of the manufactured samples due to the
good mechanical milling parameters that helped in its dispersing and distribution in the
Cu matrix. The strength of the Cu-Zn alloy matrix was improved, which made the sample
able to withstand the high mechanical loads.
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3.8. Electrical Conductivity Measurements

Figure 10 showed the effect of Zn additions and graphene nanosheets on the electrical
conductivity of Cu-Zn-GNSs composites. A gradual decrease in the electrical conductivity
occurred by increasing Zn percentages. This could be attributed to the lower electrical
conductivity value of Zn than that of Cu (1.63 × 107 and 5.96 × 107 s/m for Zn and Cu,
respectively). The incorporation of low conductive particles with low free electrons to a
conductive matrix restricted the electron motion and decreased the conductivity value.
However, although the conductivity of Cu-Zn GNSs composites decreased, the 5 and
10 wt.% Zn samples had a high conductivity value, which was already in the application
ranges of Cu. Furthermore, the presence of GNSs helped in enhancing the electrical
conductivity of the prepared samples.
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3.9. Thermal Conductivity Estimation

Figure 11 showed the effect of Zn additions on the thermal conductivity of Cu-Zn
GNSs composites. The Figure showed gradual decreases in the thermal conductivity by Zn
increment. This could be attributed to more than one reason; the first is a decreased thermal
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conductivity value of Zn than that of Cu, which was 401 (w/m·k) for Cu and 116 (w/m·k)
for Zn. As such, the presence of Zn particles with low thermal conductivity decreased the
conductivity of the prepared samples [23]. The second reason was the formation of pores by
the addition of Zn and GNSs, which also had a negative effect on the thermal conductivity
as the conductivity of any pore is zero, which restricted the heat carrier mobility.
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3.10. Wear Behavior

Figures 12–14 showed the effects of Zn additions, applied load, and milling speed
on the wear rate of the manufactured Cu-Zn GNSs composites. From Figures 12–14, it
was clear that as the applied load increased, the wear rate increased, and by increasing
the milling speed (rpm), the wear rate also increased. This could be explained by the fact
that the contact area between the pin and the sample’s surface increased, giving the pin
more chance to wear more area from the contact surface, and consequently, the wear rate
increased [24]. By increasing the rpm, the increased wear rate could be explained by the
fact which stated that increasing (rpm) led to an increase in the frictional track on the
sample’s surface that increases the grooves and wear rate [25]. Another phenomenon from
the wear rate figures could be observed: the decreased wear rate from increasing the zinc
ratio up to the 15 wt.% that recorded the lowest wear rate value, then increased for the
20 wt.% sample. This was for both the 150 and the 450 rpm groups for the three applied
loads (10, 20, and 30 N). This could be explained by the addition of a ceramic or lubricant
material, such as the kind GNSs gives to increase strength to the ductile Cu with its good
distribution [19,26]. Furthermore, low density (2.2 g/cc) caused the collection of it on the
sample’s surface, increasing the sliding of the pin on the surface, consequently decreasing
the wear rate. The presence of GNSs caused the formation of tribo-layer on the sample’s
surface that decreased the wear rate. For the 20 wt.% Zn sample, some agglomerations of
GNSs occurred that increased the porosity, which consequently caused the wear rate to
increase. Zinc formed a solid solution with Cu and provided more strength by forming an
alloy that resisted wear and corrosion. However, for 300 rpm, the wear rate decreased by
increasing the Zn percentage gradually to 20 wt.% Zn sample, which recorded the lowest
wear rate [27].
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4. Conclusions

In this research, Cu-Zn GNSs nanocomposites were successfully produced by powder
metallurgy methods, including ball milling technique, followed by compacting steps using
uniaxial press. The results showed that bulk nanocomposites prepared using hexane as
PCA had a uniform microstructure with no evidence for the presence of voids. Furthermore,
the addition of 10 wt.% zinc increased the densities of obtained nanocomposite materials,
which ultimately decreased with further additions of zinc.

XRD revealed the formation of beta phase Cu-Zn solid solution for higher percentages
of Zn (15 and 20 wt.%). Obtained nanocomposites containing 10 wt.% zinc recorded
a higher value of Vickers hardness (78.1 Hv), while those with 20 wt.% zinc recorded
(49.6 Hv).

Good dispersing GNSs in the Cu-Zn alloy improved the overall strength of the man-
ufactured nanocomposites, with higher values of compressive strength for composite
containing 10% zinc.

Both the electrical and thermal conductivities for obtained nanocomposites decreased
gradually by increasing zinc content. In addition, the nanocomposite having 15 wt.% zinc
recorded the lowest wear rate.

Cu-Zn GNSs-CNTs hybrid nanocomposites were prepared using mechanical ball
milling technique. We will discuss the effect of the addition of CNTs with GNSs in the
near future.
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Abstract: Single-layer graphene decorated with monodisperse copper nanoparticles can support
the size and mass-dependent catalysis of the selective electrochemical reduction of CO2 to ethylene
(C2H4). In this study, various active adsorption sites of nanostructured Cu-decorated graphene have
been calculated by using density functional theory to provide insight into its catalytic activity toward
carbon dioxide electroreduction. Based on the results of our calculations, an enhanced adsorption of
the CO2 molecule and CH2 counterpart placed atop of Cu-decorated graphene compared to adsorp-
tion at pristine Cu metal surfaces was predicted. This approach explains experimental observations
for carbon-based catalysts that were found to be promising for the two-electron reduction reaction of
CO2 to CO and, further, to ethylene. Active adsorption sites that lead to a better catalytic activity
of Cu-decorated graphene, with respect to general copper catalysts, were identified. The atomic
configuration of the most selective CO2 toward the reduction reaction nanostructured catalyst is
suggested.

Keywords: graphene; nanodecoration; first-principles calculations; adsorption; CO2 electroreduction

1. Introduction

The electroreduction of CO2 from exhausts to hydrocarbons can provide a sustainable
supply of valuable raw materials for the chemical industry and fuels for transport and
energetics [1]. The reduction of captured excessive carbon dioxide from the atmosphere
could lead to a decrease in the greenhouse effect. CO2 can be reduced to hydrocarbons—in
particular, ethylene and methane (CH4)—by electrochemical reactions 2CO2 + 12e− + 8H2O
→ C2H4 + 12OH− and CO2 + 8e− + 6H2O → CH4 + 8OH−, respectively. Ethylene has
a wide range of applications in industry, polymer production, and agriculture. One of
the most promising catalysts that can electroreduce CO2 to C2H4 is copper metal [2,3].
However, along with ethylene (C2H4), many other carbon side-products are formed, includ-
ing methane (CH4), carbon monoxide (CO), and formate anion (HCOO−) [4–7]. Besides,
copper catalysts are very susceptible to poisoning and deactivation, usually, within half an
hour after the start of the reduction process of carbon dioxide [8,9]. For the aforementioned
reasons, significant efforts have recently been made to develop catalysts that can selectively
reduce CO2 to ethylene over long-lasting time periods. [7,10,11]. Polycrystalline Cu sur-
faces do not show a significant preference towards ethylene formation, with a C2H4/CH4
product ratio of around 1:2 [3–5,12,13]. Their insufficient selectivity is considered to be due
to the large heterogeneity of the centers of different catalytic activities on the polycrystalline
surface. This is confirmed by the study of the influence of different copper planes on the
selectivity of the electroreduction of carbon dioxide [7,14]. It was found that the (100)
surface of single crystals of Cu favors the formation of ethylene more than Cu (111), as
indicated by their ratios C2H4/CH4 1.3 and 0.2, respectively [7]. Interestingly, when the
high index Cu (711), Cu (911), and Cu (810) planes formed by cleaving Cu (100) were
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examined, an even higher selectivity was displayed toward C2H4, with the C2H4/CH4
ratio increasing to 10 for Cu (711). The reason for the catalyst’s selectivity toward certain
hydrocarbons is the increased number of surface steps in the high index facets or periodic
formation of Cu terraces. This means that the system that is modified in such a way may
exhibit an increased efficiency.

It was shown that copper nanoparticles with a large surface area have good selectivity
for the formation of hydrocarbons, especially of ethylene [6]. It has been suggested that
the edges and numerous steps formed on the surface of copper nanoparticles may be of
decisive importance for the selective formation of ethylene. In favor of this, quantum
chemical modeling has shown that intermediate reaction products, such as ∗CHO, are
more stable at the steps of the Cu (211) surface than at the Cu (100) terraces. (Hereafter, an
asterisk indicates that a species is adsorbed on a surface). This can lead to an increase in
their concentration, and, ultimately dimerization to C2H4 [15].

Composites and hybrid structures, as well as nanoobjects based on graphene, has at-
tracted huge attention in experimental and theoretical studies during the last decade [16–22]
after this material was discovered in 2004 by Novoselov and Geim [23]. The decoration
of graphene with metals (e.g., Fe [24], Pt [25,26], Pd [27]), as well as organic (e.g., tetracya-
noethylene [28]) and inorganic compounds (e.g., Bi2O3 [29]), could improve electrocatalytic
adsorption and gas sensing properties toward different gases

Different graphene-based catalysts for direct electrochemical CO2 reduction were
reported in the literature, e.g., atomic Fe dispersed on nitrogen-doped graphene [30], B-
doped graphene [31], N-doped graphene [32], defective graphene produced by a nitrogen
removal procedure from N-doped graphene [33], Ni-decorated graphene [34], Co3O4 spinel
nanocubes on N-doped graphene [35], etc. The review of graphene-based materials for
electrochemical CO2 reduction was published by Ma et al. recently [36]. Several recent
studies show that the modification of the graphene surface by copper nanoparticles or by
creating Cu-contained heterostructures is an interesting approach in the development of
efficient electrocatalysts [37–51] .

These preceding studies have led us to elaborate on a theoretical model for a stable
C2H4-selective electrocatalyst based on copper-nanocluster-decorated graphene and to
understand how this selectivity can be increased. Carbon-based materials are potentially
interesting catalysts for the CO2 reduction reaction due to their low cost and especially
due to their ability to form a wide range of hybrid nanostructures [52–57]. Carbon-based
catalysts are chemically inactive at negative bias potentials and provide high overpotentials
for the hydrogen evolution reaction compared to metal surfaces [58]. Pristine graphene does
not exhibit any catalytic activity. However, by introducing dopants [59–61] and defects [62]
during the synthesis, the electronic structure and catalytic properties of nanostructured
carbon materials [62] are tailored. In particular, N-doping has been shown to significantly
enhance the CO2 reduction activity [39,41,61,63–66].

Experimental results obtained recently [67] suggest that the reaction pathways of the
CH4 and C2H4 formation are separated at an early stage of CO reduction. Results from a
recent experimental study of CO electroreduction on single-crystal copper electrodes [68]
imply that there are two separate pathways for C2H4 formation: one (i) that shares an
intermediate with the pathway to CH4, and a second one (ii) that occurs mainly on Cu
(100) and probably involves the formation of a CO dimer as the key intermediate [69].
Considering the pathway (i), it is obvious that the ∗CH2 dimerization is a crucial step for
the final C2H4 production (the so-called “carbene” mechanism). ∗CH2 can be produced by
the protonation and deoxygenation of ∗CO [5]. ∗CH2 can be also obtained from subsequent
reductions of ∗HCO, ∗C, and ∗CH. The further reduction of a single ∗CH2 gives rise to
∗CH3 and finally to CH4.

In this study, the adsorption of CO2 is considered to typically be the rate-determining
step in the CO2 reduction reaction, and thus it is desirable to find/design catalyst sites that
bond CO2 strongly—preferably stronger than H adsorption [70]. To shed light on the trends
in the catalytic activity of the Cu-decorated pristine and N-doped graphene system, in this
work, systematic density functional theory (DFT) calculations of the adsorption of CO2 and
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intermediates on Cu-decorated graphene are performed. The first principle calculations
is performed for the monodisperse Cu7 nanocluster deposited at the 5 × 5 supercell of
graphene to predict the electronic properties of the Cu7 facet in light of its different affinities
for ∗CO2 and ∗CH2, and thus to provide deeper insights into its intrinsic activities for CO2
electroreduction. The reaction energies for the formation of intermediates on Cu7/graphene-
nanostructured surfaces have been calculated using the hybrid DFT approach. In general,
this work may not only give a deep insight into the reaction mechanisms toward C2H4
formation on Cu-decorated carbon nanomaterials, but may also provide guidelines for
designing Cu-based catalysts to effectively produce multicarbon compounds.

2. Computational Details

Modeling was carried out at the DFT level of theory. This approach is based on
the linear combination of atomic orbitals (LCAO) method with atom-centered localized
Gaussian-type functions (GTFs) forming the basis sets (BS). Fully relaxed Cu7/graphene
nanostructures were calculated using hybrid exchange-correlation functional HSE06 ac-
cording to the prescription given in Refs. [71,72]. Its particular feature is the use of an
error-function-screened Coulomb potential for calculating the exchange energy. This func-
tional was chosen to reproduce the basic atomic and electronic properties of both graphene
and the most stable Cu (111) qualitatively close to those experimentally observed. The cal-
culations were executed with CRYSTAL17 computational code [73], which was developed
for the atomistic modeling of solid state chemistry. Using such a computation strategy, the
geometries have been optimized with various species adsorbed on the graphene and metal
Cu catalyst, and the adsorption energies of various species that are considered in this study
have been calculated for nitrogen, oxygen, the CO2 molecule, and the CH2 radical. Besides
the graphene and copper catalyst, basis sets are required for atoms of adsorbed species. For
all atoms in the studied materials, full electron valence BSs [73] were used. For Cu, C, O,
and H atoms, the triple-zeta BSs were obtained from Ref. [74]; on the other side, for the N
atom, the basis set in the form of 6s-31sp-1d was obtained from Ref. [75].

To evaluate the Coulomb and exchange series appearing in the SCF equations for
periodic systems, five tolerances were controlled: 10−8, 10−8, 10−8, 10−8, 10−16 (related to
estimates of overlap or penetration for integrals of Gaussian functions on different centers,
which define cut-off limits for series summation). To provide the correct summation in
both direct and reciprocal lattices, the reciprocal space was integrated by sampling the
interface Brillouin zone (BZ) with the 8 × 8 × 1 Monkhorst–Pack meshes [76] for slab
calculations, which gives, in total, 34 k-points evenly distributed in the BZ. The calculations
are considered to be convergent if the total energy differs by 10−7 a.u. or less in two
successive cycles of the self-consistent-field (SCF) procedure [73].

The adsorption energy Eads was calculated with the following equation:

Eads = Eads/sub − Emolecule − Esub (1)

where Eads/sub and Esub are the total energy of the Cu7/graphene nanostructure with the
adsorbed CO2, molecule or ∗CH2 intermediate, and Cu7/graphene nanostructure slab,
respectively, and Emolecule is the total energy of the isolated CO2 molecule or ∗CH2 inter-
mediate, analogously to Ref. [77]. The energetically favorable adsorption (chemisorption)
takes place if the adsorption energy Eads is negative [78].

3. Results and Discussion
3.1. Cu/Graphene Cluster

Within the framework of this study, an efficient and reliable model of the monodisperse
Cu7 cluster deposited on single-layered graphene is constructed. The model consists of
a 5 × 5 graphene supercell periodically repeated in the xy plane, with seven Cu atoms
forming a nanodot deposited in every supercell. Such a model is a balanced solution for the
efficient use of computer resources and reliable prediction of the electronic structure and
energetics of the nanostructures under study. Figure 1 shows schematic views (aside and
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atop) for the fully optimized two-dimensional Cu7/graphene nanostructure containing the
faceted Cu nanodot. For this cluster, a complete relaxation of the atomic coordinates was
carried out and the binding energy of Cu atoms was estimated for this model.

(a)

(b)

Figure 1. Top (a) and aside (b) views of equilibrium structure of six-faceted Cu nanopyramid
deposited on graphene monolayer. Grey balls stand for carbon atoms and orange for copper.

The Cu7 cluster is quite strongly physisorbed to the graphene layer with the binding
energy of −1.54 eV/Cu atom. The negative binding energy means that energy is released
after the substrate–adsorbate coupling. Single Cu atoms tend to adsorb at the hollow sites
of graphene with the binding energy of −2.65 eV/Cu atom. Thus, Cu atoms deposited
at graphene could reproduce the facets of the most stable Cu (111) surface. Nevertheless,
a single Cu atom deposited at graphene forms quite weak Cu-C graphene bonds, with a
bond population of 80 milli electrons.

The strongest bonding between Cu and graphene takes place at the defective graphene
layer containing a carbon vacancy (Figure 2). The binding energy of the Cu-Cvacancy
complex is approximately −6.63 eV/Cu atom. However, the energy of vacancy formation
is quite high (17.5 eV) and such a mechanism of Cu cluster adsorption at graphene is
energetically unfavorable.

Figure 2. Equilibrium structure of Cgraphene atom substituted for Cu with the binding energy of
−3.59 eV/Cu atom. Grey balls stand for carbon atoms and orange for copper.

Since the N-doping has been shown to significantly enhance the CO2 reduction ac-
tivity of graphene [39,41,61,63–66], the six-faceted Cu nanopyramid deposited atop the
N-saturated graphene monolayer (Figure 3) is considered as well. The presence of the
nitrogen atoms at the graphene support allows for the strong chemisorption of the Cu atom
with the bond population of Cu–N = 303 milli electrons and N–Cgraphene = 344 milli elec-
trons. The presence of a nitrogen monolayer may lead to a stronger adsorption of the Cu
nanocluster at graphene; however, the presence of N practically does not influence CO2
adsorption at Cu7/graphene. Therefore, an N layer atop graphene is not considered in the
further modeling of CO2 reduction.
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(a)

(b)

Figure 3. Schematic representation of top (a) and aside (b) views of six-faceted Cu nanopyramid
deposited on N-saturated graphene monolayer. Grey balls stand for carbon atoms, orange for copper,
red balls are oxygen atoms, and blue ones are nitrogen atoms.

Due to the relatively large distance between carbon layers in double-layered graphene
(∼6.94 Å), the layer-to-layer interaction is negligible and does not influence the Cu nan-
ocluster adhesion to the graphene layer. Therefore, in further modeling, it is assumed that
the Cu cluster deposited at single-layered graphene can mimic the Cu cluster deposited at
double-layered graphene.

Therefore, the constructed model of the six-faceted Cu nanopyramid deposited on
the graphene monolayer (Figure 1) is considered as the most appropriate for large-scale
ab initio total energy calculations of CO2 and CH2 molecules atop periodic Cu7/graphene
nanostructures (an electrically neutral system) using state-of-the-art total energy codes to
estimate the energetics of a chain of elemental reactions under the influence of the copper
nanocatalyst and graphene support.

3.2. CO2 Adsorption

Taking into account that the adsorption of CO2 is typically assumed to be the rate-
determining step in CO2 reduction, we pay major attention to the free energies of CO2
adsorption at the Cu7/graphene nanostructure, and, for comparative reasons, we have
modeled CO2 adsorption on its constituents, the most stable Cu (111) surface, represented
by a three-layer and six-layer slab and pristine graphene (Figure 4). For the slabs, we con-
sidered the non-symmetrical one-sided and symmetrical two-sided deposition of absorbed
CO2 molecules. The adsorption energies for the CO2 molecule and ∗CH2 intermediate for
the Cu7/graphene nanostructure, the Cu (111) surface, represented by the three-layer and
six-layer slab and pristine graphene, are given in Table 1.

Table 1. Calculated adsorption energies (eV) of CO2 molecule and ∗CH2 intermediate on
Cu7/graphene nanostructure, Cu (111) surface, represented as three-layer and six-layer slab, and
pristine graphene layer with 5× 5 supercell.

CO2
∗CH2

Cu7/graphene −6.04 −7.31
three-layer slab one-sided −6.69 −6.53

two-sided −6.74 −6.43
six-layer slab one-sided −6.99 −6.38

two-sided −6.89 −6.46
pristine graphene −0.43 −3.12
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(a)

(b)

(c)

Figure 4. Schematic representation of the most energetically favorable adsorption positions of
CO2 molecule on (a) Cu7/graphene nanostructure, (b) Cu (111) surface, and (c) pristine graphene
monolayer. Grey balls stand for carbon atoms, orange for copper, and red balls are oxygen.

For all materials under consideration, the most energetically favourable adsorption
site for the CO2 molecule is the bridge position. Only the weak physisorption of CO2 on
pristine graphene is predicted from our calculation, with a relatively small free adsorption
energy of −0.43 eV, which is in agreement with trends reported in Ref. [28]. The free
adsorption energy calculated for the Cu (111) surface is in the range between −6.69 and
−6.99 eV depending on the slab thickness and one-sided or two-sided adsorption of CO2
molecules, whereas the adsorption energy of −6.04 eV per CO2 molecule is predicted for
the Cu7/graphene nanostructure. A lower number points to a stronger chemical binding.
The stronger binding of CO2 to the Cu7 nanocluster at graphene (similar to the adsorption at
the pristine Cu (111) surface) can be explained by the presence of <111> grain boundaries
of the Cu7 nanocluster, which are known to be chemically more reactive. Figure 5a shows
the projected density of states (PDOS) calculated for the CO2 molecule adsorbed at the
Cu (111) surface. The strong adsorption of the CO2 molecule can be explained by Cu
3d–O 2p orbitals hybridization seen in Figure 5a by the peaks at approximately −4 eV. The
Cu–O bond population calculated by Mulliken population analysis is equal to 434 milli
electrons. Both O atoms of the CO2 molecule are strongly bonded to the Cu atoms of the
Cu (111) surface. The only weak physisorption of CO2 is predicted at graphene (PDOS in
Figure 5b), with a Cgraphene–CCO2 bond population of 0.012 milli electrons Our prediction
is in agreement with the recent experimental observations. According to the data available
in the literature, to improve the selectivity of CO2 electrochemical reduction in producing
C2 products, Kanan et al. synthesized Cu nanoparticles containing grain boundaries and
observed a substantial enhancement in the Faradaic efficiency of generating multi-carbon
hydrocarbons [79]. This enhancement is correlated with the density of the grain boundary
areas [80]. Cheng et al. conducted the atomistic modeling for the chemical vapor deposition
process of Cu nanoparticles and found that strong CO binding with under-coordinated
surface square sites could promote C–C coupling (“carbene” mechanism) [81]. According
to our predictions, the boundary between the Cu7 cluster and graphene can demonstrate
the best catalytic ability for the C2H4 formation. This is due to the adsorption properties
of neighboring Cu sites that are significantly perturbed by the presence of the nearest C,
and the stronger Cu–O bonding is formed on the catalyst surface, which can also enhance
H2C=CH2 evolution [14].
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Figure 5. Projected density of states (PDOS) calculated for (a) CO2 adsorbed at Cu (111) surface,
(b) CO2 adsorbed at graphene, (c) CH2 adsorbed at Cu (111) surface, and (d) CH2 adsorbed at
graphene. PDOS onto all orbitals of H, C, and O atoms are magnified 10 times.

3.3. CH2 Adsorption

Results from a recent experimental study of CO electroreduction on single-crystal
copper electrodes [5] further implied that one of the most probable pathways for C2H4
formation is one that shares an intermediate with the pathway to CH4. Considering that
pathway, it is reasonable that the ∗CH2 dimerization is a crucial step for the final C2H4
production (“carbene” mechanism). The further reduction of single ∗CH2 gives rise to
∗CH3 and finally to CH4. Therefore, in this study, the adsorption energy of ∗CH2 on
Cu7/graphene, pristine Cu (111), and pristine graphene (Figure 6) is calculated. For both
pristine Cu (111) and Cu7/graphene nanostructures, the most energetically favorable ad-
sorption site of ∗CH2 adsorbate is the hollow position between neighboring copper atoms,
whereas the bridge position between neighboring C–C atoms is the most energetically
preferable for the ∗CH2 adsorption on pristine graphene. Figures 5c,d show the PDOS
calculated for the CH2 component adsorbed on the Cu (111) surface and graphene, respec-
tively. CH2 relatively strongly adsorbed at Cu (111) with hybrydized Cu 3d–C 2p orbitals,
forming square planar sp2d hybridisation (Figure 5c, peaks at approximately −4 eV) and a
Cu–C bond population of 390 milli electrons, whereas the Cgraphene–CCH2 bond population
of 0.240 milli electrons is calculated for CH2 at graphene.

Only a weak physisorption of ∗CH2 on pristine graphene is predicted from our calcu-
lation, with a relatively small adsorption energy of −3.12 eV (PDOS in Figure 5d), which
is in qualitative agreement with the observation reported in Ref. [28]. This may conse-
quently lead to the relatively small barrier of CH2–CH2 dimerization. The adsorption
energy calculated for the Cu (111) surface is in the range between −6.38 and −6.53 eV
for the different thicknesses of slabs and the symmetrical/non-symmetrical deposition of
∗CH2 intermediates, whereas a free adsorption energy of −7.31 eV is predicted for the
Cu7/graphene nanostructure (Table 1). From the calculated adsorption energies, we predict
that the most energetically preferable CH2 dimerization can take place on pristine graphene,
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whereas only a small difference in CH2 dimerization can be predicted for the Cu (111) and
Cu7/graphene nanocluster.

(a)

(b)

(c)

Figure 6. Schematic representation of the most energetically favourable adsorption positions of
∗CH2 intermediate on the top of (a) Cu7/graphene nanostructure, (b) Cu (111) surface, and (c) pris-
tine graphene monolayer. Grey balls stand for carbon atoms, orange for copper, and white balls
are hydrogen.

4. Conclusions

The main goal of this study is to contribute to the description of experimentally
achievable results, allowing for the further optimization of the cathode composition and
structure. In order to give theoretical predictions, we have constructed an efficient and
reliable model that can be considered as the most appropriate for large-scale ab initio total
energy calculations of CO2 and CH2 elements atop periodic Cu7/graphene nanostructures.
In these calculations, in order to examine a chain of elemental reactions under the influence
of the copper nanocatalyst and graphene support, the state-of-the-art total energy codes
were used. In the modeled nanocluster, Cu atoms reproduce the facets of the most stable
Cu (111) surface. Adatoms and/or defects, e.g., vacancies, at the graphene support may
make Cu–C graphene bonds stronger, facilitating the growth of the nanocluster. Assuming
that the adsorption of CO2 is typically the rate-determining step in the CO2 reduction
reaction, the energies of CO2 adsorption at the Cu7/graphene nanostructure have been
calculated and compared to the adsorption energies of species placed on the pristine Cu
(111) surface and pristine graphene. The strong binding of CO2 to the Cu7 nanocluster
at graphene is close to binding to the pristine Cu (111) surface. This is explained by the
presence of <111> facets at the Cu7 nanocluster. This prediction is in agreement with
the recent experimental observations to improve the selectivity of CO2 electrochemical
reduction in producing the CH2–CH2 intermediates. Cu nanoparticles containing grain
boundaries were synthesized and a substantial enhancement in the Faradaic efficiency of
generating multi-carbon hydrocarbons was observed [79]. This enhancement is correlated
with the density of the grain boundary areas [80]. According to predictions obtained in
this study, the Cu cluster at graphene demonstrates the best catalytic ability for C2H4
formation. This is due to the fact that the adsorption properties of neighboring Cu sites are
significantly perturbed by the presence of the nearest C, and the stronger Cu–O bonding
is formed on the catalyst surface, which also can enhance H2C=CH2 evolution. Based on
this, it is predicted that the larger the length of the grain boundaries of the Cun nanocluster
deposited at graphene, the more selective the catalyst is to the C2H4. According to a recent
experimental study of CO2 electroreduction on copper electrodes [81], it is expected that
one of the most probable pathways for C2H4 formation is one that shares an intermediate
with the pathway to CH4. Considering this pathway, it is obvious that *CH2 dimerization is
a crucial step for the final C2H4 production (“carbene” mechanism). In this respect, the CH2–
CH2 dimerization reaction is responsible for the C2H4 evolution. The lowest dimerization
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barrier can be predicted for the pristine graphene due to the lowest adsorption energy,
meaning that the whole CO2 reduction reaction taking place at the grain boundary of the
Cun/graphene nanocluster may lead to an improved selectivity to ethylene.
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Abstract: In this study, Al/5 Ni/0.2 GNPs/x SiC (x = 5, 10, 15, and 20 wt%) nanocomposites were
constituted using the powder metallurgy–hot pressing technique. The SiC particles and GNPs were
coated with 3 wt% Ag using the electroless deposition technique then mixed with an Al matrix and
5% Ni using ball milling. The investigated powders were hot-pressed at 550 ◦C and 600 ◦C and
800 Mpa. The produced samples were evaluated by studying their densification, microstructure,
phase, chemical composition, hardness, compressive strength, wear resistance, and thermal expan-
sion. A new intermetallic compound formed between Al and Ni, which is aluminum nickel (Al3Ni).
Graphene reacted with the Ni and formed the nickel carbide Ni3C. Additionally, it reacted with the
SiC and formed the nickel–silicon composite Ni31Si12 at different percentages. A proper distribution
for Ni, GNs, and SiC particles and excellent adhesion were observed. No grain boundaries between
the Al matrix particles were discovered. Slight increases in the density values and quite high con-
vergence were revealed. The addition of 0.2 wt% GNs to Al-5Ni increased the hardness value by
47.38% and, by adding SiC-Ag to the Al-5Ni-0.2GNs, the hardness increased gradually. The 20 wt%
sample recorded 121.6 HV with a 56.29% increment. The 15 wt% SiC sample recorded the highest
compressive strength, and the 20 wt% SiC sample recorded the lowest thermal expansion at the
different temperatures. The five Al-Ni-Gr-SiC samples were tested as an electrode for electro-analysis
processes. A zinc oxide thin film was successfully prepared by electrodeposition onto samples using
a zinc nitrate aqueous solution at 25 ◦C. The electrodeposition was performed using the linear sweep
voltammetric and potentiostatic technique. The effect of the substrate type on the deposition current
was fully studied. Additionally, the ohmic resistance polarization values were recorded for the
tested samples in a zinc nitrate medium. The results show that the sample containing the Al-5 Ni-0.2
GNs-10% SiC composite is the most acceptable sample for these purposes.

Keywords: hot pressing; aluminum matrix composites; electroless silver and nickel precipitation;
hardness; wear resistance

1. Introduction

Recently, the requirement for high-strength and light-weight components has greatly
increased for aerospace and automotive applications. This induced us to study and in-
vestigate new materials that satisfy our needs. Nowadays, aluminum matrix composites
(AMCs) play a vital role because of their low density (2.7 g cm−3), high specific strength
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(i.e., strength-to-density ratio), high-temperature creep resistance, high thermal conductiv-
ity, and low electrical resistivity [1,2]. Al metal’s high coefficient of thermal expansion and
low strength cause a restriction on its applications in many fields, such as heat sink materi-
als and other applications requiring mechanical and thermal resistance. To improve these
disadvantages, Al has been reinforced with ceramic particles that have a low coefficient
of thermal expansion, a high melting point, and high strength, such as Al2O3, SiC, GNs,
and Y2O3 [3,4]. Additionally, aluminum metal suffers from low wear resistance, limiting
its use in tribological applications [2]. Researchers have investigated different materials
in the Al matrix that have a self-lubricating property [5,6]. Graphene is considered to be
one of the most important materials widely used to obtain self-lubricating composites [6,7].
Graphene is a two-dimensional material that consists of a single layer of sp2-hybridized
carbon atoms with a 0.34 nm thickness [8–10]. It has excellent physical properties, such as
high strength (~130 Gpa), a high Young’s modulus (~1.0 TPa), high thermal conductivity
(~5000 W m−1 K−1), and high electronic mobility (~15,000 cm2 V−1 s−1), at room temper-
ature [11–14]. Graphene’s unique 2D structure and its properties provide an ideal AMC
reinforcing agent. In other literature, it was shown that the addition of GNs caused an
increase in the tribological and mechanical properties of AMCs [15–23]. Generally, higher
graphene contents lead to a decline in the mechanical and tribological properties due to
GN particles’ non-uniform distribution within the matrices, which increases clumping [24]
and produces extensive carbide formation. Hot extrusion, hot rolling [25], friction stir
processing [14], and wet mixing fabrication methods [26] are advanced techniques used for
the fabrication of metal matrix composites reinforced with graphene.

Ceramic materials have been used to enhance the Al matrix composite’s mechanical
and physical properties [27,28]. The advantages of all forms of SiC include high radiation
and chemical tolerance, high thermal conductivity, high hardness and Young’s modulus
values (typically ~450 Gpa compared with ~130 GPa for Si), and, for some polytypes
(notably 4H and 6H), a high critical electric field (above 2 MVcm−1). These properties offer
many possibilities for using SiC as a material for various devices and sensors, particularly
in applications featuring high temperatures or power [29,30]. It has unique properties,
such as superior hardness, wear resistance, and corrosion resistance, making it a good
reinforcing material in metal matrix composites such as Fe, Al, and Mg-based materials [31].
Additionally, the elasticity of Al/SiC decreases when increasing the volume fraction of
SiC [32]. So, modification of the metal on the SiC surface is usually utilized to control
the interface reaction and enhance the interface combination [33,34]. Amirkhanlou et al.
(2010) used SiC as a reinforcement in Al (A356) and found an increase in the hardness and
impact energy of the composite [25]. Nickel has a positive effect on the mechanical and
physical properties of Al composites in liquidus and solidus temperatures and corrosion
resistance [35]. The intermetallic compounds of Al–Ni have attracted attention as materials
for applications that need high temperatures due to properties such as a high melting tem-
perature, high creep strength, a low density, high corrosion resistance, and high oxidation
resistance [36–39].

The low wettability between ceramics and Al is a challenge because interfacial bonding
is not easy to obtain. It causes the formation of pores inside the prepared composite,
which harm the samples’ physical, chemical, and mechanical properties. The electroless
deposition technique has been used to produce a wettability layer on the metal surface to
enhance the interfacial bond between the metal and ceramic phases [40]. To improve their
wettability, Ni powder obtained by using the electroless deposition technique has been
used and mixed with Al, SiC, and GNPs.

Several techniques, such as casting [41], mechanical alloying [41,42], mechanical
milling [43,44], powder metallurgy [45,46], and powder metallurgy–hot pressing [35,47],
have been used in the fabrication of Al matrix composites. Hossam et al. [47] showed
that full densification and high diffusion in the Al matrix can be achieved by using the
powder metallurgy–hot pressing technique. Powder metallurgy–hot pressing is a technique
established in four steps that mix the mixture, press it into a suitably shaped die, heat the die
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to a predetermined temperature, and perform the final hot pressing at the predetermined
pressure [47].

Shimaa A. Abolkassem et al. [35] studied the influence of the vacuum, hot isotactic
(HIP), and hot compaction powder metallurgy techniques on an Al matrix composite
reinforced with a SiC–Ni hybrid. The results revealed that that the powder metallurgy
hot compaction technique achieved the highest densification (97–100%) for the Al ma-
trix composite compared with the HIP samples (94–98%) and the vacuum-sintered ones
(92–96%).

A novel hot pressing technique was used to fabricate Al-Ni/Graphene/SiC composites.
Mixed powder was placed in a W320 steel die and then cold-pressed at the predetermined
pressure. After that, the die was heated in a furnace to a suitable temperature for a suitable
time and then hot-pressed. The effects of graphene and different amounts of SiC on the
chemical composition, microstructure, densification, hardness, compressive strength, wear
resistance, and thermal expansion of the Al/5Ni matrix were investigated.

This study also tested five Al-Ni-Gr-SiC electrodes by electrochemical deposition of a
ZnO thin film on these electrodes. The ultimate goal of this work is to determine the suit-
ability of the manufactured Al-Ni-GNs/x SiC composites for electrochemical applications by
studying the influence of SiC ratios on the electrochemical behavior of Al-Ni-Gr-SiC electrodes
in a traditional three-electrode cell and its ohmic resistance to oxidation and abrasion.

2. Materials and Methods
2.1. Materials

In this study, four different elements (Al, Ni, GNs, and SiC) were used to prepare new
aluminum nanocomposites without porosity and with suitable physical and mechanical
properties by the hot pressing technique. Fine pure aluminum powder with particle size of
0.5–2 µm (98.9% purity) was supplied by LOBA CHEMIE Pvt. Ltd. Colaba, Mumbai, India.
The Al was used as the matrix of the composites. The GNs, Ni, and different amounts
of SiC were used as reinforcements. GNs with a purity of 99.99% and a sheet thickness
of 2–10 nm were supplied by Advanced Chemical Supply (ACS). To clean the GNs and
SiC powders, sodium hydroxide and acetone were used. Nickel chloride (NiCl2.6H2O),
potassium sodium tartrate, ammonium chloride, and 33% ammonia were used to adjust
the PH, and sodium hypophosphite was used to precipitate the nano-nickel powder by the
electroless process. All chemicals were purchased from El-Naser Company, Helwan, Egypt.

2.2. Fabrication Procedures

The SiC powder was milled for 20 h to prepare it on the nanoscale. The milling process
was performed with a 10:1 ball-to-powder ratio at 450 rpm. Ceramic alumina balls with a
12 mm diameter were used. Before the GNs and SiC powders were put in the aluminum
matrix, they were cleaned of manufacturing contamination by stirring in a 10 wt% sodium
hydroxide solution and acetone for 1 h, respectively. To improve the adhesion between the
Al and the ceramic particle reinforcements, a 3 wt% nano-silver metal was precipitated by
the electroless plating process onto the GN and SiC particles’ surface individually [48–52].
To achieve this, a bath containing 3 g/L of silver nitrate (as a silver metal source) and
5 mL of formaldehyde/10 mL of water (as a reducing agent) was prepared. The pH of the
solution was adjusted to 11.

Table 1 illustrates the chemical composition of the bath for the electroless nickel
plating process. The plating process is established in four steps: dissolve the nickel chloride
(NiCl2.6H2O) in water; add potassium sodium tartrate as a complex agent with vigorous
stirring; add ammonium chloride; and adjust the pH to 11. The solution was heated to
94 ◦C, and sodium hypophosphite (a reducing agent) was added. The precipitated powder
was filtrated and washed with distilled water several times until the pH value of the
supernatant became neutral. The produced Ni powder was dried at 80 ◦C for 2 h. This
process has previously been discussed in detail [48,53–55].
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Table 1. Chemical composition of the bath for the electroless nickel plating process.

Element Concentration

NiCl2.6H2O 100 g/L
NH4Cl 50 g/L

Potassium sodium tartrate 80 g/L
pH ~11

Temperature ~94
Sodium hypophosphite 90 g/L

Six nanocomposite samples, in which the Al with 5 wt% Ni was the reference sample
(S1) and the Al-5 wt% Ni-0.2 GNs sample was the second one (S2), were prepared. Then,
SiC was added at 5, 10, 15, and 20 wt% (S3–S6) to the Al-5 wt% Ni-0.2 GNs mixture (S2), as
shown in Table 2. All samples were prepared by mixing for 10 h using a high-energy ball
mill (type RETSCH PM 100). For mixing, alumina balls with a 5 mm diameter were used.
The ratio of balls to powders was 5:1 at 300 rpm. Methyl alcohol was added (0.5% of the
powder’s mass) to the powder mixture as a process control agent to avoid agglomeration
and prevent the deposition of powder on the walls of the vial and balls.

Table 2. Composition of the nanocomposite specimens.

Sample No. Composition

S1 95 wt.% Al + 5 wt.% Ni
S2 99.8 wt.% (95%Al + 5% Ni) + 0.2% GNPs Base sample
S3 95 wt.% Base sample/5% SiC
S4 90 wt.% Base sample/10% SiC
S5 85 wt.% Base sample/15% SiC
S6 80% Base sample/20% SiC

The mixed nanocomposite powders were cold-compacted in a steel die with a 12 mm
inner diameter and an 80 mm high under high pressure (800 MPa) for 30 s. After that, the
die was heated with a heating rate of 7.5 ◦C/min in an electric furnace with no atmosphere
control at two different temperatures (550 ◦C and 600 ◦C) for 30 min.

2.3. Characterization

Samples were characterized by studying their densification, phase composition, mi-
crostructure, hardness, compression strength, wear rate, and thermal expansion. For the
microstructure characterization, the specimens were ground with 400, 800, 1000, and 2500
grit SiC paper then polished with 3 mm alumina paste to reduce the grinding scratches.
The microstructural analysis was carried out using a field-emission scanning electron mi-
croscope (FE-SEM; model: QUANTAFEG250). X-ray diffraction (XRD) (model x, pert PRO
PANalytical) with Cu ka radiation (k = 0.15406 nm) was used to investigate the phase struc-
ture of samples and to detect any new phases that formed during the consolidation process.

A macro-Vickers hardness tester (model: 5030 SKV England) was used to study the
plastic deformation of the fabricated samples at room temperature. The measurements for
each weight were taken on each specimen’s surface with an interval of 3 mm to avoid any
effects of neighboring indentations. The mean value was recorded as the Vickers hardness
(HV) number.

The wear characteristics of the prepared nanocomposite samples were investigated
using a pin-on-disc apparatus. The experiment was performed at room temperature. Pins
with a 316 L wheel with a 110 mm diameter and a 20 mm thickness were used as rings.
The test was carried out at different rotational speeds (300, 600, and 900 rpm) and under
different loads (10 and 15 N) for a 10 min loading time. The specimens were cleaned with
ethanol before and after each run of the wear test.
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The compressive strength of all prepared samples was measured using a universal
testing machine (Shimadzu AD-X plus) at room temperature and a strain rate of 0.001/s.

The coefficient of thermal expansion of the fabricated samples was investigated by
using a digital indicator with a sensitivity of 0.001 mm and an electrical furnace at a
5 ◦C/min heating rate. The temperature range of the experimental test was 150–450 ◦C.
The thermal strain was measured and the mean value of 3 readings was used in the
equation to determine the CTE.

For the electrochemical investigation, Al-Ni-GNs doped with different SiC ratios (5,
10, 15, and 20 wt%) served as an electrode in a conventional three-electrode cell. The 5
Al-Ni-Gr-SiC samples were used as working electrodes with an area of 1 cm2. The counter
electrode was made of a platinum plate with an area of 1 cm2. A saturated silver/silver
chloride (Ag/AgCl) electrode was used as a reference electrode (HANNA Instruments,
Rhode, Italy).

The electrodeposition bath contained 0.05 M KNO3 and 0.1 M Zn (NO3)2. The distance
between electrodes was fixed at 0.3 cm. All electrodeposition experiments occurred at a
temperature of 25 ◦C. First, before the film deposition, all 5 samples were polished with
emery paper followed by etching in 80 g/L of NaOH (at 60 ◦C) for 20 min to eliminate
abrasions and the oxide layer and rinsing in distilled water. After that, all 5 Al electrodes
were cleaned and sonicated in an ethyl alcohol bath followed by drying at 80 ◦C. This
preparation method provides a chemically clean and smooth surface, which is important
for electrochemical studies. Linear sweep voltammetry curves were measured by sweeping
from 0 to −2000 mV vs. the Ag/AgCl electrode at a scan rate of 10 mV s−1. The voltam-
metric data were obtained from a high-performance 20 V/1A potentiostate/galvanostate
(model: Volta Lab 21 PGP 201) coupled to a computer to record currents and potentials.
The resulting ZnO film deposited on the tested Al electrode was rinsed with bi-distilled
water and ethyl alcohol and then dried under a vacuum in a desiccator for 60 min.

3. Results and Discussion
3.1. Powder Characterization

The particle shape and size of the raw Al, GNs, electroless-deposited nano-Ni, and
milled SiC powders are shown in Figure 1. The images show that the Al has an irregular
shape with an average particle size of 1–4 µm, while the graphene appears in the form
of sheets or layers. The precipitated nickel particles look irregular and have a 40–86 nm
particle size. Due to the milling of the SiC powders for 20 h, a reduction in the particle size
to the nano scale was achieved and the particles appear to have an irregular shape. An
image of the GNs-Ag is overlaid on the image of the GNs to show the change before and
after the coating of graphene layers with Ag. As shown, layers of graphene were coated
with Ag. An X-ray of the uncoated GNs and Ag-painted GNs is also overlaid on the same
image to emphasize the chemical deposition of Ag. The Ag element peaks were detected,
indicating that the coating process by electroless chemical deposition was successful.
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the Ni and formed a nickel carbide (Ni3C). The intensity of the carbon element increased 
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Figure 1. SEM (BSE) micrograph of pure Al, GNs, electroless-deposited Ni, and milled SiC powder.

3.2. XRD

The X-ray diffraction patterns the samples produced at 600 ◦C are shown in Figure 2.
As shown in the figure, Al is a significant phase. The figure shows the mean peaks of the
Al, SiC, and GNs. A new intermetallic compound was formed between the Al and the Ni,
which is aluminum nickel (Al3N) according to the phase diagram. Graphene reacted with
the Ni and formed a nickel carbide (Ni3C). The intensity of the carbon element increased
as the SiC content increased, which was due to the interaction between GNs and SiC. The
hot pressing technique not only improves the adhesion between the constituents of the
composite but also increases the likelihood of interaction between the elements. Several
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aluminum and nickel compounds have been observed to form during various stages of
the preparation of Al–Ni elemental powder mixtures [56–58]. It has been reported that
solid-state reactions between elementary particles in the temperature interval of 550–600 ◦C
result in Al-rich compounds, such as Al3Ni and Al3Ni2 [56–59]. According to the Al–Ni
phase diagram, the combustion reaction occurs upon heating to about 640 ◦C, where
eutectic melting is expected to happen [60].

Crystals 2021, 11, x FOR PEER REVIEW 7 of 21 
 

 

 

Figure 2. XRD patterns of consolidated samples at 600 °C. 

3.3. Microstructure Investigation 

The micrographs of samples produced by hot pressing at 600 °C for 30 min are shown 

in Figure 3 at a high magnification. The micrographs show four phases: the grey color 

represents the Al matrix; the white-gray color indicates the dispersed Ni phase; the dark 

grey spots refer to the SiC particles; and the dark spots refer to the GNs. A homogeneous 

distribution of Ni, GNs, and SiC particles and excellent adhesion can be observed. As a 

result of applying pressure before and after heating, enter-particles were established, and 

no grain boundaries between the Al matrix particles were observed. Coating SiC and GNs 

with nano Ag decreased the surface energy between the ceramic SiC and GNs particles 

and between the metallic Al and Ni particles. So, good wettability between the Al and SiC 

particles was observed. All constituents dispersed homogenously in the Al matrix. Due to 

increased SiC-Ag content, some accumulation on the aluminum grain boundaries oc-

curred in the 20 wt% SiC sample. 

Figure 2. XRD patterns of consolidated samples at 600 ◦C.

3.3. Microstructure Investigation

The micrographs of samples produced by hot pressing at 600 ◦C for 30 min are shown
in Figure 3 at a high magnification. The micrographs show four phases: the grey color
represents the Al matrix; the white-gray color indicates the dispersed Ni phase; the dark
grey spots refer to the SiC particles; and the dark spots refer to the GNs. A homogeneous
distribution of Ni, GNs, and SiC particles and excellent adhesion can be observed. As a
result of applying pressure before and after heating, enter-particles were established, and
no grain boundaries between the Al matrix particles were observed. Coating SiC and GNs
with nano Ag decreased the surface energy between the ceramic SiC and GNs particles
and between the metallic Al and Ni particles. So, good wettability between the Al and SiC
particles was observed. All constituents dispersed homogenously in the Al matrix. Due to
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increased SiC-Ag content, some accumulation on the aluminum grain boundaries occurred
in the 20 wt% SiC sample.

1 
 

 

Figure 3. SEM (BSE) micrographs of fabricated samples.

3.4. Density Measurement

Figure 4 shows the variation in the theoretical and actual density of Al caused by
adding Ni, GNs, and different weight percentages of SiC at consolidation temperatures
of 550 ◦C and 600 ◦C. The theoretical density calculations show that the density of the
aluminum increased with the addition of Ni and decreased with the addition of GNs.
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Moreover, the density of Al-5Ni-0.2G increased gradually when increasing the content of
the SiC-Ag particles up to 15 wt%. An increase or a decrease in theoretical density is related
to the density values of the matrix and the reinforcement. When the reinforcement’s density
is higher than the matrix’s density, the composite’s density will increase. This is because the
higher-density particles replace the lower-density ones. Three observations can be made
from the figure. The first is that the density values of the samples consolidated at 600 ◦C
are higher than those consolidated at 550 ◦C. The second is the gradual increase in density
values when increasing the SiC content to 15 wt%, which then decrease at 20 wt%. The third
observation is the slight increase in and the convergence of the density values. At 600 ◦C,
the fabricated nanocomposites’ actual density takes the same trend as the nanocomposite
powders’ theoretical density. The density increased when strengthening the aluminum with
Ni, GNs, and up to 15 wt% SiC-Ag. Regardless of the decrease in the Al-5Ni nanocomposite
matrix’s theoretical density with the addition of 0.2 GNs, the actual density increased for
the same sample. The increase in the Al-5Ni nanocomposite matrix’s actual density may be
due to the micro-pores being filled with the graphene layer during the hot pressing process.
The increase in the Al-5Ni-0.2GNs nanocomposite’s density produced by increasing the
SiC-Ag content can be attributed to the efficient densification of the hot pressing process
that uses high pressure during thermo-mechanical consolidation. Hot pressing helps to
increase the number of interactions between particles, facilitating the high-temperature
bonding of neighboring particles. In addition, it cracks any oxidation layer on the particles’
surface that may disengage the excellent adhesion between them [47]. Applying pressure
to the thermal load helps the aluminum flow and fill any gaps or voids and, consequently,
to achieve the highest degree of densification. The decrease in the density of the 20 wt%
SiC-Ag sample may be attributed to the production of agglomerations at this percentage
that lead to the micro-pores shown in Figure 3. This participates in reducing the density of
all the produced nanocomposites. Overall, the good densification results obtained for all
compositions confirm that the selected temperature for the hot pressing process allowed
for the plastic flow of aluminum under pressure.
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3.5. Hardness Measurements

The hardness values of the investigated samples are presented in Figure 5. This test
was performed to study the effect of Ni, GNs, and SiC-Ag wt.% on the plastic deformation
of the aluminum matrix. The aluminum metal recorded a hardness of 31 HV [35]. Due
to the addition of 5 wt% Ni, the hardness increased to 51.5 HV. This improvement may
be due to the hardness of the Ni being higher than that of the Al and the production
of Al3Ni and Ni3C intermetallic compounds. Yunya Zhang et al. [61] investigated the
hardness behavior of Ni, Ni/Ni3C composites, and Ni-Ti-Al/Ni3C composites at different
temperatures using a Vickers hardness tester. The result revealed that the formation of Ni3C
enhanced the hardness of the Ni/Ni3C composite to 3.7 GPa compared with 2 GPa for the
pure Ni at room temperature and the hardness decreased with increasing temperature. The
addition of 0.2 wt% GNs to the Al/5Ni increased the hardness value to 77.8 HV (a 47.38%
increment). Upon adding the SiC-Ag to the Al-5Ni-0.2 GNs matrix, the hardness increased
gradually, and the 20 wt.% sample recorded a hardness of 121.6 HV (a 56.29% increment).
The results reveal the importance of graphene as a strengthening material for the aluminum
matrix, as 0.2 wt% graphene enhanced the hardness by 47.38%. This increment can be
attributed to the characteristics of graphene. The graphene layer has a large surface area
and nanoscale thickness. It represents a plane of atoms in the matrix. Because the high
bonding strength between its atoms prevents the indenter from penetrating the matrix, the
hardness increased. The addition of 20 wt% SiC enhanced the hardness by 56.29%. This
improvement in the percentage is not high compared with the high content of SiC. This
low degree of improvement may be due to the SiC’s accumulation on the aluminum grain
boundaries, which weakens the bonding between the particles. In addition to the effect
of the SiC ceramic material, the X-ray analysis shows that new intermetallic compounds
formed during the preparation process. Intermetallic compounds are characterized by high
hardness, which also increases the aluminum matrix’s hardness [47].
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3.6. Compressive Strength

Figure 6 illustrates the stress–strain curves of the fabricated nanocomposites due to
applying compression forces at room temperature. The maximum stress and total strain
for each tested material are summarized in Table 3. As shown in the table, the compressive
strength of the fabricated materials increased upon strengthening the aluminum matrix
with 5 wt% Ni and 0.2 wt% GNs, respectively. Reinforcing the Al with SiC increased the
maximum compressive strength gradually up to 15 wt% SiC, which then decreased for
the 20 wt% SiC sample. According to the parameters that affect the powder metallurgy
product, three main factors explain the gradual increase in compressive strength (Cs) with
5 wt% Ni, 0.2 wt% GNs, and up to 15 wt% SiC. The first is the strengthening effect of
grain size according to the Hall–Petch equation, the second is the Orowan strengthening
impact, which is related to the excellent distribution of the matrix’s reinforcement, and the
third is the strong cohesion force between the Al matrix and the ceramic reinforcement,
which helps transfer the load from the ductile matrix to the rigid reinforcement. The Al3Ni
and Ni3C intermetallic compounds on the grain boundaries of the Al particles and the
GNs layers on the Al matrix act as load bearers and prevent cracks from appearing during
the application of load, leading to an increase in the compressive strength of fabricated
nanocomposites [52,62]. Yunya Zhang et al. [61] showed that the small grains and inter-
stitial solution atoms of the Ni3C in a Ni/Ni3C composite prohibited the propagation of
dislocations and enhanced the Ni matrix. In total, a 73% increase in strength with a 28% re-
duction in flexibility led to a 44% improvement in toughness. The decrease in the maximum
compressive strength at 20 wt% SiC may be due to its accumulation at the Al matrix’s grain
boundaries. Regardless of the amount of SiC, the model (Al-5 wt% Ni-0.2 wt% GNs) was
reinforced with, no cracks or fractures propagated during the compression test, indicating
that the fabricated samples had high toughness. The recorded total strain values revealed
that the real strain increased with the addition of Ni, GNs, and up to 15 wt% SiC.
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Table 3. Compressive stress and strain of the tested samples.

Sample No. Comp. Strength MPa Strain

Al-5 wt% Ni 311.82 48.86
Al-5 wt% Ni-0.2 wt% GNs 405.281 69.47

Matrix/5 wt% SiC 572.277 70.89
Matrix/10 wt% SiC 702.969 73.88
Matrix/15 wt% SiC 868.352 78.266
Matrix/20 wt% SiC 288.158 35.83

3.7. Wear Measurements

The influence of SiC content on the wear rate of the hybrid Al-5Ni-0.2GNs matrix at
different sliding speeds and different loads for 10 min is shown in Figure 7. The results
reveal that the wear rate decreased upon the addition of 5 wt% Ni, 0.2 wt% GNs, and up to
15 wt% SiC-Ag and then increased at 20 wt% SiC. Graphene nanosheets are hard ceramic
materials with superior mechanical properties; reinforcing an Al matrix with them makes
sliding more challenging, as shown in the hardness measurements (Figure 5), consequently
increasing the wear resistance. Additionally, the agglomeration of GNs layers on the
Al matrix’s surface made it slide easily with a low wear rate. The SiC ceramic material
helps improve the wear resistance as it confers strength on the ductile Al. The increase in
the wear rate at 20 wt% SiC may be related to the agglomeration of the SiC at the grain
boundaries of the Al matrix, which weakened the bonding strength between the particles
and, consequently, increased the wear rate. The wear rate increased upon increasing the
applied load. The application of load increases the contact area between the frictional
parts and increases the wear rate. An essential phenomenon was also observed in which
the wear rate increased as the sliding speed increased. As the sliding speed increased,
the track of the sample on the frictional parts increased and, consequently, the wear rate
increased [51].
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3.8. Thermal Expansion Estimation

The coefficient of thermal expansion (CTE) was determined in order to predict the
fabricated samples’ behavior under different applied thermal loads. It is expressed as the
change in the material’s dimensions as a function of temperature. The thermal expansion
behavior depends on factors such as the type, microstructure, and percentage of the
reinforcement, the morphology of the matrix, the thermal history, and the presence and
number of pores. Additionally, the internal stress between the model and the support
affects the thermal expansion behavior. Figure 8 illustrates the CTE of the fabricated
samples at different heating temperatures. The CTE of the fabricated pieces changed upon
the application of heat. The CTE increased upon increasing the heating temperature. As
shown in the figure, the CTE of the Al-5Ni-0.2GNs sample decreased upon increasing the
SiC content for reasons related to the low thermal expansion of the SiC and the porosity
of the SiC at high contents. High amounts of SiC particles increase the restriction on the
aluminum matrix and reduce the composites’ expansion [35].
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4. Electrochemical Investigation
4.1. Linear Sweep Voltammetric Study

We tested the synthesized Al-Ni-GNs substrates doped with different SiC ratios (5,
10, 15, and 20 wt%) by the electrodeposition of a ZnO layer on these substrates. We also
studied factors affecting the deposition of ZnO by using linear sweep voltammetry and the
potentiostatic technique.

Figure 9 shows the current–potential curves recorded with the Al-Ni-GNs-SiC sub-
strates in a 0.1 M Zn (NO3)2 and 0.05 M KNO3 solution. Linear sweep voltammetric studies
were performed in the range of 0 to −2000 mV (versus the Ag/AgCl reference electrode)
using a scan rate (SR) of 10 mV/s. During electrodeposition, nitrate ions are used as
oxygen precursors. The cathodic deposition of ZnO film in a nitrate bath proceeds via
the reduction of nitrate ions. The resulting Zn (OH)2 ions react with Zn+2 ions to form a
hydroxide cathode. After that, Zn (OH)2 is spontaneously dehydrated into ZnO [61]. The
produced LSV curves for the pure Al-Ni and Al-Ni-GNs substrates are shown in Figure 1
(curves 1 and 2). These curves are similar and indicate similar behavior. The two curves are
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characterized by an initial weak cathodic deposition current at −5 mA cm−2, associated
with an applied potential of −800 mV.

On increasing the potential sweep, the cathode deposition current density begins to
increase at a potential of −1350 mV. After that, at a potential of −1350 mV, the cathodic
current sharply increases up to −60 mA cm−2. This sharp increase in the cathodic current
corresponds to nucleation (a crystallization step) and the electrodeposition of a thin ZnO
layer on the tested Al-Ni and Al-Ni-GNs substrates. It is clear from all of the linear sweep
curves that the tested Al-Ni and Al-Ni-GNs substrates have an identical ZnO deposition
behavior. Curve 3 is associated with the presence of 5 wt% SiC in the Al-Ni-GNs electrode.
On this curve, the deposition of ZnO film starts at a potential of −750 mV, earlier than
on curves 1 and 2. After that, at a potential of −1350 mV, the cathodic current sharply
increases up to −80 mA cm−2. A similar behavior was observed with the presence of
10 wt% SiC (curve 4), but a sharp increase in the cathodic current up to −85 mA cm−2 takes
place. This indicates that the 5 wt% SiC in the Al-Ni-GNs composite (substrate) enhanced
the cathodic deposition current by 20 mA/cm2 and decreased the substrate’s resistance to
electrodeposition.
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Figure 9. Current–potential curves recorded with various Al-Ni-Gr-SiC substrates.

Moreover, the 10 wt% SiC in the Al-Ni-GNs composite (substrate) improved the
cathodic deposition current by 25 mA cm−2 and decreased the resistance of the substrate to
electrodeposition. The presence of the 10 wt% SiC in the Al-Ni-GNs composite improved
the electrodeposition of the ZnO film to a greater degree than the presence of 5 wt% SiC. The
presence of 10 wt% SiC recorded a higher deposition current (−85 mA cm−2) and a higher
rate of deposition than the −80 mA cm−2 for 5 wt% SiC. On the other hand, with 15 wt%
and 20 wt% SiC in the Al substrate (curves 5 and 6, respectively), the LSV curves are similar
and indicate the same electrochemical deposition behavior. An initial deposition current of
−5 mA cm−2 characterizes the two curves and is associated with an applied potential of
−750 mV. The deposition current density also begins to increase at a potential of −1350 mV,
followed by a sharp increase in the cathodic current up to −65 mA cm−2. In general, the
presence of SiC in Al-Ni-GNs substrates causes a positive shift in the electrodeposition
potential and shifts the film deposition current toward more negative values. This indicates
that the presence of SiC in an Al-Ni-GNs substate improves the conductivity and decreases
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the resistance of the substrate to the electrochemical deposition process. Moreover, the
10 wt% SiC in the Al-Ni-GNs composite improved the electrodeposition of the ZnO film to
a greater degree than the 15 and 20 wt% SiC. Additionally, the 5 wt% SiC in the Al-Ni-GNs
composite enhanced the substrate’s activity toward ZnO film deposition to a greater degree
than the 15 and 20 wt% SiC. Each Al substrate has its own potential energy and conductivity.
The conductivity is strongly related to the potential energy of the substrate. The ZnO crystal
size is strongly affected by the conductivity of the substrate and its potential energy. The
presence of 10 wt% SiC in the Al-Ni-GNs electrode improved the electrode’s potential
energy toward the ZnO deposition process and may have enhanced its conductivity.

4.2. Potentiostatic Study

Figure 10 presents the potentiostatic current versus time (I-t) transients for the growth
and nucleation of ZnO with the Al-Ni-GNs substrate at potentials ranging between −600
and −1400 mV. The eight curves shown in the Figure were recorded with the Al-Ni-
GNs substrate in a deposition solution of 0.1 M Zn (NO3)2 and 0.05 M KNO3 under the
same conditions.
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Figure 10. Current–time curves recorded with the Al-Ni-Gr cathode at a constant potential in an
aqueous solution of 0.1 M Zn (NO3)2 and 0.05 M KNO3.

The eight curves show that, immediately after the application of potential, the cathodic
current rapidly increased because the nucleation of ZnO crystals started. Each crystal’s
three-dimensional growth rapidly increased the active surface area. The current transient is
typical of a three-dimensional electro-crystallization growth process [63,64]. The transients
were divided into three regions. The first region corresponds to short time periods (t < 0.5 s).
In this region, the decrease in the cathodic current density was related to the charging of
a double layer. The second region (1 to 50 s) relates to the crystal nucleation process and
the crystals formed in the first region. The cathodic current densities of this region achieve
their maximum value. The third region corresponds to long time periods (more than
50 s) and a decline in the current density, which represents the diffusion process [63,65].
A further increase in the deposition time (more than 60 s) causes a leveling out of the
current density value (to almost a constant plateau). The current behavior for the eight
curves in Figure 10 (the eight plateaus) becomes similar because the eight substrates are
completely covered by the ZnO layer, which is especially visible. The figure shows the
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current plateau with a value of about −0.28 mA cm−2 at a potential of −600 mV, a current
plateau with a value of about −1.4 mA cm−2 at a potential of −700 mV, a current plateau
with a value of about −1.94 mA cm−2 at a potential of −800 mV, a current plateau with
a value of about −2.5 mA cm−2 at a potential of −900 mV, a current plateau with a value
of about −2.7 mA cm−2 at a potential of −1000 mV, a current plateau with a value of
about −3.2 mA cm−2 at a potential of −1200 mV, a current plateau with a value of about
3.66 mA cm−2 at a potential of −1300 mV, and a current plateau with a value of about
−6.6 mA cm−2 at a potential of −1400 mV.

Figure 11 depicts the current–time (I-t) transient curves for the growth of ZnO with the
Al-Ni-Gr-10% SiC substrate at a constant potential ranging between −600 and −1400 mV.
The figure displays a current plateau with a value of about −1.68 mA cm−2 at a potential of
−600 mV, a current plateau with a value of about −2.38 mA cm−2 at a potential of −700 mV,
a current plateau with a value of about −3.19 mA cm−2 at a potential of −800 mV, a current
plateau with a value of about −4.14 mA cm−2 at a potential of −900 mV, a current plateau
with a value of about −4.5 mA cm−2 at a potential of −1000 mV, a current plateau with
a value of about −5.3 mA cm−2 at a potential of −1200 mV, a current plateau with a
value of about −7.15 mA cm−2 at a potential of −1300 mV, and a current plateau with
a value of about −8.33 mA cm−2 at a potential of −1400 mV. Figures 10 and 11 indicate
that the increase in the current density as the potential increases could be related to the
complete deposition of the ZnO film. Additionally, during the nucleation process, the
electrochemical behavior was found to depend on the applied potential in both tested
substrates (Al-Ni-Gr and Al-Ni-Gr-10% SiC). The presence of 10 wt% SiC in the Al-Ni-Gr
substrate (Figure 11) is associated with higher current–time transient values (i-t plateaus)
than the SiC-free substrate (Figure 10). This indicates that the Al-Ni-GN-10% SiC substrate
is more conductive and less resistive than the Al-Ni-GN substrate.
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Figure 11. Current–time curves recorded with the Al-Ni-Gr-10% SiC cathode at a constant potential.

4.3. Ohmic Resistance Polarization Study

The corrosion behavior of six different Al-Ni-Gr substrates doped with different
composite SiC percentages was tested using a 0.1 M Zn(NO3)2 + 0.05 M KNO3 bath under
the same conditions. The polarization resistance (Rp) is the transition resistance between
the Al-Ni-Gr electrode with the composite SiC and the electrolyte. A high Rp value of a
metal electrode implies high abrasion and erosion resistance, while a low Rp value implies
low abrasion resistance. Thus, the polarization resistance is the ratio of the applied potential
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to the resulting current response. This resistance is inversely related to a uniform corrosion
rate. The ohmic polarization resistance is vital to determining and testing the abrasion
behavior of an Al substrate doped with SiC. The polarization resistance behaved like an
abrasion resistor for the tested Al electrodes. Figure 12 shows that the ohmic resistance
polarization values increase steeply with increasing SiC wt% in the Al samples from 0
to 5 wt% SiC, recording a value of 412 Ohms cm2 with 5 wt% SiC. After that, the ohmic
resistance polarization attained a maximum value of 469 ohms cm2 with 10 wt% SiC.

On the other hand, a further increase in the SiC ratio in the Al-Ni-GNs substrate to
15% decreased the ohmic resistance polarization gradually to 428 Ohms cm2. The ohmic
resistance polarization gradually decreased to 424 ohms cm2 upon increasing the SiC
weight percentage to 20%. Finally, the results reveal that the Al-Ni-GNs sample with 10
wt% SiC showed a higher maximum ohmic resistance polarization value (469 ohms. cm2)
than the Al-Ni-GNs-SiC-free sample (400 ohms. cm2).
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Figure 12. Variation in ohmic resistance polarization with different SiC weight percentages in the
Al-Ni-Gr substrate for ZnO film.

5. Conclusions

In this work, an Al matrix was reinforced with Ni, GNPs, and different amounts of SiC
using the powder technology–hot pressing technique. According to the obtained results, it
can be concluded that:

1. Ni was successfully precipitated by the electroless chemical deposition technique on
the nano scale;

2. All samples were successfully prepared by powder metallurgy–hot pressing at 600 ◦C
for 30 min;

3. XRD revealed the formation of Al3Ni and Ni3C intermetallic compounds;
4. The density increased upon strengthening the aluminum with Ni, GNs, and up to

15 wt% SiC-Ag;
5. The Al-5Ni recorded a hardness of 51.5 HV. The addition of 0.2 wt% GNs increased the

hardness value by 47.38%. The addition of SiC-Ag gradually increased the hardness.
The 20 wt% SiC sample recorded a hardness of 121.6 HV with a 56.29% increment;

6. The results showed that the wear rate decreased upon the addition of 5 wt% Ni,
0.2 wt% GNs, and SiC-Ag content up to 15 wt% and then increased at 20 wt% SiC;
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7. The high mechanical properties of GNs and SiC, the fair distribution, and the excellent
adhesion to Al explained the gradual increases in compressive strength (Cs) with
5 wt% Ni, 0.2 wt% GNs, and up to 15 wt% SiC;

8. Due to the excellent adhesion between the Ni, GNs, SiC, and the Al matrix and their
low thermal expansion, the CTE of the new nanocomposites decreased;

9. The results indicate that the presence of 10 wt% SiC in the Al-Ni-GNs substrate
decreased the substrate’s resistance to the electrochemical deposition process and
consequently improved the electrodeposition of ZnO film to a greater degree than the
15 and 20 wt% SiC; and

10. The results suggest that the Al-Ni-GNs-10% SiC substrate achieved the maximum
ohmic resistance polarization value (469 Ohms cm2) compared with the 400 Ohms cm2

of the Al-Ni-GNs-SiC-free sample.
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Abstract: Mesophase pitch-based carbon fibres have excellent resistance to plastic deformation
(up to 840 GPa); however, they have very low strain to failure (0.3) and are considered brittle.
Hence, the development of pitch fibre precursors able to be plastically deformed without fracture
is important. We have previously, successfully developed pitch-based precursor fibres with high
ductility (low brittleness) by blending pitch and linear low-density polyethylene. Here, we extend
our research to study how the extrusion dwell time (0, 6, 8, and 10 min) affects the physical properties
(microstructure) of blend fibres. Scanning electron microscopy of the microstructure showed that
by increasing the extrusion dwell from 0 to 10 min the pitch and polyethylene components were
more uniformly dispersed. The tensile strength, modulus of elasticity, and strain at failure for the
extruded fibres for different dwell times were measured. Increased dwell time resulted in an increase
in strain to failure but reduced the ultimate tensile strength. Thermogravimetric analysis was used to
investigate if increased dwell time improved the thermal stability of the samples. This study presents
a useful guide to help with the selection of mixes of linear low-density polyethylene/pitch blend,
with an appropriate extrusion dwell time to help develop a new generation of potential precursors
for pitch-based carbon fibres.

Keywords: blend; extrusion; dwell time; morphology; carbon-fibres; mesophase pitch; polyethylene

1. Introduction

Polymers are progressive substitutes for metal and wood, but their relatively poor
performance regarding strength and stiffness, limits their ability to compete in many
applications. Thus, in modern industries, from textiles to aerospace, there is an ongoing
demand for improvements in the performance of polymer-based materials [1–3]. For
example, there is great demand for carbon fibre (CF)-reinforced composite in the aerospace
industry. Indeed, CFs using rayon as a precursor [4,5] were in widespread use in the early
1960s and, since 1963, pitch has successfully been used as the precursor for CFs with a
superior elastic modulus [6].

The superior properties of CFs mean they are used in numerous applications from
healthcare to space exploration [2]. Nevertheless, their industrial usefulness could be enor-
mously improved if they were manufactured at lower cost and with enhanced mechanical
properties [7]. Manufacturing CFs using petroleum derived pitch could reduce material
costs for manufacturing CFs [8,9].

Previous reports [10] have shown that if the temperature is not controlled, the pitch
filament could break in a brittle manner because the mesophase pitch fibre extrusion is
sensitive to temperature changes. Researchers have also found that the fibres are also easily
damaged during the spinning process and were difficult to handle before carbonization [11].
Other reports mention that decreasing the temperature by a few degrees significantly
increased the viscosity of the mesophase pitch and increased the likelihood of brittle
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fracture during winding [12]. Lim and Yeo (2017) reported that it is very hard to wind pitch
fibres because they are brittle and have low tensile strength [13].

Aldosari et al. (2020) [14] showed how to obtain ductile pitch based carbon fibre
precursors using pitch and LLDPE blend fibres, which were shown to be an appropriate
material for manufacturing carbon fibres [15,16]. However, during the mixing of different
materials/polymers the extrusion dwell time will have an effect on the physical properties
of the final product [17,18]. The aim of this work is to systematically study the effects of
extrusion dwell time on the mechanical and thermal properties of pitch and polyethylene
blend fibres.

As a part of the current research, we varied the extrusion dwell time of LLDPE
and pitch blend from 0 min to 10 min. The effect of the extrusion dwell time on the
tensile strength, tensile modulus and onset degradation temperature was then determined
experimentally. Such a study will be a valuable aid in the selection of appropriate dwell
times for manufacturing ductile pitch-based precursor fibres for the future development of
low-cost carbon fibre manufacturing.

2. Experimental Procedures
2.1. Materials

Bonding Chemical supplied the mesophase pitch, mesophase content 92% and Sabic
supplied the LLDPE. Table 1 shows relevant properties.

Table 1. Relevant properties of MP precursor and LLDPE.

Relevant Property MP Precursor LLDPE

Softening Point 268 ◦C 99 ◦C
Melting point 298 ◦C 121 ◦C

Density 1.425 g/cm3 0.918 g/cm3

2.2. Materials Processing

Figure 1 shows a schematic flow chart illustrating the different factors affecting the
screw extrusion process, which is used to blend consistent, uniform mixes, often of several
materials [19]. To successfully investigate how to improve the material properties of the
fibres it is necessary to appreciate how the mixing ratios and extrusion process affect the
morphology of the fibres.
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A novel and valuable aspect of this work is that it completes the study of the inter-
relations between physical properties (both thermal and mechanical) and the microstruc-
tures of a linear low-density polyethylene/mesophase pitch (LLDPE/MP) blend over a
range of extrusion dwell times.

“Mixing” is the processes whereby nonuniformity of concentrations are reduced. By
definition, mixing increases the system’s configurational entropy, which is a maximum
when the locations of the constituents are random [20]. The time the polymer remains
inside the extruder as a physically and chemically active hot melt will be termed the
“effective dwell time”. The distribution of pellets will determine their effective dwell
time; the nearer the die the shorter the time, the nearer the hopper the longer the time
Figure 2 [21].
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The diameter of the nozzle of the Noztek extruder was 0.5 mm and its length was
1.5 mm, see Figure 2. The extrusion temperature is the temperature on the extreme right
of Figure 2, at the entrance to the die was Figure 2. set to 315 ◦C with a volume rate of
extrusion through the nozzle of close to 500 mm3/min and a linear speed of 2.5 m/min,
which was equal to the stretching speed. These values were maintained constant and the
dwell time could be varied by changing the rate at which pitch and PE were fed into the
extruder. The relative proportions to obtain the required fibre blend with 20 wt% LLDPE
were, of course, constant. Figure 2 shows the stages within the extrusion process. The
extrusion dwell times chosen to study the extrusion conditions for optimum thermal and
mechanical properties of the CF were 0, 6, 8, and 10 min.

Note that a mix with 20 wt% LLDPE meant the mix contained 80 wt% mesophase
pitch. All results presented below are for a blend of LLDPE/MP with 20 wt% of LLDPE
unless otherwise stated.

3. Measurement Techniques
3.1. Scanning Electron and Optical Microscopy

The diameters of the fibres were measured using an optical microscope (a Nikon
ECLIPSE ME600 at 20× magnification, Melville, NY, USA) with digital interference contrast
microscopy to enhance sample contrast.

A Tescan VEGA3 SEM (Brno-Kohoutovice, Czech Republic) with Aztec software
(Abingdon, UK) was used to investigate the specimens. They were prepared by being cut
in 5.0 cm lengths, then having a thin layer of gold sputter-coated onto their end surfaces.
For surface features, the specimens were placed lengthwise on horizontal aluminium stubs,
and for examination of the end faces, were mounted end-on for analysis. For additional
information, see [14].
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3.2. Mechanical Tests

Tensile testing of the drawn and spun fibres were carried out according to ISO 11566-
1996 [23], see Appendix A for Figure A1 and details of equipment used. A single filament
was lightly stretched longitudinally across the centre of the elliptic slot, with the ends of the
filament temporarily fixed using adhesive tape. With the filament in place, it was bonded
to the mount using a single drop of Loctite 406 adhesive. To confirm repeatability and
reproducibility, each fibre was the subject of six tests.

3.3. Differential Scanning Calorimetry and Thermogravimetric Analysis

The differential scanning calorimetry (DSC) measurements were made using a Mettler
Toledo DSCQ2000 (New Castle, DE, USA) and thermogravimetric analysis (TA) using a
Mettler Toledo Thermogravimetric Analyser TGAQ500 (New Castle, DE, USA). Both sets of
measurements were performed in a nitrogen environment. The DSC samples were heated
from 0 ◦C to 200 ◦C, then maintained at that temperature for 3 min and 20 s to remove all
traces of any previous thermal events. The relevant thermal characteristics were found after
carrying out cyclical heating and cooling of the specimens at a steady rate of 20 ◦C/min.

For the TA measurements, the samples were heated from 50 ◦C to 800 ◦C at 20 ◦C/min,
then maintained at 800 ◦C for 5 min to remove any traces of prior thermal events.

4. Results and Discussion
4.1. Optical Microscopy

The morphology of the different blends of fibres was investigated using the Nikon
system described above. As shown in Table 2, the diameter of the sample fibres increased
with extrusion dwell time, see also Figure 3. Extrusion viscosity from the nozzle increases
as temperature increases because the viscosity of the blend decreased. Our previous
differential scanning calorimetry (DSC) data showed similar melting temperature for neat
LLDPE and blend of pitch/LLDPE [14].

Table 2. Fibre diameter for LLDPE/MP as a function of extrusion dwell time.

Extrusion Dwell Time (min) Fibre Diameter, µm

0 154 (±0.51)
6 189 (±0.26)
8 223 (±0.54)

10 234 (±0.30)

The amount of time that a randomly selected, small volume element in the feed stream
spends inside the mixing equipment (extruder) is referred to as the residence or dwell
time [24].

Shrinkage was observed in fibre diameter with an increase in LLDPE content for dwell
time and all other factors kept constant. This was because fibre morphology changed
as the LLPDE content increased, with the same extensive force producing a larger axial
elongation [25]. Factors influencing the diameters of the extruded fibres included the
viscosity of the polymer, die orifice diameter, and speed of extrusion.

4.2. SEM of LLDPE/MP Fibres

The images of the pitch fibres seen in Figure 4 show that microfibrils are present within
fibres. In Figures 4a–h, and A2 the SEM images are for LLDPE/MP fibres with extrusion
dwell times of 0 Figure 4a,b; 6 Figure 4c,d; 8 Figure 4e,f and 10 min Figure 4g,h.
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Figure 3. Images of LLDPE/MP fibres extrusion dwell times: (a) 0, (b) 6, (c) 8, and (d) 10 min.

There are two types of mixing: (1) distributive, or simple mixing, which refers to
achieving a uniform spatial distribution of the different components, usually distributive
mixing does not need high stresses, and (2) dispersive, or intensive mixing, which refers
to achieving a fine level of dispersion and will often require reduction in the size of the
components and so only occurs when the stress in the melt exceeds that necessary to
rupture the component [21].

For zero minute dwell time the LLDPE pitch blend shows simple distributive mix-
ing, which resulted in large mesophase pitch particles distributed in the LLDPE matrix
Figure 4a,b.

However, with increases in dwell time from zero to 6, and then 8 min, distributive
mixing of the pitch fibre in the LLDPE matrix was observed. By increasing the dwell time
during the extrusion process from 0, to 6, to 8, and to 10 min the homogenous dispersion
of pitch domain particles in the LLDPE matrix is increased Figure 4a–h. Thus, with a
dwell time of 10 min, the matrix shows minimum number of voids; the pores trapped
in the LLDPE/MP composite matrix had coalesced together. It may be, by increasing
the extrusion dwell time, the diffusion bonding of LLDPE between the pitch domain is
increased and reached its greatest value at 10 min. However, the 0, 6 and 8 min extrusion
dwell times are not sufficient to form diffusion bonding between the fused LLDEP at the
extrusion temperature of 315 ◦C.

The effect of the extrusion dwell time on the micrographs of the produced composite
samples as shown in Figure 4 were determined by measuring the pitch domain diameters.
Table 3 shows that the pitch domain size is reduced with increase in the extrusion dwell
time. The MP molecules have a powerful inclination to align with the longitudinal axis of
the fibre, a process which tends to start in the liquid crystalline phase [7].
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Table 3. Particle size and air gap with extrusion dwell time.

Extrusion Dwell Time Duration (min) Average Pitch Domain Size (µm)

0 1.38 (±0.2)
6 1.16 (±0.4)
8 1.08 (±0.3)

10 0.92 (±0.2)

4.3. Effect of Extrusion Dwell Time on the Tensile Strength

LLDPE is extensively used because it is inexpensive and versatile and has a tensile
strength of about 6 MPa. This can be increased by adding fibre straws or multiple-walled
carbon nanotubes to as high as 22 MPa [26–28], which would enable the uses of LLDPE to
expand if it were to be used in combination with suitable additives.

The stress limit, the ultimate strength of extruded, neat LLDPE can be as high as
45 MPa, with strain of approximately 0.8, which implies that the LLDPE component
within the fibres is critical for the load-bearing capacity of the LLDPE/MP fibres [14].
Figure 5 presents plots of stress against strain for LLDPE/MP fibres produced with different
extrusion dwell times (Table 4). The samples showed high tensile strength (10.3 MPa)
for zero dwell time but low strain to failure (0.23). However, samples with the highest
extrusion dwell time (10 min) showed the lowest tensile strength (4.08 MPa) and highest
strain to failure (0.60). We attribute this increase in strain to failure to the increased dwell
time which allowed the LLDPE (the ductile polymer) to distribute more uniformly in the
LLDPE/MP fibres and act as a plasticizer. Similar behaviour has been observed in epoxy
rubber composites where the ductile rubber component helped to increase the strain to
failure in the composite [29–33]. The samples with 6 min extrusion dwell time showed a
good combination of high strength (8.36 MPa) and relatively high strain to failure (0.46).
The results for an extrusion dwell time of 6 min appear anomalous because for this time
we obtained moderate values of both ultimate strength and elongation, whereas for other
durations we obtained either larger elongation values at the expense of ultimate strength,
or higher ultimate strengths at the expense of elongation.
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Table 4. Tensile strength, tensile modulus, and strain at failure of LLDPE/MP fibres for different
extrusion dwell times. (Figures in brackets represent the standard deviation).

Extrusion Dwell Time
(Min)

Tensile Strength
(MPa)

Tensile Modulus
(MPa) Strain at Failure

0 10.3 (±0.87) 763 (±5.3) 0.23 (±0.025)
6 8.36 (±0.83) 823 (±4.5) 0.46 (±0.022)
8 8.98 (±0.57) 842 (±3.8) 0.11 (±0.036)
10 4.08 (±0.65) 857 (±5.6) 0.60 (±0.028)

4.4. Differential Scanning Calorimetry for LLDPE/MP Blend

As we have previously reported, Aldosari et al. [14] previously reported crystallization
of different blends of LLDPE with LDPE and HDPE has been investigated using DSC. It
was found that, typically, increasing the proportion of LLDPE, reduced crystallization
temperature (usually ascribed to the LLDPE’s higher molar mass), which increased chain
entanglements, making crystallisation more difficult.

Analysis of the experimental results to obtain the required kinetic data revealed that
the degradation rate of LLDPE was of relatively minor importance; the degradation started
at 310 ◦C and 50% of the polymer degraded and was volatile at 430 ◦C [34]. The thermal
properties of the given blend of LLDPE/MP with changes in extrusion dwell time between
0 and 10 min were investigated using DSC. Figure 6 shows the results of tests performed
for a range of crystallization and melting temperatures.

For the given LLDPE/MP blend, Figure 6a,b presents well-ordered plots with clear
crystallization peaks, showing that the more extended the extrusion dwell time the larger
the peak value of the heat flow, except at 6 min. It is also observed, see Figure 6c,d,
that for the given blend, increasing the extrusion dwell time increases the enthalpy of
crystallization. Figure 6a,b also shows that the crystallisation temperature increased with
increase in extrusion dwell time, confirming that the crystallisation temperature of the
blend is affected by extrusion dwell time.

Figure 6c,d and Table 5 show that for the given LLDPE/MP blend, the melt tempera-
ture is a function of extrusion dwell time, as is the corresponding enthalpy of fusion. The
melting or fusion temperature and maximum value of the enthalpy of fusion increased as
extrusion dwell time increased. This is because the longer the extrusion dwell time the
fewer crystalline spheres are present in the blend [14], confirming that the extrusion dwell
time influenced both the fusion and crystallisation temperatures of the blends. The effect
of extrusion dwell time on the fusion and crystallization temperature is negligible at all
extrusion dwell times and the percentage difference in their values between maximum
and minimum time is less than 1%. On the other hand, the extrusion dwell time has a
more pronounced effect on the enthalpy of fusion compared with fusion and crystallization
temperature. Therefore, the percentage difference in the enthalpy of fusion between 6 and 8
min is equal 37.5%. On other hand, the percentage difference between 6 and 10 min is equal
50% as shown in Table 5. This means that the effect of extrusion dwell temperature is more
pronounced on the enthalpy of fusion compared to fusion and crystallization temperature
by increasing the dwell time.

Table 5. Fusion and crystallisation temperatures of LLDPE/MP blend.

Extrusion
Dwell Time

(min)

Fusion
Temperature

(◦C)

Crystallization
Temperature

(◦C)

Enthalpy of
Fusion

(kJ/mol)

Enthalpy of
Crystallisation

(kJ/mol)

0 123.0 102.0 350 1750
6 122.8 101.6 271 1355
8 123.5 102.7 372 1860
10 123.6 102.9 406 2030
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DSC was used to assess the crystallization temperatures of the LDPE and LLDPE
blend for temperatures between 110 ◦C and 120 ◦C, a temperature range in which pure
LDPE does not melt. The population of crystallites melting increased with a 10 ◦C increase
in temperature [35]. The longest extrusion dwell time (10 min) had the highest level of
crystallization, possibly due to the influence of dwell time on crystallization during the
extrusion process.

The enthalpy of fusion and melt temperature of the given LLDPE/MP blend changed
with extrusion dwell time. It was observed that the longest dwell time (10 min) had the
highest value for the melt temperature at 123 ◦C which may be due to the high crystallinity
of the sample subject to the 10-min dwell time.
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4.5. Thermogravimetric Analysis of the LLDPE/MP Blend

It is reported in the literature that higher decomposition temperatures of composite
materials mean greater thermal stability [28,36,37]. Thermal decomposition for the given
LLDPE/MP blend was investigated for different extrusion dwell times, and the resulting
TGA curves, loss of mass vs. temperature, can be seen in Figure 7. The analysis was
performed for temperatures from 100 ◦C to 800 ◦C.
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Decomposition temperatures for various extrusion dwell times are shown in Figure 7
and Table 6. Those fibres subject to 10 min extrusion dwell time preserved more than
55% of the fibre mass until about 800 ◦C. For zero extrusion dwell time only about 30%
of the mass was preserved, while for 8 min extrusion dwell time about 40% of mass was
preserved. This confirms that, generally, the longer the extrusion dwell time the more
thermally stable the blend, i.e., that the duration of the extrusion dwell time affects thermal
stability. However, we also see that the mass preserved for 6 min extrusion dwell time can
surpass that preserved for 8 min. With their decreased brittleness and relatively higher
thermal stability, the 8 and 10 min extrusion dwell times showed higher onset degradation
temperatures compared the other sample times and could provide acceptable precursors
for the production of CFs. The onset points of decomposition that occur at which the
sample shows a loss of 1 wt.% of its initial mass as shown in Table 6 due to the onset
degradation temperature increased by increasing the extrusion dwell time.

Table 6. Onset and final degradation temperatures for LLDPE/MP with extrusion dwell time.

Extrusion Dwell
Time (min)

Onset Degradation
Temperature * (◦C)

Final Degradation
Temperature (◦C) Final Residue (%)

0 492.7 576.4 31
6 485.3 609.5 43
8 501.1 598.4 40
10 553.2 634.4 45

* Onset degradation temperature: temperature at which the sample has lost 1% of its initial mass.
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5. Conclusions

This paper has shown that the extrusion dwell times for a LLDPE/MP blend (with
20 wt% LLDPE) can enhance the fibre morphology, mechanical and physical properties.
For a range of extrusion dwell times from zero to 10 min, it has been shown that increasing
the time significantly affects the morphology of the LLDPE/MP blend. It has also been
demonstrated that the diameter of the fibres and the enthalpy of fusion both increased by
increasing the extrusion dwell time due to die swell.

TGA results demonstrated that, generally, by increasing the extrusion dwell time
the onset degradation temperature is increased and the final degradation temperature
increased the residual mass (the mass remaining constant after 630 ◦C). Hence, optimisation
of extrusion dwell time should be taken into account when considering the thermal stability
and mechanical performance of LLDPE/MP blend fibres. An extension dwell time to 6 min
showed a useful combination of high tensile strength, high strain to failure and relatively
good thermal stability. Mechanical tests on the given LLDPE/MP blend showed that,
generally, increasing the extrusion dwell time increased strain and enhancing failure.

It is expected that the findings reported in this work will be valuable to the develop-
ment of a new generation of pitch-based carbon fibre precursors for end application in the
aerospace industry.
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Figure A1. Tensile test setup for melt spun extrusion dwell time MP/PE fibre using a DEBEN
Microtest fibre tensile tester and a Leica EC4 microscope.
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Figure A2. Increase in extrusion dwell time in 20 wt% LLDPE/pitch blend fibres.
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Abstract: A high modulus of elasticity is a distinctive feature of carbon fibres produced from
mesophase pitch. In this work, we expand our previous study of pitch/linear low-density polyethy-
lene blend fibres, increasing the concentration of the linear low-density polyethylene in the blend
into the range of from 30 to 90 wt%. A scanning electron microscope study showed two distinct
phases in the fibres: one linear low-density polyethylene, and the other pitch fibre. Unique mor-
phologies of the blend were observed. They ranged from continuous microfibres of pitch embedded
in linear low-density polyethylene (occurring at high concentrations of pitch) to a discontinuous
region showing the presence of spherical pitch nodules (at high concentrations of linear low-density
polyethylene). The corresponding mechanical properties—such as tensile strength, tensile modulus,
and strain at failure—of different concentrations of linear low-density polyethylene in the pitch fibre
were measured and are reported here. Thermogravimetric analysis was used to investigate how the
increased linear low-density polyethylene content affected the thermal stability of linear low-density
polyethylene/pitch fibres. It is shown that selecting appropriate linear low-density polyethylene con-
centrations is required, depending on the requirement of thermal stability and mechanical properties
of the fibres. Our study offers new and useful guidance to the scientific community to help select the
appropriate combinations of linear low-density polyethylene/pitch blend concentrations based on
the required mechanical property and thermal stability of the fibres.

Keywords: mesophase-pitch; polyethylene; carbon-fibres; morphology; winder; blend

1. Introduction

There is an increasing need for polymer materials with improved properties to meet
modern requirements since no single polymer has all desired properties [1]. Most polymer
blends are prepared by melting [2] and polymer blending, with the fibres produced by a
melt compound extruder. This is an economic and useful method of manufacturing new
materials with advantageous properties [3–7]. To investigate how this can be improved,
one must understand how the morphology of the obtained fibre is formed, changed, and
controlled during the extrusion or mixing process, or with the help of mixing material
ratios. An important and novel aspect of this research is that it completes the definition
of the mechanical and thermal properties of LLDPE/MP blends for the complete range
of mixes.

Carbon fibres (CFs) with manmade rayon as precursor had been created by 1960 [8,9],
and by 1963, carbon fibres with a high elastic modulus were being manufactured from
pitch [10]. Due to superior mechanical, electrical, and thermal features, CFs are extensively
employed in numerous applications, ranging from space exploration to healthcare. How-
ever, their industrial application would greatly increase if they could be manufactured at a
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significantly lower cost with improved mechanical characteristics [11]. MP-based carbon
fibre (MPCF) is one material that appears very promising due to how easily the mesophase
appears [12,13].

CFs made from pitch precursors are classified into one of two types based on their
characteristics and pitch precursor used: MP-based or derived from isotropic pitch. The
former shows high resistance to longitudinal stress and, as used here, has a molar mass
of roughly 2600 g/mol [14], while the latter possesses desirable mechanical properties.
Controlled production of isotropic pitch is considered difficult because, above a specific
temperature, mesophase spheres can suddenly appear [15]. Moreover, anisotropy can
occur with the enhanced alignment of the fibres, which results in improved mechanical
properties compared to CFs derived from isotropic pitch or polyacrylonitrile (PAN) [9].
However, while the precursor may be cheap, purification of the pitch is costly, and its
widespread use in industry depends on the degree to which flaws are introduced in the
course of manufacturing.

The manufacture of CFs using pitch and synthetic polymers that are easily available
should lower the cost of materials, allowing CFs to be used more widely. Relative to
expensive PAN-based fibres, the mechanical properties of relatively easily available, low-
cost materials—such as organic polymers—have been found to be insufficient [16], whereas
CFs have superior mechanical properties and are light weight [17]. Compared to PAN,
textile-grade polyethylene (PE) is attractive as a precursor for CF synthesis for three
reasons: It has a relatively high carbon content, a higher carbonation rate, and its use could
substantially reduce the cost of production [18–21]. PE is cheap compared to PAN because
between half and two-thirds of the production cost of PAN is incurred in synthesizing
the precursor, which PE does not require. Fusion spinning is also a quicker and more
environmentally friendly method of producing PE compared to PAN. However, MP has
intrinsic shortcomings: MPCFs are brittle and that increases the difficulty of successfully
spinning fibres [3,4]. This is a complex phenomenon that depends on stress level, intrinsic
material properties (crystallinity and molecular orientation of the polymer), and other
external parameters [22]. Oxidation of MPCF is the most critical step in the fabrication
process, but it is also the most inefficient due to the time required [23].

As part of an extensive program to produce low-cost PE-based CFs with superior
physical and other desirable characteristics, Huang et al., (2009) presented a new technique
for the manufacture of a melt-spun, carbonised, and sulfonated PE precursor [24]. The
same process could produce CFs with a 75% yield [18,20,23–31].

We blended LLDPE with MP to reduce fibre brittleness and increase fibre spinnability.
LLDPE is very ductile, can be converted into CFs, and promises to be a superb blending
material that can be used to produce less brittle MP carbon fibre precursors. Polymers are
elements formed of a lengthy chain of molecules that repeat themselves. Low density, good
strength-to-weight properties, resistance to corrosion, and low thermal conductivity are
some of their advantages [32,33]. The molar mass of LLDPE is high (between 50,000 and
200,000 g/mol), higher than either HDPE or LDPE [34]. Our ultimate goal was to produce
CF-based PE and MP, with a relatively low molar mass of between 400 and 800 g/mole,
which could increase the proportion of carbon in the carbon fibre when it is added to
PE [19,20,35,36]. Innovatively generating MP/PE-derived CFs at a reduced cost and
combining enhanced ductility with stronger mechanical properties and fewer flaws can
only improve the usability of both MPCF and PE carbon. Reinforcing using fibres is an
important technological innovation in today’s world, with applications extending from
strengthening concrete [37] to improving agricultural mulching film [38]. Because LLDPE is
so often a component of these advances, greater knowledge of its properties and behaviour
when blended should be of wide interest.
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Aldosari et al., (2020) have reviewed the possibility of achieving these desired objec-
tives and showed that, despite relevant research being at an early stage, they could be
achieved by using a PE/pitch blend to produce CF precursors with improved ductility [11].
In our previous work, we showed the feasibility of mixing LLDPE/pitch as a possible
precursor for the manufacture of CFs [39]. That work was limited to a narrow LLDPE/MP
range, from 0 to 20 wt% LLDPE, with a corresponding range from 100 to 80 wt% MP.
In this paper, we have expanded our previous study into a more comprehensive investi-
gation of LLDPE/MP blend fibres, extending the range investigated to between 30 and
90 wt% LLDPE in 10 wt% increments. This extended study allows us to better compare
the variations introduced into the manufacturing process and the corresponding changes
in mechanical properties and thermal stability of the fibres over the complete range of
LLDPE in LLDPE/MP blend fibres from 0 to 90 wt%. This allows us to select the best
possible LLDPE/MP blend. The optimum precursor fibre can potentially overcome the
issue of the high level of the brittleness of pitch fibres for future high-performance CF
manufacturing. As this research is a direct continuation of our previously published work,
the same equipment was used and the reader may refer to [39] for details.

This work studies the effect of the LLDPE content of the blend on its morphology,
ranging from continuous microfibres of pitch contained in LLDPE (at high concentrations
of pitch) to discontinuous spheres of pitch (at high concentration of LLDPE) see Graphical
Abstract. It considers factors affecting the chemical composition of the pitch mesophase
dispersed in a matrix of LLDPE on the tensile strength and tensile modulus, and its
correlation with the structural morphology of the pitch/LLDPE composite.

2. Experimental Methods
2.1. Materials

In this study, the MP precursor was purchased from Bonding Chemical. Its softening
point was 268 ◦C, melting point 298 ◦C, and density 1.425 g/cm3. The mesophase content
was 92%. The LLDPE was bought from Sabic, Saudi Arabia; it had a softening point of
99 ◦C, a melting point of 121 ◦C, and a density of 0.918 g/cm3.

2.2. Materials Processing

A Noztek Pro Filament single-screw melt fibre spinning extruder was used. Details of
this and the fibre collection are given in our previous paper [35]. The nozzle was 0.5 mm in
diameter and 1.5 mm in length. The extruder was set to 315 ◦C and at a 2.5 m/min extrusion
speed, with the stretching speed set to 2.5 m/min. To obtain different fibre blends, pitch
and PE were fed into the extruder in different ratios. The manufacturing processing stages
are shown in Figure 1. The sample designation for the different proportions is LLDPE (x)
wt% and MP (100-x) wt%. Figure 2 is a diagrammatic representation of cold stretching.
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Figure 2. Melt blends cold drawn to make fibres; discontinuous pitch domains are stretched from
spheres to ellipses.

3. Characterisation Methods
3.1. Microscopy: Optical and SEM

Optical microscopy: fibre diameter was measured via a Nikon ECLIPSE ME600
at 20× magnification. Nomarski microscopy was used to enhance sample contrast and
determine the diameter of the fibres.

The SEM used to examine the prepared specimens was a Tescan VEGA3 and associated
Aztec software. Before the measurements were made, a thin gold layer was sputter-
coated onto the specimens. The specimens were cut into 50 mm lengths. The specimens
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were mounted end-on for the vertical image and for surface features laid horizontally on
aluminium stubs, for more details see [39].

3.2. Tensile Mechanical Test

Tensile measurements on the spun MP/PE fibres were made in accordance with
Standard ISO 11566-1996, Figure A1 [40] with a DEBEN Microtest fibre tensile tester
connected to a Leica EC4 Microscope; see Figure A1 in Appendix A. We placed a single
filament over the centre of the slot and temporarily fixed one end of specimen, mounting it
with adhesive tape, and lightly stretched the specimen across the slot, then fixed the other
end of the specimen to other ends of the mounting with adhesive tape, and then bound the
specimen to the mounting by applying a drop of adhesive. Each sample was subjected to
six tests to confirm repeatability.

3.3. Differential Scanning Calorimetry (DSC)

A Mettler Toledo DSCQ2000 was used for the DSC measurements. Specimens were
heated from 0 to 200 ◦C at 20 ◦C/min in an inert environment. The sample was then kept at
a higher temperature for 200 s to eliminate any prior thermal history. The non-isothermal
behaviour and kinetics of the samples were studied by cooling them at 20 ◦C/min after
completing the heating and cooling cycles.

3.4. Thermogravimetric Analysis

For the prepared specimens, a Mettler Toledo Thermogravimetric Analyser TGAQ500
was used for the TGA analysis. Under a nitrogen environment, the specimens were heated
from 50 to 800 ◦C at 20 ◦C/min, after which the specimens were kept at 800 ◦C for 300 s to
remove any preceding thermal history.

4. Results and Discussion
4.1. Optical Microscopy

Optical microscopy was used to study the morphology of the blend’s fibres. The
diameter of the sample fibres depended upon the wt% LLDPE, decreasing as the LLDPE
content increased, see Table 1 and Figure 3.

All other factors remaining constant, we observed shrinkage in the diameter of the
fibres with increased LLPDE wt% due to the greater axial elongation obtained by the same
applied axial force; see Figure 2. The morphology of the blend changed with LLDPE
wt% [41].

Many parameters influence the diameter of the extruded fibres, including the diameter
of the die orifice, extrusion speed, and polymer viscosity. Figure 3 shows the optical images
obtained for cold-drawn specimens using an optical microscope. Figure 3 also shows that
different fibre diameters were obtained by reducing or increasing the LLDPE content.

Table 1. LLDPE/MP fibre diameter as a function of LLDPE wt%.

Blend Designation Fibre Diameter, µm

LLDPE (30 wt%)/MP 152 (±0.54)
LLDPE (40 wt%)/MP 149 (±0.30)
LLDPE (50 wt%)/MP 146 (±0.36)
LLDPE (60 wt%)/MP 143 (±0.38)
LLDPE (70 wt%)/MP 140 (±0.51)
LLDPE (80 wt%)/MP 138 (±0.53)
LLDPE (90 wt%)/MP 135 (±0.24)
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4.2. SEM of Fibres

Pitch fibres tend to generate microfibrils within their fibres, as shown in the SEM
images [42]; also see Figure 4i–viii, and Figure A2 for LLDPE/MP blends in the range of
between 30 and 100 wt% of LLDPE. The MP molecules show a strong preference to align
themselves with the longitudinal fibre axis, and this process has a tendency to begin in the
liquid crystalline phase [11]. This could be the reason for micro-fibre development in our
samples. As the LLDPE wt% content of the LLDPE/MP fibres increased to about 60%, the
development of microfibres inside the blend was significantly reduced; see Figure 4iii,iv.

It was observed from the results that the fibrous pitch/LLDPE domains were due to
the continuously increasing elongational force along the spinning line, and they gradually
extended from spheres into long continuous nanofibrillar formations (Figure 2). The
creation of fibrillar structures is necessary to improve the mechanical properties of polymer
blend fibres [43,44]. The PE does not form the liquid crystal phase, so when PE is added to
the pitch, it reduces the microfibre content. With a high LLDPE content, e.g., 70 wt% LLDPE
(Figure 4v,vi), we see discontinuous elliptical-shaped inclusions of pitch domains. At
80 wt% LLDPE (Figure 4vii,viii), no continuous microfibre formations in the LLDPE/pitch
blend fibres are observed, and we see small spherical pitch domains dispersed in LLDPE.
Pure LLDPE fibres (Figure 4viiii) do not show any micro-fibres.

With immiscible polymer blends, the morphology of the dispersed phase is crucial
in determining its physical properties [45]. As a result, we deduced that increasing the
wt% LLDPE in a blend substantially affects the morphology of the fibre. It was observed
from the results that the extruder rotation rate affected morphology by changing the
polymer dwell time in the extruder [46]. It is widely known that the performance and
properties of polymer blends are directly related to the morphology of the pitch/LLDPE
polymer blends [47], so the size, shape, and orientation of the phases can be used to
characterise the morphology of pitch/LLDPE polymer blends. A major problem in the
development of polymer blends is how to influence morphology. Here, we have shown that
viscoelastic drop deformation is essentially a problem of coalescence and breakup. Many
investigations on the blending of polymer process assumed Newtonian fluid systems using,
for example, Taylor’s minor deformation theory or Grace’s breakup curve [46]. However,
the Newtonian fluids theories were shown to be inapplicable for polymer blending, which
is not surprising [48,49].
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4.3. Tensile Tests of Pitch Blends

LLDPE is widely used in many and various forms because it is cheap and flexible. One
investigation has demonstrated that LLDPE’s average tensile strength is around 6.1 MPa,
and can be enhanced by the addition of fibre straws [50]. A second investigation claimed to
have demonstrated that LLDPE can have a tensile strength as high as 9.9 MPa [51]. Others
have claimed that, by adding multiple-walled carbon nanotubes, the tensile strength can
rise to 22 MPa [52]. Enhanced values such as these suggest that the possible uses of LLDPE
could be expanded if it is used in conjunction with other materials.

The stress limit of extruded neat LLDPE is typically about 40 MPa, and the typical
strain will be about 0.8 which suggests that the LLDPE component in LLDPE/MP fibres
has an important load-bearing role, and toughens the material [39]. Figure 5 shows that
boosting the wt% LLDPE in relatively brittle LLDPE/MP fibres can be significant.
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Figure 5. Tensile strength of LLDPE/MP fibres with differing wt% LLDPE content.

We also see in Figure 5 the stress vs. strain curves for LLDPE/MP blends for between
30 and 90 wt% LLDPE. Obviously, the stress vs. strain behaviour of the specimens is
a function of wt% LLDPE. The maximum values of tensile strength and strain increase
progressively with wt% LLDPE. The minimum tensile strength (13.84 MPa) and minimum
strain (30%), occurred with an LLDPE content of 30 wt%, while the maximum tensile
strength (36.97 MPa) and maximum strain (68%) occurred with an LLDPE content of
90 wt%.

As in our previous paper [39], we identified being brittle with low strain to failure, and
the pitch fibre samples demonstrated such brittle behaviour. Increasing the wt% LLDPE in
the blend increased the strain to failure, which was taken to mean that increasing the pro-
portion of LLDPE in the fibres decreased brittleness. The data gathered on tensile strength
and modulus, and strain to failure of the LLDPE/MP fibres, are presented in Table 2. We
see that the greater the wt% LLDPE, the larger the tensile strength and modulus, and strain
to failure. It has been reported in previous work that different morphologies have different
properties that can be used to satisfy different requirements. Controlling the final morphol-
ogy requires a good understanding of how the mechanism of morphology develops in
polymer blends, and would be beneficial when designing the processes and equipment to
improve the required properties in batch mixers or extruders [4,53,54]. However, in the
current study, the time of the extrusion process and the length of extruder does not change
throughout the fabrication process.

4.4. DSC for LLDPE/Mesophase Pitch Blends

As reported by Aldosari et al. [39] (2021), DSC has been utilized to evaluate the
crystallization of various blends of low- and high-density polyethylene (LDPE and HDPE)
with LLDPE. Typically, crystallization temperature is reduced with the addition of LLDPE.
This decrease can be credited to the high molar mass of LLDPE, which increases chain
entanglements, making crystallization more challenging.
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Table 2. Tensile strength, modulus, and strain to failure of LLDPE/MP fibres with different wt%
LLDPE (figures in brackets represent the standard deviation).

Samples Tensile Strength
(MPa)

Tensile Modulus
(MPa) Strain at Failure

LLDPE (30 wt%)/MP 13.84 (±0.33) 798 (±4.3) 0.30 (±0.031)
LLDPE (40 wt%)/MP 17.53 (±0.44) 817 (±4.5) 0.36 (±0.038)
LLDPE (50 wt%)/MP 21.47 (±0.34) 838 (±3.8) 0.43 (±0.041)
LLDPE (60 wt%)/MP 25.06 (±0.85) 852 (±5.6) 0.48 (±0.028)
LLDPE (70 wt%)/MP 28.91 (±0.52) 873 (±6.9) 0.56 (±0.021)
LLDPE (80 wt%)/MP 33.06 (±0.48) 944 (±6.1) 0.62 (±0.029)
LLDPE (90 wt%)/MP 36.97 (±0.43) 989 (±3.4) 0.68 (±0.035)

Experimental data were analysed using least-squares and the rates of change of the
thermograms calculated to provide the necessary kinetic data. The degradation rate of
LDPE was found to be a second-order effect [55]. The thermal characteristics of LLDPE/MP
blends within the range of between 30 and 90 wt% LLDPE, were explored using DSC.
The tests were performed for a range of fusion and crystallization temperatures of the
LLDPE/MP blends, as determined by the wt% of the LLDPE.

In Figure 6a and Table 3, we see that all the plots have clear and well-ordered crystal-
lization peaks, and the greater the wt% of LLDPE, the higher the value of the peak heat
flow. We also observe that increasing the LLDPE content of the LLDPE/MP blend increases
the enthalpy of crystallization. Figure 6a also demonstrates that, as the wt% of the LLDPE
in the LLDPE/MP blend increases, the crystallisation temperature decreases. This confirms
the crystallisation temperature of the blends depends on LLDPE content.
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Figure 6. (a) Crystallisation (∆Hc, enthalpy of crystallization, is the area under the exotherm
curve) and (b) melting (∆Hm, enthalpy of fusion, is the area under the endotherm curve) of
LLDPE/mesophase pitch blends.

Table 3. Melting and crystallisation temperatures of LLDPE/mesophase pitch blends.

Samples Melting Temperature
(◦C)

Crystallization
Temperature (◦C)

Enthalpy of Fusion
(J/g) Sample

Enthalpy of Fusion
(J/g) LLDPE

LLDPE (30 wt%)/MP 123.1 102.1 52 173
LLDPE (40 wt%)/MP 123.3 102.2 74 185
LLDPE (50 wt%)/MP 123.4 102.3 106 212
LLDPE (60 wt%)/MP 123.5 102.4 153 255
LLDPE (70 wt%)/MP 123.6 102.5 181 258
LLDPE (80 wt%)/MP 123.8 102.7 198 247
LLDPE (90 wt%)/MP 123.9 102.9 217 241

Figure 6b and Table 3 show that the temperature at which the blend melts, and
the corresponding enthalpy of the test samples, is a function of the wt% LLDPE in the
LLDPE/MP blend. The fusion temperature of the blend increases with LLDPE content.
Thus, for the range considered here, the maximum melting temperature is at 90 wt%
LLDPE. Correspondingly, the maximum enthalpy of fusion is also at 90 wt% LLDPE. This
is because fewer crystalline spheres are present with the higher the percentage of LLDPE in
the blend [39]. These results confirm the wt% of LLDPE in LLDPE/MP blends influences
both the melting and crystallisation behaviour of the blends.

4.5. Thermogravimetric Analysis of LLDPE/MP Blends

TGA is commonly used to evaluate a composite material’s thermal stability. Here, it
was used to investigate the thermal decomposition of LLDPE/MP blends with different
wt% of LLDPE burned in air. The higher the decomposition temperatures, the greater the
thermal stability [52,56].

143



Crystals 2021, 11, 1099

TGA measures the proportion and/or quantity of the mass of a material that is
transformed, either as a function of temperature or isothermally, as a function of time.
This is usually carried out in a regulated atmosphere [57]. TGA can be used to assess any
substance that shows a change in weight when combusted, identifying phase changes
during decomposition or oxidation [58]. Thermogravimetric analyses typically consist of a
specimen pan supported by a precision scale [57]. These data are used to study the weight
change, the material’s chemical structure, and decomposition [59].

The TGA was performed with temperatures between 100 and 800 ◦C. Thermal decom-
position for a range of LLDPE/MP blends was investigated, and the TGA curves obtained
are presented in Figure 7. Figure 7 presents the loss of mass as a function of temperature
for the test specimens. We see that the LLDPE/MP blend with 90 wt% LLDPE has suffered
severe decomposition at 540 ◦C with over 90% mass loss. However, the blend with 30 wt%
LLDPE shows only 60% mass loss at that temperature. This confirms that MP is more
stable than LLDPE, and the wt% LLDPE in the blend influences its thermal stability. The
decomposition temperatures of various LLDPE/MP blends are seen in Figure 7. Those
fibres with 30 wt% and 40 wt% LLDPE could preserve more than 30% of the fibre mass until
about 800 ◦C. With their decreased brittleness and relatively higher thermal stability, these
two blends could provide acceptable precursors for the fabrication of CFs. We also studied
the onset decomposition temperature of the samples. The onset degradation temperature
is defined as the temperature at which the sample shows 5% initial mass loss. As seen in
Table 4, onset degradation temperature also reduced with increasing LLDPE content in the
LLDPE/pitch fibres. This observation further supports our initial finding that increased
LLDPE content will reduce the thermal stability of the LLDPE/pitch blend.
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Table 4. Thermogravimetric analysis (TGA) result for 30 to 90 wt% LLDPE/MP.

Samples Onset Degradation
Temperature * (◦C)

Final Degradation
Temperature (◦C)

Final Residue
(%)

LLDPE (30 wt%)/MP 490.5 571.7 30
LLDPE (40 wt%)/MP 481.6 539.4 27
LLDPE (50 wt%)/MP 475.2 536.3 22
LLDPE (60 wt%)/MP 472.2 532.1 19
LLDPE (70 wt%)/MP 462.9 528.3 15
LLDPE (80 wt%)/MP 453.4 527.1 12
LLDPE (90 wt%)/MP 446.2 525.4 8

* Onset degradation temperature defined as temperature at which the sample shows 1% initial mass loss.

5. Conclusions

This paper shows how the concentration of LLDPE affects the morphology and
physical properties of LLDPE/MP blend fibres over the range of between 30 and 90 wt%
LLDPE. The SEM image analysis of higher LLDPE content blends showed significantly
altered morphology from micro-fibres to non-microfibers. The fibre diameter also showed
a marginal reduction with increased wt% LLDPE in the LLDPE/MP blend fibres. The DSC
analysis reveals that the enthalpy of fusion increases with the increase in LLDPE content in
the sample.

The micromechanical testing of the LLDPE/MP blends showed a clear increase in
both tensile modulus and strength, as well as strain to failure with an increase in the
LLDPE content. However, TGA revealed a reduction in the temperature of the onset of
degradation and a reduction in the residual mass (after about 540 ◦C) with an increase in
the wt% LLDPE in the LLDPE/MP fibres. Hence, selection of LLDPE/pitch blend fibres
must be based on both mechanical performance and the thermal stability of fibres.
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The tensile test procedure was conducted according to the standard ISO 11566-1996.
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Abstract: This study recommends Carbopol/zinc oxide (ZnO) hybrid nanoparticles gel as an efficient
antibacterial agent against different bacterial species. To this end, ZnO nanoparticles were synthesized
using chemical precipitation derived from a zinc acetate solution with ammonium hydroxide as its
precipitating agent under the effect of ultrasonic radiation. The synthesized ZnO nanoparticles were
stabilized simultaneously in a freshly prepared Carbopol gel at a pH of 7. The chemical composition,
phase identification, particle size and shape, surface charge, pore size distribution, and the BET
surface area of the ZnO nanoparticles, as well as the Carbopol/ZnO hybrid Nanoparticles gel, were
by XRD, SEM, TEM, AFM, DLS, Zeta potential and BET instruments. The results revealed that
the synthesized ZnO nanoparticles were well-dispersed in the Carbopol gel network, and have a
wurtzite-crystalline phase of spherical shape. Moreover, the Carbopol/ZnO hybrid nanoparticles
gel exhibited a particle size distribution between ~9 and ~93 nm, and a surface area of 54.26 m2/g.
The synthesized Carbopol/ZnO hybrid nanoparticles gel underwent an antibacterial sensitivity test
against gram-negative K. pneumonia (ATCC 13883), Bacillus subtilis (ATCC 6633), and gram-positive
Staphylococcus aureus (ATCC 6538) bacterial strains, and were compared with ampicillin as a reference
antibiotic agent. The obtained results demonstrated that the synthesized Carbopol/ZnO hybrid
nanoparticles gel exhibited a compatible bioactivity against the different strains of bacteria.

Keywords: ZnO nanoparticles; hybrid materials; chemical precipitation; Carbopol; BET surface area;
zeta-potential; antibacterial activity

1. Introduction

In recent decades, discussions focused on the application of biomedical nanomaterials
have increased in the medical field due to their eminent biological properties. With their
broad applications in various fields, metal oxide nanoparticles have shown far-reaching and
promising prospects in the field of biomedicine, especially for drug delivery/antibacterial
genes, biosensing, cytometry, cancer, and others [1–3].

Many synthetic techniques are used for the synthesis of zinc oxide nanoparticles (ZnO
NPs). These methods could be classified into three main types: physical, chemical, and
biological methods. Furthermore, chemical synthesis includes liquid-phase synthesis and
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gas-phase synthesis. Liquid phase synthesis involves some sub-methods, such as polyol [4],
sonochemical [5], solvothermal [6], hydrothermal [7], water-oil microemulsions [8], sol-gel
processing [9], co-precipitation [10], and precipitation methods [11], while methods such as
inert gas condensation and pyrolysis fall within fabrication methods in the vapor phase [12].
ZnO NPs are classified as II–VI semiconductors and are characterized by a high excitation
energy of 60 eV and wide band gap energy of 3.3 eV. Thus, they can tolerate large electric
fields, high temperatures, and high power operations [13]. These properties make ZnO NPs
highly applicable in chemical sensors, photocatalysis, and solar cells [14]. Additionally, the
crystal structure of ZnO NPs significantly contributes to the emergence of their piezoelectric
properties. Accordingly, this makes ZnO NPs suitable for acoustic wave resonators and
acoustic-optic modulators. In addition, the Centro-symmetric structure of ZnO NPs made
them the highest tensors among all semiconductors, providing a large electromechanical
coupling [15]. Moreover, the GRAS substances (SCOGS) database allows access to opinions
and conclusions from 115 SCOGS reports published between 1972–1980 on the safety of
over 370 Generally Recognized as Safe (GRAS) food substances by the U.S. Food and Drug
Administration (FDA). Accordingly, the Select Committee on GRAS Substances (SCOGS)
opinion concluded that there is no evidence in the available information on zinc oxide that
demonstrates, or suggests reasonable grounds to suspect, a hazard to the public [16].

Additionally, ZnO NPs are commonly used in various fields due to their distinct
physical and chemical properties as one of the most important semiconductor metal oxide
nanoparticles [17,18]. Because of the ability of ZnO to absorb UV radiation, it is increasingly
used in personal care products, such as sunscreens and cosmetics [19]. ZnO NPs have
also been applied in the rubber industry as they can provide the abrasion resistance for
the rubber composite, as well as improve the high polymer performance in anti-aging,
toughness and strength, and other functions [20]. In addition, ZnO NPs have excellent
antibacterial and antimicrobial properties. Furthermore, when used in the textile industry,
fabrics treated with the addition of ZnO NPs gain attractive properties, such as UV blocking,
visible light resistance, deodorant, and antibacterial agents [21,22]. Zinc oxide can also
be used in other branches of industry, including electronics, photocatalysis, concrete
production, and other technologies [23,24].

These hydrogels are three-dimensional systems of hydrophilic polymers, which can
swell when absorbing water; however, they do not dissolve. Moreover, these hydrogels can
interact with the surrounding environments and simultaneously exhibit changes in both
their chemical and physical properties [25,26]. Great efforts have been exerted on hydrogels
containing pH and/or temperature-sensitive properties due to their extraordinary potential
in bioengineering and biomedical uses, especially in cell culture, molecular separation,
and drug release [27,28]. The term “nanogel” was introduced to define the cross-linked
dual-functional networks of a polyion and a nonionic polymer for polynucleotide deliv-
ery [29,30]. Nanogels are composed of nanoparticles that are formed by physically or
chemically cross-linked polymer networks that stabilize and swell in a fine solvent [31,32].
Breakthroughs in nanotechnology have generated the need to develop nanogel systems
which demonstrate the ability to deliver drugs in controlled, stable, and targetable settings.
With the promising field of polymer science, it is now possible to develop smart nanoscale
systems which could provide effective treatments and diagnoses, as well as advance clinical
trials [33,34]. Carbopol 940, or Carbomer 940, is a synthetic high-molecular-weight polymer
of the acrylic acid monomer. They may be homopolymers of acrylic acid or cross-linked
with an allyl ether of propylene, allyl ether of sucrose, or an allyl ether of pentaerythritol.
Carbopol 940 contains not less than 56% and not more than 68% of carboxylic (–COOH)
groups. The viscosity of a neutralized 0.5% aqueous dispersion of Carbopol 940 is between
40,000 and 60,000 centipoises [35]. In an aqueous solution of a neutral pH, Carbopol 940 is
an anionic polymer, i.e., many of the side chains of Carbopol 940 will lose their protons and
acquire a negative charge. This gives Carbopol 940 polyelectrolytes the ability to absorb
and retain water and swell to many times their original volume [36]. Dry Carbopol 940 is
produced as white, fluffy powders that are frequently used as gels in personal care and
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cosmetic products. Their role in cosmetics is to suspend solids in liquids, prevent emul-
sions from separating, and to control the consistency in the flow of cosmetics. Carbopol
codes (910, 934, 940, 941, and 934P) are an indication of molecular weight and the specific
components of the polymer [37]. For many applications, Carbopol 940 is used in form
of alkali metal or ammonium salts, e.g., sodium polyacrylate. In the dry powder form,
the positively charged sodium ions are bonded to the polyacrylate; however, in aqueous
solutions, the sodium ions can be dissociated. Instead of the formation of an organized
polymer chain, this leads to a swollen gel that can absorb a high amount of water [38].

The targets of synthesis and fabrication of any antimicrobial compound are to inhibit
the causal microbe without any side effects on the patients. Besides, it is worthy to stress
here the basic idea of applying any chemotherapeutic agent, which depends essentially
on the specific control of at least one biological function while avoiding multiple ones.
ZnO nanogel exhibits good and effective antimicrobial and antibacterial activity. It is
highly selective in bactericidal activity and reveals biocompatibility as well as low effects
in human cells [39–41]. ZnO nanogel delays the microbial growth of foodborne pathogens,
such as B. subtilis, E. coli, Pseudomonas fluorescent, etc. In vitro culture, media studies
showed that ZnO nanogel is very effective at killing microbes such as S. enteritidis, E. coli,
Listeria monocytogenes, and others [42,43]. ZnO nanoparticles of about 10–25 nm particle
size can penetrate deeply into the ventral cell and enhance its membrane permeability.
They disintegrate and produce complete sets of bacterial and microbial cell membranes [18].
There are several types of mechanisms that explain the antimicrobial and antibacterial
activities of ZnO nanogel. Complete cell lysis and an elevation in membrane permeability
due to the production of hydrogen peroxide (H2O2) from the ZnO nanoscale surface, are
some of the most recognized mechanisms within the scientific community [44,45]. The
size of the ZnO nanogel is very important for its activity; it is shown that the smaller sizes
of ZnO nanoparticles per unit volume in the aqueous medium increase the surface area
and enhance the production of hydrogen particles [46,47]. Another study reported that
the production of zinc particles causes severe damage to the bacterial cell membrane. This
results in the formation of small pores on the cell surface and leads to leakage of cellular
contents, causing bacterial cell death [48–50].

Furthermore, many researchers have used Carbopol-based inorganic metal/metal
oxides nanoparticles and organic additive hybrid systems in different fields. For example,
Jana et al. have used Carbopol gel containing chitosan-egg albumin nanoparticles for
transdermal aceclofenac delivery [51], while Sareen et al. have formulated and evaluated
the meloxicam Carbopol-based gels for drug release uses [52]. In addition, Bonacucina
et al. have analyzed the thickening properties of Carbopol 974 and 971 in a 50:50 mixture
of water/Silsense™ A-21 as a new cationic silicon miscible in any proportion with wa-
ter. In addition, they have also evaluated the rheological properties of Silicon/Carbopol
hydrophilic gel systems as a vehicle for the delivery of water-insoluble drugs [53].

In this study, ZnO nanoparticles were synthesized using chemical precipitation de-
rived from a zinc acetate solution with ammonium hydroxide as its precipitating agent
under the effect of ultrasonic radiation. The prepared ZnO NPs were stabilized using
Carbopol gel to obtain a hybrid system of well-dispersed nanoparticles in the gel network.
Similarly, the synthesized Carbopol/ZnO hybrid nanoparticles gel was also successfully
prepared using a chemical precipitation reaction in a Carbopol stabilizing agent under
the effect of ultrasonic irradiation. The chemical composition, phase identification, ad-
sorption/desorption behavior, and pore size distribution properties of ZnO NPs and
Carbopol/ZnO hybrid nanoparticles gel were evaluated by XRD and BET analyzers. In
addition, topographical and morphological textures of the synthesized ZnO NPs, as well as
the Carbopol/ZnO hybrid nanoparticles gel, have been investigated using AFM, SEM, and
TEM microscopies. DLS and zeta-potential studies were also conducted to investigate the
size distribution and charge measurements of the prepared ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel, respectively. Finally, the synthesized Carbopol/ZnO hybrid
nanoparticles gel was examined as antibacterial nanoparticles/gel hybrid system against
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gram-negative K. pneumonia (ATCC 13883) and gram-positive (Bacillus subtilis (ATCC 6633)
and Staphylococcus aureus (ATCC 6538) bacterial strains.

2. Experimental Section
2.1. Preparation of ZnO NPs and Carbopol/ZnO Hybrid Nanoparticles Gel

ZnO NPs were synthesized using the chemical precipitation method under the effect of
ultrasound irradiation. In a typical procedure, zinc acetate dihydrate (Zn(CH3COO)2·2H2O,
Loba Chemie, Mumbai, India) as a precursor, and an ammonia solution of 30–33% (NH3) in
an aqueous solution (NH4OH, Advent chembio, Mumbai, India) as a reducing agent, were
used [54]. The ZnO nanoparticles were produced by dissolving the appropriate amount
of zinc acetate in 100 mL of deionized water to produce 0.1 M of a zinc ions solution.
Subsequently, the zinc ions solution was subjected to ultrasonic wave irradiation using a
Hielscher UP400S (400 W, 24 kHz, Berlin, Germany) at an amplitude of 79% and a cycle of
0.76 for 5 min at a temperature of 40 ◦C. Then, the ammonia solution was added dropwise
to the zinc ions solution under the effect of the ultrasonic waves. After few moments,
the ZnO NPs began to precipitate and grow, and the ammonia solution was continuously
added until the complete precipitation of ZnO NPs occurred.

The obtained ZnO NPs were washed using deionized water several times and were left
out to settle down. Posteriorly, the obtained precipitate was dried at room temperature. To
prepare the ZnO nanogel, the produced ZnO NPs were rinsed with double deionized water
and were outfitted for the next step. On the other hand, 0.5 g of Carbopol 940 (Loba Chemie,
Mumbai, India) was dissolved in 300 mL of doubled deionized water, followed by addition
of the freshly washed ZnO NPs. Because Carbopol is naturally acidic [55], the solution
needed to be neutral, otherwise it would not thicken. Thus, the mixture had undergone
continuous sonication using an ultrasound prop (Hielscher, UP400S Berlin, Germany)
with an amplitude of 95 and a cycle of 95% for 1 h. Then, 50 mL of trimethylamine
(TEA) as a neutralizing agent (raise the pH to 7) was added dropwise under continuous
sonication until the formation of the ZnO white gel occurred, and where the Carbopol
would thicken when the pH was near to the neutral conditions [56]. Figure 1 shows a
summarized schematic flowchart of the synthesis procedures for the ZnO NPs as well as
the Carbopol/ZnO hybrid nanoparticles gel.

2.2. Characterization of Synthesized ZnO NPs and Carbopol/ZnO Hybrid Nanoparticles Gel

The synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were investi-
gated for determining the chemical composition and the crystalline phase using an X-ray
diffractometer (XRD, D8-Discover, Bruker, CuKα radiation, Madison, WI, USA) working
at a current of 30 mA and voltage of 20 kV. The Raman shift spectrum of the synthesized
ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were investigated using the Raman
spectrometer of a model (Horiba labRAM HR evolution visible single spectrometer, Edison,
NJ, USA). The measurement processes were performed at room temperature and the acqui-
sition time was 20 seconds. The Raman spectroscopy was supplied with a He-Cd green
LASER which provided a wavelength of 532 nm/edge, and a grating of 1800 (450–850 nm),
supported with a 100% ND filter and an objective of X50/Vis. The scanning electron
microscope (SEM, JSM-6701F Plus, JEOL, Peabody, MA, USA), and transmission electron
microscope (JEOL, TEM-2100, Peabody, MA, USA) operated at a potential of 20 kV, and
were used to investigate the morphology, shape, and size of the Carbopol/ZnO hybrid
nanoparticles gel. In the investigations of the samples using TEM, a copper grid was
prepared to support the NPs by sputtering them with gold. The ZnO NPs stabilized Car-
bopol gel sample was diluted with distilled water and sonicated with an ultrasonic cleaner
(Elma, Singen, Germany) for 30 min. Then, a few drops of the Carbopol/ZnO hybrid
nanoparticles gel sample were deposited onto the coated copper grid and allowed to dry
at room temperature before the investigations were performed by the TEM microscopy.
The specific surface area of the Carbopol/ZnO hybrid nanoparticles gel sample was deter-
mined by the N2 adsorption/desorption isotherm using Brunauer–Emmett Teller (BET)
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analyzer (NOVA touch LX2, model; NT2LX-2, Quantachrome, FL, USA). An Atomic Force
Microscope (AFM, 5600LS, Agilent, California, CA, USA) was used to provide 2D and 3D
topographic images of the synthesized Carbopol/ZnO hybrid nanoparticles gel. Finally,
the particle size and zeta potential of the prepared ZnO NPs and Carbopol/ZnO hybrid
nanoparticles gel samples were measured using a DLS and zeta potential analyzer (Nano
Sight NS500, Malvern Instruments Ltd., Kassel, Germany).

Figure 1. Schematic flowchart for the synthesis of ZnO NPs and Carbopol/ZnO hybrid nanoparti-
cles gel.

2.3. Antibacterial Sensitivity Test

The antibacterial activity of the investigated Carbopol/ZnO hybrid nanoparticles
gel was employed on Mueller–Hinton agar plates using an Agar well diffusion technique
against gram-negative K. pneumonia (ATCC 13883) and gram-positive Bacillus subtilis (ATCC
6633), and Staphylococcus aureus (ATCC 6538) bacterial strains, and by applying ampicillin
as a reference antibacterial agent. A stock solution was prepared by dissolving 10 mg of
Carbopol/ZnO hybrid nanoparticles gel in 1 mL DMSO. The nutrient agar medium of the
composition (0.5% Peptone, 0.1% Beef extract, 0.2% Yeast extract, 0.5% NaCl, and 1.5%
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Agar-Agar) was prepared by heating the contents in a water bath, cooling them down to
47 ◦C, and seeding them with the investigated microorganisms. After the solidification
of the Agar media, 5 mm diameter holes were punched aseptically and carefully using a
sterile cork borer. The investigated Carbopol/ZnO hybrid nanoparticles gel was introduced
in Petri-dishes (10 cm diameter) after their dissolving in DMSO to reach a 1.0 × 10−3 M
concentration. The prepared culture plates were then incubated at 37 ◦C for 20 h to enhance
the growth of the bacteria. The activity was determined by measuring the diameter of
the inhibition zone in mm. The plates were kept for incubation at 37 ◦C for 24 h and
then the plates were investigated for a recording of the zone of inhibition in millimeters.
Antimicrobial activities were performed in triplicate and the average was taken as the
final reading.

3. Results and Discussion
3.1. Synthesis and Stabilization Mechanism of ZnO NPs by Carbopol Gel

The consequence chemical precipitation reactions of the synthesis method of ZnO NPs,
as well as the Carbopol/ZnO hybrid nanoparticles gel, can be explained by the following
chemical equations;

Zn(CH3COO)2·2H2O + 2NH4OH→ Zn(OH)2 + 2CH3COONH4 + 2H2O (1)

Zn(OH)2 + 2H2O→ Zn2+ + 2HO− = [Zn(OH)4]2− (2)

[Zn(OH)4]
2− ↔ ZnO2−

2 + 2H2O (3)

ZnO2−
2

24 kHz, 400 W, ∆−−−−−−−−−→ ZnO ↓ + O2 ↑ (4)

(5)

According to the chemical equations mentioned above, (Equation (1) to Equation (4),
the zinc acetate reacted with an equivalent amount of ammonium hydroxide solution form-
ing zinc hydroxide precipitate, which dissolved to form ammonium zincate in the presence
of an excess amount of ammonium hydroxide solution. The formed ammonium zincate was
converted into ZnO nanoparticles by heating under the effect of ultrasonic wave irradiation.
The produced ZnO NPs were stabilized by the interaction with Carbopol according to the
chemical Equation (5). The Carbopol gel is usually formed by adding the Carbopol powder
to distilled water, which was previously neutralized to pH = 7 using few drops of inorganic
bases, such as sodium hydroxide or potassium hydroxide, or low molecular weight amines
and alkanolamines, which can provide satisfactory neutralization. Some of the amine
bases that are effective as neutralizing agents for aqueous formulations include TEA (tri-
ethanolamine), AMP-95 (aminomethyl propanol), Tris Amino (tromethamine), and Neutrol
TE (tetrakis-2-hydroxypropyl ethylenediamine) [57–59]. Then, the obtained mixture was
subjected to continuous rigorous mixing for a few minutes to avoid agglomeration, and
then continued stirring until viscosity built up before it turned to gel. In the current work,
and according to Equation (5), trimethylamine was used as a neutralizing agent to produce
a matrix gel between ZnO NPs and the Carbopol network. The Carbopol/ZnO hybrid
nanoparticles gel is formed by the agitation of the ZnO NPs within Carbopol solution to
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achieve the homogeneity of mixture and to facilitate the polymer-solvent and polymer-
polymer interactions giving rise to a better-network structure, typically of a gel-like system.
Besides, adding the neutralizing agent induces the entanglement between the different
polymer chains. The neutralization reaction ionizes the polymer and generates negative
charges along the chain of the polymer. The repulsions between similar charges cause
the uncoiling of the molecule into an extended strained structure. This reaction occurs
rapidly and provides an instantaneous thickening and an emulsion formation/stabilization.
Consequently, the mixture starts to convert to the Carbopol gel network and chelates with
the ZnO NPs inside its chain structure. The thick structure and higher elastic character
of the hydrated Carbopol/ZnO hybrid nanoparticles gel may be attributed to the elec-
trostatic, Vander Walls, dipole-dipole, hydrophobic type interactions, and the formation
of H-bonding, which can be established between ZnO NPs and the hydroxyl groups of
Carbopol base-polymer due to the high electronegativity of the oxygen atom. Moreover,
there is a possibility for H-bonding creation between ZnO NPs and the nitrogen atoms
of trimethylamine agents, even though it has a lower electronegativity than that of the
oxygen atom. Furthermore, ultrasonic wave irradiation causes particle-particle interaction
by enhancing the molecular vibration of the constituent in the reaction mixture, which
generally enhances the thickening process promoted by the polymer-solvent interactions,
and aids in the solvation of Carbopol. In addition, ultrasound wave irradiation enhances
the polymer–ZnO NPs interaction and improves the viscoelastic properties of the prepared
Carbopol/ZnO hybrid nanoparticles gel. Accordingly, many studies have introduced
similar interpretations [60–64].

Figure 2 shows the prepared ZnO NPs as well as the Carbopol/ZnO hybrid nanopar-
ticles gel. The results indicate that the prepared ZnO NPs, in the absence of any stabilizing
agent, were partially suspended and settled down in the solution within a short period.
However, the Carbopol/ZnO hybrid nanoparticles gel was completely suspended and did
not settle down for a long time, eventually forming a homogeneous gel. Therefore, one can
see that Carbopol is a suitable stabilizing agent for the ZnO NPs in the solution.

Figure 2. ZnO NPs synthesized by the chemical precipitation method under the effect of the ultra-
sound wave irradiation, where (a) is in the aqueous solution, and (b) is stabilized by Carbopol gel.

3.2. Chemical Composition and Phase Identification of Synthesized ZnO NPs and Carbopol/ZnO
Hybrid Nanoparticles Gel

Figure 3 shows the XRD pattern of the synthesized ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel. It can be observed from the results that the diffraction peaks
have a high intensity, which implies an ideal crystalline structure within the synthesized
ZnO NPs. The Carbopol gel is in an amorphous state as no peaks were recorded. Besides,
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the characteristic peaks of zinc oxide are prominently featured in the XRD pattern of
the Carbopol/ZnO hybrid nanoparticles gel. In addition, the crystalline structure of
the synthesized ZnO NPs demonstrates a hexagonal structure of the high-purity ZnO
wurtzite phase according to the reference COD no. 2300113. Thus, the observed peaks
corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and
(202) planes. Furthermore, the Zn element represents 80.3%, while the oxygen element
represents 19.7% of the sample. The average crystallite size (D) of ZnO NPs was estimated
from the highly intense and sharp diffraction peak corresponding to the (101) plane using
the Debye-Scherer formula [65] according to the following equation:

D =
0.9λ

βcosθ
(6)

where D is the average crystalline size (nm), λ the CuKα radiation wavelength, i.e.,
1.54060 Å, β the full-width at half maximum in radians, and θ the scattering angle in
degree. The average crystallite size of the synthesized ZnO nanoparticle was found to
be 48.70 nm. Similar results were reported in the previous work [66]. The assessment of
different diffraction peaks and the detailed XRD analysis of ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel are listed in Table 1.

Figure 3. XRD patterns of the synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel.

Table 1. Appraised parameters of the XRD analysis of synthesized ZnO NPs and Carbopol/ZnO
hybrid nanoparticles gel.

ZnO NPs Carbopol/ZnO Hybrid Nanoparticles Gel

Index d-Value (Å) 2θ (º) hkl d-Value (Å) 2θ (º) hkl

1 2.8009 31.926 100 2.8141 31.773 100
2 2.5886 34.624 002 2.6027 34.430 002
3 2.4635 36.442 101 2.4755 36.259 101
4 1.901 47.808 102 1.9107 47.551 102
5 1.6171 56.894 210 1.6247 56.604 210
6 1.4692 63.242 103 1.4769 62.875 103
7 1.4004 66.742 200 1.4070 66.388 200
8 1.3715 68.34 212 1.3782 67.962 212
9 1.3519 69.471 201 1.3583 69.097 201

10 1.2943 73.046 004 1.3013 72.591 004
11 1.2317 77.422 202 1.2377 76.978 202
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Based on the aforementioned results, and in comparison with previous studies, the
existence of ZnO NPs in the hexagonal wurtzite structure demonstrated a high purity and
an excellent crystallinity in the synthesized particles. Table 2 shows the crystallinity and
phase structures of ZnO NPs prepared using different methods.

Table 2. Crystallinity of synthesized ZnO NPs based on the synthesis route and structure compared with those in
the literature.

Synthesis Route Crystal Phase Lattice Structure Crystallite Size (nm) References

Green synthesis by sheep and goat fecal matter Hexagonal Wurtzite 28.50 [67]

Biological synthesis of ZnO NPs using C. albicans Hexagonal Wurtzite 25.00 [68]

Biogenic synthesis of ZnO NPs using an aqueous
extract of Papaver somniferum L Hexagonal Wurtzite 48.00 [69]

ZnO NPs synthesized via a solvothermal method
in triethanolamine (TEA) media Hexagonal Wurtzite 33.00 [70]

Hydrothermal synthesis of highly crystalline
ZnO NPs Hexagonal Wurtzite 17.00 [71]

Sol-gel synthesis of ZnO NPs at three different
calcination temperatures Hexagonal Wurtzite 30.00 [72]

Chemical precipitation/ultrasonication synthesis
of ZnO NPs Hexagonal Wurtzite 48.70 This study

As shown in Table 2, most of the studies in the literature reported a similar crystallite
size for ZnO NPs, although prepared by different methods, and confirmed the same
lattice structure.

3.3. Raman Spectrum of the Synthesized ZnO NPs and Carbopol/ZnO Hybrid Nanoparticles Gel

The Raman spectrum is a fundamental and multilateral diagnostic technique that
can be used to investigate the structural disorder, crystallization, and defects in the micro
and nanostructures materials. The vibrational modes of the synthesized ZnO NPs and
Carbopol/ZnO hybrid nanoparticles gel are studied. The ZnO NPs of hexagonal wurtzite
crystal-type structures belong to the space group of P63mc with two formula units per
primitive cell. Also, for pure ZnO NPs crystals, the optical phonons at Γopt point of the
Brillouin zone are included in a first-order Raman scattering. According to the classical
group theory, the zone center optical phonons can be assorted according to the following
irreducible equation:

Γopt = A1 + 2B2 + E1 + 2E2 (7)

where both the A1 and E1 modes are two polar branches and both are Raman and in-
frared active. Due to the macroscopic electric fields associated with the LO phonons,
the two modes are divided into transversal optical (TO) and longitudinal optical (LO)
branches with various frequencies. Otherwise, the A1, E1, and E2 modes (E2 low and E2
high) are non-polar and first-order Raman-active modes, where the E2 modes are only
active for Raman-shift. As shown in Figure 4, the main phonon scattering modes of the
ZnO NPs have recorded two bands at 58.05 and 473.87 cm−1 that attributed to the 2nd
order Raman scattering arising from the E2L and E2H vibrational modes. The broad mode
centered at 515.64 cm−1 is assigned to the E1(LO) mode, which is defects induced: oxy-
gen vacancies and zinc interstitials. Whereas, the main phonon scattering modes of the
Carbopol/ZnO hybrid nanoparticles gel were recorded in eight bands at 59.80, 553.93,
1097.21, 1455.96, 1638.38, 2411.25, 2543.44, and 2940.24 cm−1, which corresponds to the E2L,
E2H, A1(LO)/E1(LO), C-O stretch, O-C-O bend, CH3 bend, CH3 stretch, and NH stretch
modes, respectively, while, the second-order phonon mode recorded at about 178.58 cm−1

is represented as 2E2L, and the E2H Raman mode observed at 553.93 cm−1 is dominantly
attributed to the oxygen vibrations. On the other hand, according to the Raman selection
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rule, the B1 modes are usually inactive in Raman spectra and are identified as silent modes.
The multi phonon scattering modes are recorded at 464.59, 769.87, and 953.89 cm−1, which
may be assigned to 3E2H − E2L, 2(E2H − E2L), and A1(TO) + E1(TO) + E2L, respectively.
In addition, an acoustic combination of A1 and E2 is recorded at around 953.89 cm−1.
Moreover, the Raman spectra can help in identifying the chemical forms of the Carbopol
ligands, as the vibration frequencies of the functional groups are sensitive to the chemical
environment. The other vibrational bands were observed in the Raman spectrum at 1455.96,
1638.38, 2411.25, and 2543.44 cm−1, and could be originated from Carbopol ligand groups
attached to the ZnO NPs’ surfaces. However, the C-O stretch, O-C-O bend, CH3 bend,
CH3 stretch, and NH stretch modes are much more sensitive to the surrounding environ-
ment. It could be stated the Raman shift spectrum for Carbopol gel exhibited the same
vibrational modes of ZnO NPs besides the vibrational, rotational, and other low-frequency
modes of the hybrid system, causing the multi-phonon to shift to higher wavenumbers. In
addition, the structural fingerprint for both ZnO NPs and Carbopol gel were identified.
Diallo et al. have mentioned similar vibrational properties of ZnO NPs synthesized by
Aspalathus linearis [73]. Moreover, Muchuweni et al. have mentioned similar results for the
Raman shift of ZnO nanowires prepared using a hydrothermal method [74]. In addition,
Taziwa et al. have presented the Raman spectra for both unmodified ZnO and C:ZnO
NPs synthesized using the PSP technique. They found that the C:ZnO NPs recorded a
red-shift by 4 cm−1 compared to that found in bulk ZnO samples. They attributed this shift
either to the phonon confinement and tensile stress within the nanocrystal (quantum dots)
boundaries, or the localization of phonons inside the C:ZnO NPs hybrid system, which
has a more inherent defect when compared to pristine ZnO NPs [75]. On the contrary, in a
study by Jayachandraiah and Krishnaiah, both reported that the main phonon scattering
modes of Er-doped ZnO NPs systems dropped with different Er ratios without a significant
shift [76].

Figure 4. Raman shift spectrums of the synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparti-
cles gel.

3.4. BET Surface Area and Pore Size Distribution Analysis of the Synthesized Carbopol/ZnO
Hybrid Nanoparticles Gel

The specific surface area of the synthesized Carbopol/ZnO hybrid nanoparticles gel
was determined using the N2 adsorption/desorption isotherm at a temperature of 77 K.
Figure 5 shows the typical IV-type adsorption of the Carbopol/ZnO hybrid nanoparticles.
Usually, the mesoporous adsorbents are exhibiting type IV isotherms (e.g., mesoporous
molecular sieves, industrial adsorbents, and many oxide gels). In this case, the interactions
between the molecules in the condensed state, and the adsorbent/adsorptive interactions,
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were designated to determine adsorption behavior in the mesoporous materials. Based on
this reason, the initial monolayer-multilayer adsorption occurring on the mesoporous walls
was followed by pore condensation. The phenomenon of pore condensation means that,
at a pressure p less than the saturation pressure po of the bulk liquid, the gas condenses
to a liquid-like phase in the pores [77]. According to the characteristics of the IV type, the
capillary condensation taking place in mesoporous may be accompanied by hysteresis,
which commonly occurs when the pore size exceeds a certain critical width. It could
be said that the capillary condensation depends mainly on the adsorption system and
temperature (for nitrogen adsorption in cylindrical pores at 77 K). Furthermore, as shown
in the isotherm curve in Figure 4, the isotherm did not contain a hysteresis loop that starts
to occur when the pores of the adsorbent are wider than ∼4 nm. Consequently, the specific
surface area of Carbopol/ZnO hybrid nanoparticles gel was determined at 54.26 m2/g,
while the pore volume and the mean pore diameter were found to be 0.063 cm3/g and
2.33 nm, respectively. The BET results of the Carbopol/ZnO hybrid nanoparticles gel
are listed in Table 3. Kołodziejczak-Radzimska et al. reported similar results in their
analysis [78].

Figure 5. N2 gas adsorption/desorption isotherm of the synthesized Carbopol/ZnO hybrid nanopar-
ticles gel.

Table 3. BET parameters of the synthesized Carbopol/ZnO hybrid nanoparticles gel.

Carbopol Stabilized ZnO NPs

BET surface area, m2/g 54.26
Average particle size, nm 5.02
Mean pore diameter, nm 2.33

Total pore volume, cm3/g 0.063

As shown in Table 4, the Carbopol/ZnO hybrid nanoparticles gel exhibited a relatively
high surface area when compared with the bare ZnO NPs and some other hybrid systems.
Accordingly, this demonstrates that the Carbopol gel provided an extra area for ZnO NPs
to disperse, and subsequently contributed to increasing the overall surface area of the
obtained sample. As presented in Table 3, and as stated by the different reports, all hybrid
systems showed higher surface areas than those of bare metal oxides.
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Table 4. Comparison of the obtained SBET of synthesized Carbopol/ZnO hybrid nanoparticles gel
with those for bare ZnO NPs and the other hybrid systems in the literature.

Materials SBET, m2/g References

Bare ZnO NPs
Pd–ZnO-EG

3.29
4.93 [79]

ZnO precursor
ZnO Xerogel nanostructers annealed at

275 ◦C
375 ◦C
475 ◦C
600 ◦C

87.43

25.36
22.81
15.16
8.78

[80]

ZnO nanostructures modified chitosan and sodium chloroacetate
with isopropyl alcohol

ZnO-CTS-450
ZnO-CMC1-450

ZnO-CTS-650
ZnO-CMC1-650

23.76
15.44
11.92
5.88

[81]

Modified ZnO NPs
Ag/ZnO NPs
Cd/ZnO NPs
Pb/ZnO NPs

7.75
10.6

106.65

[82]

ZnO synthesized without any biotemplate
ZnO synthesized at different volumes of palm olein

1 mL PO
2 mL PO

5

10
13

[83]

Kaolin/ZnO nanocomposites 31.8 [84]

Gum arabic-crosslinked-poly(acrylamide)/zinc oxide hydrogels
(GA-cl-PAM/ZnO hydrogel) 39.0 [85]

Flower-like ZnO NPs in a cellulose hydrogel microreactor 39.18 [86]

ZnO/PAAH hybrid nanomaterials (PAAH = polyacrylic acid)
ZnO/PAA2-350 ◦C
ZnO/PAA5-350 ◦C

51
31

[87]

Carbopol/ZnO hybrid nanoparticles gel 54.26 This study

Alginate/Zn aerogel beads 143 [88]

Highly dispersed ZnO NPs supported on the silica gel matrix 245 [89]

Cellulose/ZnO hybrid aerogel (CA/ZnO) 352.82 [90]

Wheat gliadin/ZnO hybrid nanospheres 523.88 [91]

3.5. AFM Topographical Analysis of the Synthesized Carbopol/ZnO Hybrid Nanoparticles Gel

Figure 6a–d shows the non-contact mode topographical AFM 2D images and the
corresponding 3D images for the synthesized Carbopol/ZnO hybrid nanoparticles gel.
The images demonstrated that the Carbopol/ZnO hybrid nanoparticles have a spherical
particle shape. In addition, a good distribution and monodisperse of a large number
of random nano pits are observed. Furthermore, the automated batch-mode particle-
height functional analysis provided a corresponding particle size distribution histogram
of the synthesized Carbopol/ZnO hybrid nanoparticles gel through the scanned area,
whereas the synthesized Carbopol/ZnO hybrid nanoparticles gel exhibited a homogeneous
particle size of normal distribution. Moreover, the maximum peak height was found to be
59.9 nm, which represents the average particle size of synthesized Carbopol/ZnO hybrid
nanoparticles gel, as shown in Figure 6e,f. Furthermore, the corresponding particle volume
distribution histogram showed that the volume of the Carbopol/ZnO hybrid nanoparticles
gel was found to be 0.0113 (V.µm2/µm2), and the volume of the void per cross-sectional
area was 0.206 (V.µm2/µm2) as presented in Figure 6g,h. Similar results were reported in
previous studies [92]. Moreover, the results of the AFM are correlative with the results of
the XRD.
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Figure 6. (a,b) Topographical 2D AFM images; (c,d) identical 3D AFM images; (e,f) typical histogram of particle size distribution;
(g,h) typical histogram of particles volume distribution of the synthesized Carbopol/ZnO hybrid nanoparticles gel.
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3.6. Particle Shape and Size Analysis of Synthesized ZnO NPs and Carbopol/ZnO Hybrid
Nanoparticles Gel

The synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were inves-
tigated using a high-emission SEM microscope. Moreover, the obtained Carbopol/ZnO
hybrid nanoparticles gel was further examined using a TEM microscope. The SEM and
TEM results supported the results obtained by the AFM images. From Figure 7a, it could
observed that the ZnO NPs were formed in nanospheres with uniform spherical shapes and
sizes, as the majority of the particles lie in the nanodomain range. Moreover, the microstruc-
ture of nanocrystalline ZnO NPs has a skeletal form resulting from the aggregation process.
These agglomerates have taken the shape of faceted crystals, which is characterized by
a high porosity. Hutera et al. and Chai et al. reported similar results [93,94]. Figure 7b
illustrates an SEM photograph of synthesized Carbopol/ZnO hybrid nanoparticles gel.
It is clear that the Carbopol/ZnO hybrid nanoparticles gel have formed from Carbopol
gel well-comprised by ZnO nanoclusters, and have created a network of ZnO NPs series
connected to each other by the Carbopol gel. These observations were confirmed by the
HR-TEM micrograph, as shown in Figure 8.

Figure 7. Field-Emission SEM image of (a) ZnO NPs and (b) Carbopol/ZnO hybrid nanoparticles gel.

Figure 8. High-Resolution TEM image of the synthesized Carbopol/ZnO hybrid nanoparticles gel.

162



Crystals 2021, 11, 1092

As shown in the TEM image, quazi-spherical ZnO NPs with sharp edges dispersed in
the gel network. Moreover, the TEM image confirmed that the size of the Carbopol/ZnO
hybrid nanoparticles was ~38 nm. Previous studies mention similar TEM morphologies.
Mohammed et al. reported that the particle size investigations of the unloaded Carbopol
AquaSF-1 nanogel and vancomycin-loaded Carbopol nanogel (VAC-AquaSF1) revealed
that the prepared drug-loaded nanogel particles were almost spherical with a smooth
morphology, appeared as black dots with bright surroundings, and were well dispersed
and separated on the surface. The average particle size was found to be less than 115 nm
and larger than unloaded nanogel, which was about lower than 100 nm [95]. In addition,
Al-Awady et al. concluded that the TEM image of the dried-up suspension of collapsed
Carbopol Aqua SF1 nanogel particles contained spherical particles of about 100 ± 20 nm,
which matches with the average particle diameter measured by the Zetasizer analyzer [96].

3.7. DLS and Zeta-Potential of the Synthesized ZnO NPs and Carbopol/ZnO Hybrid
Nanoparticles Gel

The synthesized ZnO NPs and Carbopol/ZnO hybrid nanoparticles gel were inves-
tigated using the dynamic laser scattering (DLS) technique and were subjected to zeta
potential measurements. Figure 9 shows that the median particle size value of ZnO NPs
was ~60 nm, and ~40nm for Carbopol/ZnO hybrid nanoparticles gel, which matched with
the particle size estimated by the TEM image analysis. This difference may be attributed to
the fact that the Carbopol gel improved the dispersity of the ZnO NPs and reduced the
cluster aggregations.

Figure 9. Particle size distribution of ZnO NPs measured by DLS.

Nanocrystals usually undergo agglomeration when dispersed in solutions, and this
behavior has a major impact on the reactivity and responsiveness of nanomaterials when
exposed to various cells or organisms. Therefore, the hydrodynamic sizes of the ZnO
NPs samples suspended in Carbopol gel were measured at a neutral pH. According to
the Derjaguin−Landau−Verwey−Overbeek (DLVO) model, the agglomeration of non-
stabilized ZnO NPs nanocrystals depends on the repulsive interaction arising from an
electrostatic force and the van der Waals force of attraction. Because the surface charges
of nanocrystals influence the electrostatic repulsive force, nanoparticles with a larger zeta
potential will generally reduce in hydrodynamic size. Punnoose et al. mentioned similar
results [97].
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The zeta-potential values of the ZnO NPs and Carbopol/ZnO hybrid nanoparticles
gel were found at 5.82 mV (Figure 10), and −21.7 mV, respectively. Consequently, one can
conclude from the results that the high value of zeta-potential might be interpreting the
acquired high bioactivity of the Carbopol/ZnO hybrid nanoparticles gel against different
types of bacterial species. It is clear from the results that the surface of the Carbopol/ZnO
hybrid nanoparticles gel is negatively charged at a neutral pH. The high negative zeta
potential observed for the Carbopol/ZnO hybrid nanoparticles gel signifies an efficient
dispersion of the ZnO NPs powder in the neutral pH gel, where the well-dispersed powder
provides a high effective surface for killing the bacteria [98]. The ZnO NPs stabilization
by Carbopol gel is expected to modify the net surface charge density and inter-particle
interactions. When the ZnO NPs are dispersed in a Carbopol gel, the nanocrystals undergo
surface ionization and the adsorption of ions resulting in the generation of an enhanced
surface charge. This surface charge leads to an electric potential between the ZnO NPs
nanocrystals and the bulk of the dispersion medium (Carbopol gel), and this is measured
as zeta potential in experiments that use electrophoretic/electrokinetic techniques. Besides,
Weldrick et al. stated that the alcalase-coated clindamycin-loaded Carbopol Nanogels were
narrow, although not monodisperse. The effect of pH on the nanogels not only causes
swelling and de-swelling, but also changes the values of the zeta potential. There is an
overall increase in the zeta potential according to the pH value of the solutions. The
surface carboxylic groups of Carbopol gel that partially dissociate cause the appearance of
a negative surface charge. Moreover, the nanogel particles are always negatively charged
across the whole range of the pH, which allows for the cationic entities of materials [99].

Figure 10. Zeta potential of ZnO NPs measured as a function of time.

A previous study by Mohammed, et al. reported that the particle size distribution
and the zeta potential of bare Carbopol nanogel at pH 6.5 equaled 94.66 nm and −31.8 mV,
respectively, while, the particle size distribution and the zeta potential of vancomycin-
loaded Carbopol nanogel at pH 6.5 reached 391 nm and −38.5 mV, respectively [95].
Moreover, Al-Awadyet al. reported that the average particle diameter of 0.05 wt% Carbopol
Aqua SF1 was found to be approximately 100 nm, while the zeta potential was −44 mV,
which indicates that the Carbopol Aqua SF1 nanogel particles have high stability when
suspended in MilliQ water at pH 5.5. Furthermore, they measured the value of the average
particle diameter of berberine-loaded Carbopol Aqua SF1 nanogel and found it to be about
135 nm at pH 5.5, while the berberine-loaded Carbopol Aqua SF1 nanogel suspension has
a zeta potential value of −40 mV [96].

164



Crystals 2021, 11, 1092

3.8. Bioactivity of Carbopol/ZnO Hybrid Nanoparticles Gel

Gram-positive bacteria (Bacillus subtilis and Staphylococcus aureus) and gram-negative
bacteria (K. pneumoniae) are pathogenic bacteria, which is one of the ESKAPE pathogens
with a multi-drug resistance. The emergence of resistance in Bacillus subtilis, Staphylococcus
aureus, and K. pneumoniae causes high mortality and morbidity. Gram-positive and gram-
negative bacteria have developed an ability to accumulate diverse resistance mechanisms.
The rise in antibiotic resistance and emergence of antibiotic-resistant superbugs is stressing
the need for innovative strategies to develop new antimicrobials [100]. In this study, two
types of bacterial organisms, gram-positive bacteria (Bacillus subtilis and Staphylococcus au-
reus) and gram-negative bacteria (K. pneumoniae), were used to investigate the antibacterial
activity of the prepared Carbopol/ZnO hybrid nanoparticles gel. The observed results
revealed that the inhibition activity of the Carbopol/ZnO hybrid nanoparticles gel was
more active than the reference sample of ampicillin (see Figure 11), where the inhibition
zone diameters were found at 27 ± 0.71 and 33 ± 0.62 for Bacillus subtilis and K. pneumoniae
(ATCC 13883), respectively. Thus, the obtained values of the inhibition zone can illustrate
the great inhibition effect of Carbopol/ZnO hybrid nanoparticles gel against the different
types of bacterial strains. However, the value of the inhibition zone of Carbopol/ZnO
hybrid nanoparticles gel against Staphylococcus aureus reached 37 ± 0.78 mm with a high
sensitivity without any contamination effect [101,102]. In the same context, the ampicillin
showed an asymmetrical and moderate effect on the inhibition of bacterial growth for both
Bacillus subtilis and Staphylococcus aureus, while also facing a drastic resistance from the K.
pneumonia, and thus it did not record any activity.

Figure 11. Antibacterial activity of the synthesized Carbopol/ZnO hybrid nanoparticles gel as
compared with ampicillin standard samples.

Sadek et al. mentioned that the value of the inhibition zone of bare metal nanopar-
ticles (e.g., nZVI) against Staphylococcus aureus reached 9 mm [103]. Moreover, many
previous studies reported the efficient antibacterial activity of inorganic nanogels-based
metals/metals oxides. Whaid et al. have investigated the antibacterial activity of β-
chitin/ZnO nanocomposite hydrogels against S. aureus and E. coli, which exhibited good
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bactericidal properties, and mentioned that collagen-dextran-ZnO NPs nanocomposites
could serve as a kind of promising wound dressing with sustained drug delivery proper-
ties [104].

Gokmen et al. have studied the synergetic effect of hydrogel, nanoTiO2 doped hy-
drogel, and ZnO nanoflowers deposited nano TiO2 doped in biodegradable hydrogel
against Staphylococcus aureus and Escherichia coli. They reported that these composites have
achieved antibacterial activity towards these two bacteria as follows: 79.45%, 90.37%, and
99.98% against Staphylococcus aureus; and 57.03%, 80.79%, and 97.46% against Escherichia
coli [105]. In addition, Yang et al. have mentioned that due to the high hydrophilicity,
unique three-dimensional network, fine biocompatibility, and cell adhesion, the hydrogels
are one of the suitable biomaterials for drug delivery in antimicrobial areas. Furthermore,
they also stated that the antimicrobial hydrogels loaded with metal nanoparticles are a
potential method to solve antibiotic resistance [106]. Additionally, Scalzo et al. studied the
interaction effects of polyacrylic acid polymers (Carbopol 940) on the antimicrobial activity
of methyl parahydroxybenzoate against some gram-negative and gram-positive bacteria
and yeast, and the results revealed that the hydrophilic polymer, widely employed in many
formulations, exerts, on the contrary, an interesting synergism on the microbicidal activity
of the preserving agent against E. coli and P. Aeruginosa [107].

It is known that gram-negative bacteria are surrounded by a thin peptidoglycan cell
wall, which itself is surrounded by an outer membrane containing lipopolysaccharide,
while gram-positive bacteria lack an outer membrane but are surrounded by layers of pep-
tidoglycan many times thicker than in gram-negative bacteria. According to the previous
studies, several mechanisms have been suggested to specify the antibacterial property of
metals/metals oxides and hydrogels, including the penetration of the cell envelope by
these metal oxides/hydrogels, and damaging the cell membrane due to the production
of reactive oxygen species (ROS). The elevated ROS leads to producing effects on the
bacteria, of which lipid peroxidation is one of them, which affects the bacterial membrane’s
integrity [51]. Furthermore, the elevated amounts of ROS cause oxidative stress within cells,
eventually leading to cell death. ROS generation is known to be a prominent mechanism
of cell death when cells are treated with nanoparticles [108,109]. It could assign the high
antimicrobial activity of Carbopol/ZnO hybrid nanoparticles gel to the high stability of
Carbopol/ZnO hybrid nanoparticles gel for a long time, which allows the included ZnO
NPs within Carbopol gel to effectively produce more ROS. The Carbopol/ZnO hybrid
nanoparticles gel has a distinctive antibacterial activity towards both the gram-positive
and gram-negative bacteria. However, the significant activity of Carbopol/ZnO hybrid
nanoparticles gel against Staphylococcus aureus may be attributed to the amont of ROS
species that can easily penetrate the cell wall of gram-positive bacteria, due to its lack of an
outer membrane resulting in high bacterial inhibition. On the contrary, the ROS species
forfeits the ability to penetrate the thick cell wall of gram-negative bacteria, which makes it
less effective [110].

4. Conclusions

High purity ZnO NPs, as well as Carbopol/ZnO hybrid nanoparticles gel, were
synthesized using a wet chemical precipitation reaction with a high yield under the effect
of the ultrasonic wave irradiation. The properties of the produced nanoparticles and the
hybrid system were characterized using different characterization techniques. The obtained
results revealed that the synthesized nanoparticles were composed mainly of ZnO wurtzite
crystalline phases with a quazi-spherical shape and median particle sizes of 59.9 nm,
a particle size distribution between ~9 and ~93 nm, and a surface area of 54.26 m2/g.
It could be stated that the high values of zeta-potential in the Carbopol/ZnO hybrid
nanoparticles (−21.7 mV) might be interpreted as the reason for the high bioactivity of
Carbopol stabilized ZnO NPs against different bacterial species. The antibacterial activity of
Carbopol/ZnO hybrid nanoparticles gel was screened against different gram-positive and
gram-negative bacterial strains. It was found that the inhibition activity of Carbopol/ZnO
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hybrid nanoparticles gel was higher than the reference sample of the ampicillin drug itself.
This study has highlighted the properties of Carbopol/ZnO hybrid nanoparticles gel as a
potent antibacterial hybrid system with regards to the growth inhibition of microorganisms.
This makes Carbopol/ZnO hybrid nanoparticles gel an interest of note as an efficient
bacterial inhibitor for many applications.
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Abstract: The present study aimed to develop the synthesis of zinc oxide nanoparticles (ZnO-NPs)
using the green method, with Aloe barbadensis leaf extract as a stabilizing and capping agent. In vitro
antitumor cytotoxic activity, as well as the surface-functionalization of ZnO-NPs and their drug
loading capacity against doxorubicin (DOX) and gemcitabine (GEM) drugs, were also studied.
Morphological and structural properties of the produced ZnO-NPs were characterized by scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersion X-ray
diffraction (EDX), UV-Vis spectrophotometry, Fourier-transform infrared analysis (FTIR), and X-
ray diffraction (XRD). The prepared ZnO-NPs had a hexagonal shape and average particle size of
20–40 nm, with an absorption peak at 325 nm. The weight and atomic percentages of zinc (50.58%
and 28.13%) and oxygen (26.71% and 60.71%) were also determined by EDAX (energy dispersive
x-ray analysis) compositional analysis. The appearance of the FTIR peak at 3420 m–1 confirmed the
synthesis of ZnO-NPs. The drug loading efficiency (LE) and loading capacity (LC) of unstabilized and
PEGylated ZnO-NPs were determined by doxorubicin (DOX) and gemcitabine (GEM) drugs. DOX
had superior LE 65% (650 mg/g) and higher LC 32% (320 mg/g) than GEM LE 30.5% (30 mg/g) and
LC 16.25% (162 mg/g) on ZnO-NPs. Similar observation was observed in the case of PEG-ZnO-NPs,
where DOX had enhanced LE 68% (680 mg/g) and LC 35% (350) mg/g in contrast to GEM, which
had LE and LC values of 35% (350 mg/g) and 19% (190 mg/g), respectively. Therefore, DOX was
chosen to encapsulate nanoparticles, along with the untreated nanoparticles, to check their in vitro
antiproliferative potential against the triple-negative breast cancer (TNBC) cell line (MDA-MB-231)
through the MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide) assay. This drug
delivery strategy implies that the PEGylated biogenically synthesized ZnO-NPs occupy an important
position in chemotherapeutic drug loading efficiency and can improve the therapeutic techniques of
triple breast cancer.

Keywords: ZnO nanoparticles; green synthesis; cytotoxicity; anticancer activity; chemotherapeutic
drugs; doxorubicin; gemcitabine; MDA-MB 231cell line; triple-negative breast cancer treatment

1. Introduction

A drug delivery system (DDS) refers to the engineered techniques for approaching,
transporting, and formulating therapeutic agents for targeted release. Metal oxide nanopar-
ticles are the residue of conventional drug delivery systems [1]. The major limitations in
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drug formulation system are poor drug loading capacity, low loading efficiency, and low-
ered ability to control the size distribution [2]. The defective drug loading efficiency is either
due to the amount of the drug not approaching an equate pharmacological concentration
in the targeted area, or the carrier substance amount exceeding optimal range associated
with toxicity or uncertain side effects. Moreover, frequent release of the encapsulated drug
results in a major fraction of the drug released before reaching its target site in the body,
which causes inferior efficacy.

Consequently, there is a desperate need for better and more compatible materials for
drug delivery systems, which can impart efficient loading and the controlled release of
drugs [3]. The prospective application of MO-NPs (Metal oxide nano particles) in drug
formulations holds the potential to overcome multidrug resistance (MDR) with improved
biodistribution and the slow release of drugs in targeted body sites [4]. The DDS based on
nanotechnology provides an approach to reduce MDR. An efficient drug release mechanism
based on pH-triggered intracellular acidic environment offers efficient intracellular uptake,
therapeutic effect, and cell reflux reduction in target areas of the body.

After completion of the history-making Human Genome Project in 2001, robust ad-
vances have been made in the field of cancer diagnostics and therapeutics through an
elaborate understanding of novel signal transduction pathways orchestrating neoplastic
diseases. A snowballing number of personalized treatment options are now available
to manage various types of tumors, but gold-standard chemotherapy (cytotoxic agents
that halt the cell cycle of rapidly dividing cells, preventing their division and initiating
apoptosis) has always been a frontline strategy to treat various types of advance stage solid
tumors [5]. On the other hand, long-term sequelae and side effects of cytostatic agents
cannot be belittled and undervalued. Another key challenge is the emergence of multidrug-
resistant tumors arising through increased efflux of the drug and decreased cellular uptake,
altering epigenetic regulation and drug targets, drug metabolism, and enhanced DNA
repair [6–8]. This is the reason why considerable attempts have been made for the efficient
tumor-targeted delivery of cytotoxic drugs to mitigate toxic effects [9,10]. According to
GLOBOCAN 2018 estimates, breast cancer is the second most commonly diagnosed can-
cer in the world (11.6% of the total cases) and the leading cause of cancer death among
females [11]. The heterogeneous nature of this disease proves the bottleneck method to
be effective in tumor management, taking into account clinical history (patient symptoms
and past treatments), molecular characterization of tumor biology (estrogen receptor-ER
positive, progesterone receptor-PR positive, and human epidermal growth factor receptor2-
Her2 positive), and quality of life to narrow down therapeutic options [12,13]. Cytostatic
chemotherapy (especially anthracyclines) is the solitary option in the case of advanced-
stage metastatic breast cancer (MBC), triple-negative condition, or relapse after hormonal
therapy [14,15]. Doxorubicin (DOX) is a cytotoxic antibiotic derived from Streptomyces
peucetius belonging to an anthracycline class of chemotherapeutic drugs used to treat solid
tumors such as breast, bladder and ovary cancer tumors. DOX impedes topoisomerase II,
DNA, and RNA synthesis inhibition, causing breakage of DNA strands by intercalating
within DNA base pairs [16,17]. Clinical evaluation of DOX has revealed that its therapeutic
use is limited in the clinics due to severe side effects, including intrinsic myocardiotoxicity,
emesis, alopecia, myelosuppression, and mucositis. Despite these implications, DOX is still
under clinical use in combination with frontline chemotherapies [18–20].

Gemcitabine (GEM) is a pyrimidine nucleoside analogue antimetabolite chemothera-
peutic agent that inhibits DNA synthesis and initiates apoptosis, being employed as a first-
line treatment option against pancreatic cancer [21,22]. The drug vows enhanced efficacy in
various types of tumors when used in different combinations. For example, anthracycline-
resistant breast cancer patients signified susceptibility against gemcitabine/paclitaxel
combination therapy [23,24]. However, such combination regimens also have the draw-
backs of increased side effects, including diffused alveolar damage, nonspecific interstitial
pneumonia, peripheral edema, and adverse hematological events such as thrombocytope-
nia [25,26]. As a result, efficient pharmaceutical formulations and drug delivery strategies
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need to be developed to alleviate toxicities of chemotherapeutic drugs and amplify their
success to improve metastatic and triple-negative breast cancer management along with
patient survival. Among various tumor-targeted drug delivery approaches, nano-size sys-
tems have been extensively investigated in a range of solid tumors due to their augmented
efficacy and safety profile [27,28]. Some of the drug-encapsulated nano-formulations have
been approved by the Food and Drug Administration (FDA-USA), best exemplified by
Doxil (liposomal doxorubicin) in 1995 and Marqibo (liposomal Vincristine) in 2012, with
reduced myocardiotoxicity and neuropathy, respectively [29]. Nanoparticles improve the
pharmacokinetic properties of the anticancer drug and its half-life in plasma. Such drugs
not only ameliorate adverse effects but also boost tumor localization through several mech-
anisms, including nanoparticles’ passive tumor targeting ability to penetrate defective
endothelial junctions due to the leakiness of tumor vasculature—a phenomenon known as
th enhanced permeability and retention effect (EPR) [30,31]. Emerging drug delivery strate-
gies hold promise to treat triple-negative breast cancer with reduced toxicity and enhanced
efficacy. The green synthesis-based metal oxide nano-formulation drug delivery system
modifies biodistribution and pharmacokinetics of encapsulated chemotherapeutic drugs,
exposing the neoplastic tissue against the enhanced concentration of the drug released and
reduced exposure to normal tissue. Active tumor targeting can be achieved by attaching
ligands, aptamers, and antibodies at the surface of nanocarriers to bind their appropriate
tumor-specific receptors [32,33].

For fabrication of nanocarriers, a broad range of organic (i.e., polyethylene glycol,
chitosan, chondroitin sulphate, poly (lactic-co-glycolic acid), and hyaluronic acid) and
inorganic (i.e., Zn, Mg, Mn, Cu, Ag, and Fe) matrices have been used to improve tumor
targeting ability [34–36]. Among inorganic substances, zinc supplementation has been
known as an effective therapy to treat age-related macular degeneration, depressive dis-
order, common cold, and sunburn [37]. Zinc oxide (source of zinc) has been classified
as “GRAS” (generally recognized as safe) by Food and Drug Administration (FDA-USA)
and reflects unique piezoelectric, catalytic, and optical properties [38]. ZnO-NPs readily
dissolve in solution at low pH. Inflammatory and tumor tissues have significantly lower
pH than their normal counterparts because of the comparatively high rate of glycolysis.
Tumor-targeted increased intracellular drug concentration is facilitated through the fusion
of endocytosed drug-loaded nanocarriers with lysosomes and the subsequent low pH,
which triggers the dissolution of ZnO nanoparticles in the acidic environment [39]. Another
unique anticancerous activity of ZnO nanoparticles is the generation of reactive oxygen
species (ROS) responsible for cell death if ROS exceeds the cancerous cell antioxidative
capacity [40,41]. In the current investigation, DOX with high loading capacity, loading
efficiency, and drug efficiency was encapsulated on ZnO-NPs formulation to study its
antitumor effect. In this study, the stealth drug delivery system was an established coating
polymer corona, polyethylene glycol (PEG), on the surface of drug-loaded ZnO-NPs, which
allows them to evade the immune system. Therefore, such stealth technology reduces
protein adsorption and NPs uptake by the reticular endothelial system to prolong drugs’
plasma circulation half-life. However, the presence of PEG may impede the release of
a cytotoxic agent acting as a stumbling block between drug and the tumor cells, chal-
lenging future improvements to address this aspect [42]. Different synthetic models can
be employed for the preparation of inorganic NPs, including physical (thermal ablation,
laser ablation, evaporation-condensation) and chemical (reduction, coprecipitation, flow
injection, electrochemical) ones. NPs produced by these methods reflect reproducible
characters and uniformity in size distribution. These methods are relatively expensive and
labor-intensive and generate toxic substances [43]. The emerging and promising green
synthesis approach has been reported to be superior to other processes in which a variety
of biological systems act as a biolaboratory for the synthesis of effective and safe metal
oxide particles at the nanometer scale [44]. Several polyphenolic compounds have been
reported in Aloe vera leaf extract that scavenges free radicals to prevent the onset and
progression of metabolic diseases (tumors) [45].
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Biosynthesis is a green and environmentally friendly technology of synthesizing
nanoparticles from natural resources instead of toxic chemicals. Moreover, biogenic tech-
niques offer safe processes for easy handling. Aloe Barbadensis Miller (Aloe Vera) belong
to the Aloeaceae family and the genus Aloe vera, in which Barbadensis Miller, Aborescens,
and Chinensis are familiar [46]. Additionally, Aloe vera plant leaf extract contains a viscous
substance that carries vitamins A, C, beta-carotene antioxidants, choline, and folic acid,
as well as contain calcium, copper, magnesium, potassium, and zinc, which are required
for the functioning of enzymes in many metabolic pathways. These compounds are also
antioxidants [47]. Aloe vera gel is used in food flavoring, cosmetic purposes, food sup-
plements, and herbal remedies, which are enriched in cholesterol, campestral, steroids,
sitosterol, and lupeol, having anti-inflammatory properties. Aloe vera gel is also comprised
of salicylic acid, an anti-inflammatory agent, as well as the Carboxyl methyl and Sulphonyl
groups [48]. These natural chemicals in plant-like salicylic acid and anthraquinones (aloin,
aloetic acid, anthranol, cinnamic acid, anthracene) are responsible for the one-step reduc-
tion of metals in biogenic synthesis methods [49]. Polyphenols (aloin) in Aloe vera leaf
extract can act as chelating agents, as well as capping and reducing agents for the biogenic
formulation of metal nanoparticles. The leaf extract also has some chemicals, including
polyphenols, acid, vitamins, and catechins (ECG), which are responsible for the reduction
of metal [50].

In this study, a green process for the synthesis of ZnO-NPs using Aloe barbadensis
(aloe vera) leaf extract was employed. The ZnO-NPs were investigated by UV (Ultra
violet), SEM (Scanning electron microscope, TEM (transmission electron microscopy),
FT-IR (Fourier transform) and XRD techniques. The obtained ZnO-NPs were used for
the preparation of doxorubicin-encapsulated ZnO-nanoparticles (DOX-ZnO-NPs) and
doxorubicin-encapsulated PEGylated nanoparticles (DOX-GEM-ZnO-PEGNPs). The anti-
cancer activities of the prepared nanoparticles were investigated. In vitro antiproliferative
potential against triple-negative breast cancer cell line (MDA-MB-231) through MTT (3-
(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide) assay was also employed.

2. Materials and Methods
2.1. Materials

An Aloe barbadensis plant was purchased from a herbal clinic in Lahore, Pakistan, and
authenticated by the Department of Botany, G.C. University Lahore, Pakistan. Doxorubicin
HCl (DOX) was provided from Pfizer Laboratories (USA), whereas gemcitabine (GEM)
was purchased from Novartis Pharma (Switzerland). Zinc nitrate was provided by the
Department of Chemistry, University of Punjab (Pakistan). Phosphate buffered saline (PBS),
fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM), streptomycin,
and penicillin were purchased from Gibco Life Technologies, Inc. (Grand Island, NY, USA).
The MTT assay kit was provided from Sigma Aldrich (St-Lou, MO, USA).

2.2. Green Synthesis of ZnO-NPs

The Aloe barbadensis plant was rinsed 5 times with distilled water to remove any
impurities. Then, 2 g of the cleaned leaves were collected, dried, and grinded into a fine
powder. The obtained powder was dispersed in 100 mL of deionized distilled water with
magnetic stirring and then boiled for 10 min at 100 ◦C. After allowing the extract to cool
down at room temperature, it was filtered through a muslin cloth to collect the clear extract.
An Erlenmeyer flask with 50 mL volume of 0.1 M zinc nitrate solution was prepared to
react with 5 mL of aloe vera leaves extract through continuous magnetic stirring at 60 ◦C for
20 min. The color of the obtained solution changed from green to yellow, which confirmed
the formation of ZnO-NPs stabilized by the aloe vera leaf extract [47]. The reaction mixture
was centrifuged at 4000 rpm for 20 min followed by removal of the supernatant. ZnO
nanoparticles were washed 3 times with distilled water and dried in an oven at 60 ◦C.
Finally, the obtained powder was calcined at 500 ◦C for 1 h, and the formed black particles
were collected for downstream processing. The obtained stabilized ZnO-NPs were allowed
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to interact with polyethylene glycol for 24 h with subsequent purification by dialysis
against water, as depicted in Figure 1.
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Figure 1. Schematic flowchart of the synthesis process of zinc oxide nanoparticles (ZnO-NPs) using
Aloe barbadensis leaf extract.

2.3. Preparation of Doxorubicin and Gemcitabine Non-PEGylated and PEGylated ZnO-NPs

Doxorubicin (5 mg) was dissolved in 50 mL deionized distilled water to allow subse-
quent reaction with dispersed ZnO-NPs (10 mg/50 mL) in distilled water of 1:1 volume
ratio. The solution was then incubated for 90 min at room temperature. After centrifuga-
tion, the supernatant was discarded, washed with ethanol, and dried in a vacuum oven
overnight [48]. The same procedure was carried out for the preparation of GEM-ZnO NPs
with ZnO-NPs.

The produced ZnO-NPs were modified using polymer polyethene glycol (PEG).
Polyethene glycol (Sigma Aldrich) 400 g/mol were dissolved in anhydrous chloroform. The
concentration of the hydrophobic chain was adjusted to be at least 0.04 M and was mixed
with drug-loaded ZnO-NPs to make 1%weight/volume of the polymer [50]. The ZnO-NPs
suspension and polymer solution were then merged in a round flask and heated at 40 ◦C
under N2 gas for 20 min. Finally, the obtained solution was stirred in the evaporator for
5 min and sonicated at 19 w and 40 kHz for 20 min.

2.4. Drug Loading Analysis

The investigated drugs were analyzed by UV-Vis spectrometry. Then, the drug solu-
tion was mixed with the lead extract, and the readings were recorded after 30 min, 60 min,
120 min, and 240 min intervals. The drug loading efficiency and loading capacity (LC) of
ZnO-NPs can be calculated according to the following equations:

LC
(

mg
mg

)
=

(Drugi) – (Drugf)(
Drugc

) (1)
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%LC = [entrapped drug/NP weight] × 100

LE =
(Drugi) – (Drugf)

(Drugi)
× 100 (2)

Drugi = Drug initial quantity (mg), Drugf = Free drug (mg) in the supernatant
Drugc = Carrier (ZnO-NPs drug cargo)

2.5. Characterization of Nanoparticles

Quantitative determination of ZnO-NPs was carried out by UV-Vis spectrophotometry
(Lamda 25-Perkin Elmer, Waltham, MA, USA) within the 200–800 nm wavelength range. FT-
IR spectrum was generated using (PerkinElmer Inc. Buckinghamshire, UK) within a range
of 400–4000 cm−1. X-ray diffraction analysis of the obtained nanoparticles was carried out
using (XRD-6000, Shimadzu Corporation, Kyoto, Japan) at 40 kV with a copper source
in a range of diffraction angles (10◦ to 80◦). In the case of ZnO-NPs, the Joint Committee
on Powder Diffraction Standards Database (JCPDS) was considered for analyzing the
XRD reference patterns. The particle size and distribution, shape, and morphology of the
prepared nanoparticles were analyzed by transmission electron microscope with the model
(JOEL, JEM-2100) and scanning electron microscope with the model (JSM-6480LM, JEOL
Ltd, Tokyo, Japan).

2.6. In Vitro Anticancer Activity and MTT Assay on MDA-MB-231 Cell Line

The breast cancer cell line (MDA-MB-231) was obtained from the National Centre
of Excellence in Molecular Biology (University of The Punjab, Lahore, Pakistan). Cells
were cultured in DMEM medium supplemented with 10% fetal bovine serum and 1%
antibiotic/antimycotic. The cell was subcultured at 5000 cells/m2 and extensive washing
was performed with 1% FBS before the loading of the drug.

In vitro antiproliferative assessment was carried out when MDA-MB-231 cultured
cells accomplished 70–80% confluency. Cultured cells were seeded onto a 96-well plate
at a density of 1 × 105 cell into each well and incubated for 24 h at 37 ◦C. The cancer
cells were then treated with various concentrations (3 µg/mL to 200 µg/mL) of DOX-
PEG-ZnO-NPs and DOX-ZnO-NPs dispersions and incubated for 72 h at 37 ◦C under
5% CO2. After removing the dissolved medium, 25 µL of the 5.5 mg/mL MTT solution
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was used to treat cells in
each well and was incubated in the aluminum-foiled plate for a further 4 h in the dark.
After immediate aspiration of the MTT solution, 100 µL DMSO was added in each well to
dissolve the formazan compounds. In each well, absorbance was detected at 570 nm using
Spectra Max Plus 384 UV-Vis plate reader. Cell viability was derived by comparison with
the untreated group, which was referred to as a control.

For the assessment of cytotoxicity of ZnO-NPs and the modified doxorubicin-ZnO-
NPs drug in the cell culture, an MTT assay was performed. MDA-MB 231 cells (10,000)
were suspended in 100 µL of RPMI-1640 medium, which was added to each well of the
96-well plates. After 24 h, media was removed, and the wells were washed with 1 × PBS.
Then, the treatment of 7 doses (3.12 ug/mL to 200 ug/mL) of the test compound were
given to the cells in triplicate, taking each untreated cell as Blank and DMSO as solvent
control (0.2%). Media was removed after 24 h, and the wells were washed with 1 × PBS.
Then, 20 µL of MTT (5 mg/mL in 1 × PBS) was added to each well. Plates were covered
with aluminum foil and incubated at 37 ◦C with 5% CO2 for 4 h. After incubation for 4 h,
MTT was removed carefully and replaced with 100 µL DMSO in each well to dissolve the
formazan products formed in the wells. Purple-colored formazan compounds were formed
in response to the MTT reaction with live cells. DMSO was used to dissolve the formazan
compounds. The appearance of less-intense purple color indicated high cell viability. The
plates were kept at room temperature for 20 min. Then, the measured OD (Optical density)
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at 570 nm and 650 nm was determined, and the cell viability was calculated according to
the following equation:

Cell viability (%) = (Test OD570 − OD650 /Blank OD570 − OD650) × 100% (3)

Also, the IC50 (concentration inhibited 50% cell growth) was calculated by the formula:

Inhibition growth = [(OD control − OD test) × 100]/OD control (4)

The results expressed as the ± SD mean of the experiment in triplicate representation
experiments.

2.7. Statistical Analysis

The MTT assay was performed in triplicate. The results were expressed as the mean
standard error. Statistical analysis of all the data was performed using Origin 2019 software.
Observed probability values less than 0.05 were considered to be statistically significant.

3. Results and Discussion
3.1. Characterization of the ZnO-NPs

The green synthesis of zinc oxide NPs could be demonstrated on the basis of the plant’s
ability to bioaccumulate metal ions involving the active phytoconstituents as stabilizers
and bioreductants. The change in color correlates with the reduction of zinc nitrate to zinc
oxide nanoparticles and may be attributed to the surface plasmon resonance phenomenon
of nanoparticles [51].

3.1.1. SEM/EDAX Investigations

The average particle size of zinc oxide nanoparticles was analyzed by scanning and
transmission electron microscopy. The SEM and the high-resolution TEM investigations of
the ZnO-NPs, as show in Figure 2a,b, revealed that the ZnO-NPs were discrete, polydis-
persed, and hexagonal in shape. This structure depicts more iconicity and, consequently,
enhanced catalytic activity of ZnO nanoparticles among their three 2D structures. The
results are in agreement with the previously reported data in the literature. However, in
some studies, oval- and spherical-shaped ZnO nanoparticles have also been reported using
different plants [52–54]. The presence of dispersion and a few clusters of ZnO-NPs demon-
strate the stability of the nanoparticles in aloe vera leaf extract due to the interaction with
the flavonoids and phenols. Such compounds play a pivotal role in chelating nanoparticles
to ligands [55,56]. The formation of ZnO-NPs was further confirmed by EDAX (energy
dispersive x-ray analysis) compositional analysis. As shown in Figure 2c, significant peaks
of zinc and oxygen appeared, confirming the formation of ZnO nanoparticles. The weight
and atomic percentage of zinc (50.58% and 28.13%) and oxygen (26.71% and 60.71%) were
determined and validated the formation of ZnO-NPs. The appearance of foreign peaks
other than zinc and oxygen suggests the presence of various elements, including chlorine,
calcium, potassium, phosphorous, aluminum, silicon, and mercury, which composed the
capping agent that stabilized the ZnO-NPs. The source of these elements is the Aloe vera
leaf extract, which acted as a reducing, capping, and stabilizing agent. The appearance of
the peak of mercury suggests the accumulation of heavy metals inside the Aloe vera plant
leaf tissues, which is related to the composition of the soil [57,58]. Figure 2d shows the
particle size distribution of the prepared ZnO-NPs. It was observed from the results that
the particle size ranged between 40–60 nm, with a mean particle size of 50 nm. It is well
documented that larger surface-to-volume ratio makes the nanoparticles potent anticancer
agents, which is subsequently linked with their decrease in size [59].
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distribution of the investigated ZnO-NPs.

3.1.2. Phase Analysis and X-ray Diffraction

Figure 3a, b shows the X-ray diffraction (XRD) patterns of the as-prepared and calcined
ZnO-NPs at 500 ◦C for 1 h, respectively. The results confirm that the peaks of 2θ correspond
to the patterns of the JCPD-00-005-0664 card from high-score software of the as-prepared
ZnO-NPs, with miller indices lattices values of a (3.23 Å), b (3.243 Å), c (5.17 Å), and the
JCPD-001-1136 of the calcined ZnO-NPs, respectively. The X-ray diffraction pattern further
confirms that the ZnO-NPs are highly crystalline, with hexagonal-shaped crystal structure.
The XRD patterns further confirm that the ZnO-NPs are of space group (P), with a value
of 186, with a calculated density of 5.68 g/cm3 at a temperature of 26 ◦C. The calculated
values of the alpha, beta and gamma angles were 90.0, 90.0, and 120.0, with a Z value of
2. The graphical analysis confirmed the presence of (100), (002), (101), (102), (110), and
(201) lattice plans at 2θ angles 34.3, 36.4, 35.4, 47.5, 55.46, and 61.3, respectively (particle
size = Kλ/βcosθ) [56]. K reflected the wavelength of X-ray source used (1.541 Å), and
β was the full-width-at-half-maximum of the diffraction peak. It was observed from the
results that the particle size was in the range of 20–40 nm [60].

The average crystalline size was calculated by the Scherrer equation (crystallite
size = Kλ/βcosθ, where K is a constant, λ is the wavelength of the used X-ray source
of 1.541 Å, θ is the angle of diffraction, and β is the peak broadening at full width of
max intensity FWHM (β) value of 0.75). A simple estimation of crystallite size from the
breadths of a diffraction peak was obtained. It was observed from the results that the
average crystallite size was about 37.86 nm [60].
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3.1.3. Fourier-Transform Infrared (FTIR) and UV-Visible Spectrophotometry

The functional groups of the obtained stabilized ZnO-NPs by the Aloe vera leaf extract
were detected by the FTIR spectral band identifications. The obtained data of the spectrum
are listed in Table 1, with different bands stretching at 457 cm−1 and 545 cm−1 of the ZnO-
NPs predicting the presence of the divalent metal oxide bond. Several other bands were
observed at 3215.08 cm–1, 2964.17 cm–1, 1636.68 cm–1, and 1541.82 cm–1, which represent
the presence of the –OH (hydroxyl), aromatic ring (C=C), amine (NH), and phenyl (C–H)
groups, respectively. Such spectral data justify the presence of phenol, polyphenol, flavanol,
and primary amine compounds in Aloe vera leaf extract and may be responsible for the
stabilizing and capping of the ZnO-NPs. The presence of weak and broad bands at around
3200 cm–1 was expected due to the formation of the hydroxyl group on the surface of
ZnO-NPs (Figure 4). A decrease in the intensity of the hydroxyl bands after the reduction
of Zn2+ ions suggests the involvement of phenolic and flavanol sites in the binding of
ZnO-NPs [61]. It is assumed that the possible mechanism of interaction between plant
phytochemicals and Zn2+ is the repetitive redox reaction, orchestrating the conversion of
carbohydrates to energy during glycolysis process, coupled with the opulent hydrogen ions
and ATP production. Thus, repetition of this redox reaction corroborates the conversion of
zinc ions to Zn0

. Our findings are in agreement with previously reported studies addressing
characterization of green-synthesized ZnO-NPs [52,62].

Table 1. Values of the FTIR spectrum bands of the investigated ZnO-NPs.

Group Bonding Vibration Mode Detection Range

Zn–O Stretch 457–545 cm−1

C=C Stretch 1636.68 cm−1

N–H Bend 1541.82 cm−1

O–H Stretch 3215.08 cm−1

C–H Bend 2964.17 cm−1

UV-Visible absorption spectrum of the obtained stabilized ZnO-NPs showed a strong
peak at ~325 nm, detecting the formation of the stabilized ZnO-NPs which validated
the formation of the ZnO-NPs with a characteristic of broad and continuous absorption
spectrum. Electron transitions resulting from the valence band to the conduction band
(O-2p to Zn-3d) may be attributed to the native band-gap absorption of ZnO-NPs. The
catalytic activity and band gap of metal oxide NPs play a pivotal role in their cytotoxic
response against biological systems [62–64] (Figure 5).
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3.2. Anticancer Drug Loading Capacity and Efficiency

UV-Vis spectrophotometry of DOX (Figure 6a) and GEM (Figure 6b) showed ab-
sorbance peaks at 480 nm and 283 nm, respectively. As mentioned in the previous section,
the ZnO-NPs can be detected at a wavelength of 325 nm. Subsequent absorbance readings
of solution which contained Aloe vera DOX and ZnO-NPs were recorded at discrete time
intervals ranging from 0 min to 320 min. The lowering of the absorbance peak of DOX over
time indicates the loading of the drug on the ZnO-NPs (Figure 7a). Likewise, the UV-Vis
absorption spectrum of the solution containing GEM and ZnO-NPs was also recorded as
shown in Figure 7b. It was observed from the results that GEM was successfully loaded on
the surface of ZnO-NPs, as indicated by a lowering in the intensity of the absorbance peak
(Figure 7b). Similarly, UV-Vis spectrophotometric measurements were observed during the
PEGylation of drugs along with the ZnO-NPs. A decrease in the intensity of the absorbance
peaks of DOX and GEM guaranteed the generation of DOX-PEG-ZnO-NPs (Figure 7c) and
GEM-PEG-ZnO-NPs (Figure 7d), respectively. In the case of DOX-ZnO-NPs, the ZnO-NPs
transferred their energy to DOX, which resulted in the reduction of the the corresponding
absorption peak due to the π–π interaction phenomenon among the DOX molecules. It
was also assumed that a similar phenomenon can take place in the case of GEM [39].
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Figure 8 shows the change in the absorption of DOX-PEG-ZnO-NPs and GEM-PEG-
ZnO-NPs by time. It was observed from the results that the DOX-loaded ZnO-NPs had
a low absorption of nearly 35%. In contrast, GEM had an absorption of about 68% after
a time interval of 320 min in the solution. This trend was replicated, with intensified
behavior in the case of PEG-ZnO-NPs, which had 30% and 63% absorption, respectively.
DOX revealed a high loading efficiency (LE) of 65% (650 mg/g) and a loading capacity (LC)
of 32% (320 mg/g). Meanwhile, GEM-loaded ZnO-NPs had an LE of 30.5% (30 mg/g) and
LC of 16.25% (162 mg/g). In the case of PEG-ZnO-NPs, DOX exhibited a high LE of 68%

183



Crystals 2021, 11, 344

(680 mg/g) and LC of 35% (350 mg/g) in contrast to GEM, which exhibited a LE of 35%
(350 mg/g) and LC of 19% (190 mg/g) (Figure 9a,b). The main purpose behind this part of
analysis is to determine the LC and LE of both investigated drugs on the PEGylated and
the non-PEGylated-ZnO-NPs separately, as thse values depend on various factors such as
electrostatic stabilization, Van der Waals forces, hydrogen bonding, static repulsions, size of
the molecular core, specific surface area-to-volume ratio, molecular weight, and pH of the
solution. The superior LE and concentration of DOX in comparison to GEM on ZnO-NPs
as confirmed by UV spectrophotometry can be explained by the noncovalent electrostatic
interactions between the positively charged DOX and the negatively charged ZnO-NPs.
On the other hand, the PEG-coated ZnO-NPs seemed to upload a higher concentration
of both drugs. Polyethene glycol is a polymer that can provide a larger molecular core,
which makes it possible to upload a higher amount of drug, therefore enhancing the drug
LE [65–68]. It was observed from the results that the DOX loaded more drug as compared
to GEM due to its high stability. PEGylated ZnO-NPs seemed to load a higher concentration
of both of the investigated anticancer drugs. Different functionalization factors account
for drug loading capacity. The main analysis in this study was the LE of the different
anticancer drugs on the coated and noncoated ZnO-NPs. The highly efficient loading
may be due to different factors such as the electrostatic stabilization, Van der Waals forces,
hydrogen bonding, and static repulsions. Drug loading and releasing can also be affected
by experimental conditions such as pH.
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3.3. In Vitro Cytotoxic Activity and MTT Assay on MDA-MB-231 Cell Line

Cancer is considered to be the second leading cause of mortality across the globe
resulting from uncontrolled proliferation of cells. According to global cancer 2018 statistics,
breast cancer is the second most prevalent malignancy among all cancer types [69]. Devel-
oping anticancer drugs with enhanced efficacy and minimal side effects poses dynamically
a challenging task for the scientific community [70]. Patients suffering from triple-negative
breast cancer show poor prognosis and a devious metastatic molecular mechanism that is
hardly recognizable [71].

Many plant extracts and green synthesized NPs have been reported to reflect anti-
cancer and antioxidant properties [72]. Furthermore, Aloe vera leaf extract-based ZnO-NPs
have been reported to be associated with the inhibition of cellular malignancy [73,74].
Green-synthesized NPs could exert their antitumor potential through the production of
reactive oxygen species involved in intracellular signaling, the regulation of cell prolifera-
tion, and phagocytosis [75]. The antiproliferative activity of green-synthesized ZnO-NPs
and DOX-PEG-ZnO-NPs was determined in vitro on triple-negative breast cancer cell line
MDA-MB-231 using an MTT assay. However, the cytotoxic assay of GEM-loaded formula-
tions was not performed due to its low LC and LE. Also, the cells treated by incubation with
different samples of ZnO-NPs at various concentrations exhibited a significant level of cyto-
toxicity. Similar behavior was observed in the case of DOX-ZnO-NPs (Figure 10). However,
DOX-PEG-ZnO-NPs exhibited the best results. These results revealed that ZnO-NPs have
anticancer potential that can be enhanced by anticancer drug loading with the subsequent
PEGylation. Our findings validate the results of previous studies addressing the strong
preferential cytotoxicity of green-synthesized ZnO-NPs against cancer cell lines [76].
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Figure 10. Anticancer activity of ZnO-NPs as a percentage of apoptosis in cell viability on MDA-MB-231 cancer cell line
by MTT assay. (a) Comparison of DOX, ZnO-NPs, PEG-ZnO-NPs, DOX-ZnO-NPs, and DOX-PEG-ZnO-NPs at different
concentration of nanoparticles. (b) Comparison of PEG-ZnO-NPs, DOX-ZnO-NPs, and DOX-PEG-ZnO-NPs at different
concentration of nanoparticles. The results expressed as the ± SD mean subjected to one-way SPSS version. Experiments
were performed in triplicate and repeated for three times and the calculated value of p < 0.05.

The ZnO-NPs generate reactive oxygen species (ROS), which are responsible for the
cytotoxic activity exceeding a higher value than the antioxidant potential of the tumor
cells [77]. Flavonoid and phenolic compounds, which are encapsulated on the surfaces
of the stabilized ZnO-NPs by Aloe vera leaf extract, also exert anticancer effects through
the suppression of metastasis and impairment of tumor angiogenesis, thus inhibiting
proliferation, inactivating carcinogens, inducing cell arrest, triggering apoptosis, and
promoting differentiation and oxidative destruction. Flavonoids also interact with the
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estrogen binding sites, downregulate kinase signal transduction pathways, and alter gene
expression. Aloe vera leaf extract generates small-sized ZnO-NPs that exert potent toxicity
effects [78–80]. The percentage cell viability of Dox-PEG-ZnO-NPs on MDA-MB-231 at
50 µg/mL was 40% and was reduced to 30% at 200 µg/mL. The Dox-ZnO-NPs showed the
highest percentage viability (~60%) at a concentration of 200 µg/mL concentration. The
MDA-MB-231 cell killing by Dox-PEG-ZnO-NPs was observed of ~70% at 200 µg/mL as
shown in Figure 10. Enhancement of the activity of the nanoparticles is possible due to the
dissociation of the encapsulated ZnO-NPs in the acidic tumor microenvironment, which
releases Zn2+ ions, enhancing the cellular uptake and retention of DOX. Also, the fairly
high, effective, and powerful toxic activity of DOX-PEG-ZnO-NPs against cancer cells may
be due to the high loading capacity and efficiency of polyethylene glycol [42,81,82].

Different concentrations of PEG-ZnO-NPs samples loaded with the anticancer drug
treated against the MDA-MB-231 cancer cell line showed an IC50 value of 6.35 µg/mL
in the MTT assay, as shown in Figure 10. Comparative study of PEG-ZnO-NPs and non-
PEGylated ZnO-NPs showed cytotoxicity in a concentration-dependent manner. When
the MDA-MB-231 cell line was treated without drug-loaded PEGylated-ZnO-NPs samples,
viability was reduced to 50%, while viability was reduced to 35% with doxorubicin drug-
loaded PEGylated ZnO-NPs. These findings indicate that the anticancer drug-loaded
PEG-ZnO-NPs have high cytotoxicity. The relative cytotoxic effect on cancer cells between
(0–200 µg/mL) concentrations was also examined. It was clear from the results, as shown
in Figure 10 and listed in Table 2, that the PEGylated drug-loaded samples showed greater
anticancer activity than the ZnO-NPs of calculated IC50 6.35 µg/mL as mentioned and
compared with previous related works of the MTT assay of the DOX drug in the literature as
listed in Table 2 and presented in Figure 11. It was mentioned in the literature that the size
and dose of metal oxide nanoparticles are crucial factors which determine its cytotoxicity.
As far as ZnO-NPs antitumor potential is concerned, the intracellular release of dissociated
zinc ions with subsequent ROS induction is considered the underlying mechanism even
though its precise cytotoxic mode of action is also under debate [83,84]. The IC50 value in
the MTT assay describes the concentration of the drug at half inhibition. The IC50 profile of
the MDA-MB-231 (TNBC) cancer cell line was estimated by plotting a graph between the
concentrations of Dox-PEG-ZnO-NPs against the percentage of cell viability. Table 2 also
shows the MTT assay comparison from the literature on different cancer cell lines and half-
maximum inhibitory concentration measurements and the potency of biochemical function
inhibition. According to the data listed in Table 2, MDA-MB-231, the triple-negative breast
cancer cell line used in the present study, showed an IC50 value of 6.35 ± 0.5, which
indicates the presence of the cancer cell. The percentage cell viability of PEGylated-ZnO-
NPs with doxorubicin drug-loaded MDA-MB-231 at different concentrations shows that it is
extremely toxic to cancer cells at 0–200 µg/mL concentration. These interested results need
more detailed investigation in future. In our latest study, we proved that PEGylated-ZnO-
NPs loaded with doxorubicin have slightly greater toxin then non-PEGylated drug-loaded
nanoparticles and PEGylated-ZnO-NPs. The percentage cell viability of the effect of Dox-
PEG-ZnO-NPs on MDA-MB-231 at 50 µg/mL was determined as 40% and was reduced to
30% at 200 µg/mL. The Dox-ZnO-NPs showed the highest percentage viability (~ 60%) at
a concentration of 200 µg/mL. The MDA-MB-231 cell killing by Dox-PEG-ZnO-NPs was
observed to be 70% at 200 µg/mL as shown in Figure 11.
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Table 2. Comparative analysis of (IC50) value in MTT assay on MDA-MB231 cancer cell line (different
cancer cell line values are in µg/mL).

Cancer Cell Line Assay IC50 µg/mL Reference

MDA-MB-231

MTT assay
(Doxorubicin

anticancer drug)

6.35 ± 0.5 Present Study

MCF-7 17.4 ± 4.2 [67]

Hela 1.4 ± 0.1 [68]

HCT-116 19 ± 0.6 [69]

HMEC 10.3 ± 4.6 [70]

MCF-10A 30 ± 1.2 [71]

MDA-MB-453 55 ± 1.7 [72]

Hs578T 2.9 ± 1.4 [73]

MCF-7 43.7 ± 07 [74]
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4. Conclusions

The biogenic green synthesis process was employed to generate ZnO-NPs using Aloe
vera plant extract as a stabilizing and capping agent in the medium. The optimum reaction
conditions, easy and cost-effective procedures, and medicinal applications of the green
synthesis ZnO-NPs-based drug delivery system are highlighted in our research findings.
Literary contributions in the field of medical oncology for effective clinical cancer therapy
were also studied. The synthesized ZnO-NPs had particle sizes in the range of 20–40 nm,
which is considered ideal for the investigated drug carrier system. The DOX had better
loading capacity and loading efficiency than GEM against PEGylated and non-PEGylated
ZnO-NPs. Therefore, the DOX-loaded nanoparticles (PEGylated and non-PEGylated),
along with the untreated ZnO-NPs, were shortlisted for in vitro analysis, which exhibited
potent cytotoxicity against the investigated breast cancer. The antiproliferative activity
of DOX/PEG-ZnO-NPs was determined in vitro on triple-negative breast cancer cell line
MDA-MB-231 using the MTT assay. On the other hand, the cytotoxic assay of GEM-loaded
formulations was not performed due to the its low loading capacity and loading efficiency.
Cells incubated with ZnO-NPs at various concentrations exhibited a significant effect
of cytotoxicity. A similar trend was observed in the case of the DOX-ZnO-NPs sample.
These findings show that ZnO-NPs have anticancer potential that can be enhanced by
subsequent PEGylated-ZnO-NPs, with biocompatibility, surface cancer cell targeting, and
drug delivery capacity, and can be explored for cancer treatment. Doxorubicin drug-loaded
PEGylated-ZnO-NPs exhibited the highest cytotoxicity, with a low concentration threshold
for anticancer activity.
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Abstract: Solar cells made of silicon nanowires (Si-NWs) have several potential benefits over con-
ventional bulk Si ones or thin-film devices related primarily to light absorption and cost reduction.
Controlling the position of Si-NWs without lithography using silica microspheres is indeed an eco-
nomical approach. Moreover, replacing the glass sheets with polycarbonates is an added advantage.
This study employed the Nanoscale Chemical Templating (NCT) technique in growing Si-NWs
seeded with Al. The growth was undertaken at the Chemical Vapor Deposition (CVD) reactor via the
original growth process of vapor–liquid–solid (VLS). The bottom-up grown nanowires were doped
with aluminum (Al) throughout the growth process, and then the p–n junctions were formed with
descent efficiency. Further work is required to optimize the growth of Si-NWs between the spun
microspheres based on the growth parameters including etching time, which should lead to more
efficient PV cells.

Keywords: chemical vapor deposition (CVD); silicon (Si); nanowires (NWs); silica microspheres;
nanoscale chemical templating (NCT); photovoltaic (PV) cells

1. Introduction

Conventional 3D crystal growth requires only two phases; however, nanowires grow
in three-phase systems. The vapor–liquid–solid (VLS) mechanism is based on systems
that combine three phases: a vapor that supplies the materials for crystal growth, a liquid
droplet to seed the growth, and the solid crystal. One-dimensional crystal (NWs) growth
occurs when the growth rate at the interface between the liquid phase and the solid crystal
is higher than the growth rate at the interface between the vapor/solid phase boundary.

Vertical NWs made of silicon substrate are of great interest because they would allow
for ultimate light trapping and distinguished charge carriers’ separation for solar cell appli-
cations. They could therefore achieve, in principle, better efficiency than thin-film planar
cells, with the added merits of minimal use of materials and much lower process cost [1].
Nanowire solar cells have some potential benefits over traditional wafer-based or thin-film
devices related to optical, electrical, and strain relaxation effects, charge separation mecha-
nisms, and cost reduction. Ordered arrays of vertical nanowires with radial junctions take
advantage of all these effects, as explained in some detail by Wacaser et al. [2]. Controlling
the position of nanowires is another important topic for research. A promising emerging
field for future low-cost, decent efficiency solar cell devices is the use of vapor–liquid–solid
(VLS)-grown Si-NWs. The bottom-up approach of Si-NW growth via the VLS mechanism
has a key advantage for device applications, since it is possible to template the position
of the NWs by controlling the placement of the initial metal seed or catalyst particle. This
templating then allows the integration of NWs with other parts of the structure, as required
for many of these applications [3–6]. The technique of microsphere lithography has been
proposed to produce regular hexagonal arrays of Al-seeded nanowires, and the fabrication
process continues to fabricate solar cells [5–8]. Templating the Si-NWs’ growth has been
explained by several research groups [1,2,6,9–11], using wide schemes of techniques includ-
ing electron beam lithography. Employing microspheres to template the growth of NWs
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will reduce the production cost of device fabrication; however, this area of research requires
further investigations. The current study is a direct application of the concept of Nanoscale
Chemical Templating (NCT) [6]. There are several advantages of using microspheres at the
level of templating the growth, as it is an economical approach that reduces the number
of the required steps of lithography. Moreover, using polycarbonate sheets in solar cells
is a potential application. According to the SABIC report, there is a 61% CO2 footprint
reduction for each Kg of polycarbonate based on certified renewable feedstock [9]. Polycar-
bonate plastic materials are transparent amorphous, although they are made commercially
available in a variety of colors, and the raw material allows for the internal transmission
of light nearly in the same capacity as glass. Polycarbonate polymers are used to produce
a variety of materials and are particularly useful when impact resistance or transparency
is a product requirement. Polycarbonate is a relatively hard, lightweight material. These
properties make polycarbonates suitable for products intended for long open-air operation,
such as PV cells and modules.

2. Experiments

A Chemical Vapor Deposition (CVD) reactor has been used to grow Si-NWs via
the VLS process, which includes a home-built Al evaporator operated under Ultra High
Vacuum (UHVCVD). Si-NWs, as previously observed [5,7], grow preferentially 45◦ tilted
on Si (100), and perpendicularly in the (111) direction, so Si (111) substrates were primarily
used. The detailed general growth conditions along with the pre-growth steps were
described in previous studies [5–8].

The thickness of the Al catalyst layer is of critical importance to the grown NWs. As the
thickness of the seed Al increases from 2 nm to 5 nm, the fidelity of the growth increases,
then after reaching 5 nm Al thickness the growth fidelity decreases quite significantly.
Based on these measurements, it has been decided to choose 5 nm of Al thickness. The
samples were then transferred into the hot growth chamber for a pre-growth anneal at
600 ◦C, which is above the Al/Si bulk eutectic temperature of 577 ◦C. This anneal was for
20 min under full pumping and was intended to allow the Al film to agglomerate into
small islands on the surface and ball up, forming liquid droplets. The furnace was then
cooled to the desired growth temperature (usually 520 ◦C), and pure silane (SiH4) was
introduced at a fixed flow, 20 sccm, using a mass flow controller (MFC). The morphology of
grown Si-NWs was examined with an environmental scanning electron microscope (SEM)
FEI Co., Eindhoven, The Netherlands, model XL 30.

Silica microspheres are commercially available with narrow size distributions and have
an average diameter of less than 1 µm (approximately 900 nm). When silica microspheres
are dispersed properly using a spinner on the Si substrate surface, they form a close-packed
array that forms gaps through which a material can be deposited. Si (111) of p-type
substrates were cleaned using standard techniques [5–11], which leave a thin oxide on the
Si surface. A drop of 1 µm diameter polystyrene microspheres in solution taken directly
from the commercially provided stock solution was dispersed onto the substrate.

Reflectance measurements were undertaken using the F10-RT reflectometer, which
captures reflectance and transmittance simultaneously (sample thickness range 15–1000 µm,
wavelength range 200–900 nm). I-V characteristics were carried out using “keithley 2400”
source meter.

3. Results and Discussion

The current experimental work is focused on using the economic approach using
microspheres for templating the growth of nanowires (Section 3.1.1.). We assessed the light
reflectance and I-V characteristics of Si-NWs (Section 3.1.2).

3.1. Controlling the Growth Position of Si-NWs

Controlling the growth position of Si-NWs, catalyzed with Al, can be undertaken
using e-beam lithography [6,7].
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3.1.1. Templating Si-NWs Using Polystyrene Microspheres and SiO2
Thin-Layer Lithography

The concept of the NCT technique has been explained and employed, as shown in
Figure 1. A schematic illustration of the NCT process in seven main steps is presented in
Figure 1a as follows: Step (1) starts off with Si (111), where nanowires grow perpendicularly,
which includes a thin layer of SiO2 (approximately 50 nm), where polystyrene microspheres
are spun on it. Step (2): In oxygen plasma, Rapid Thermal Annealing (RTA) is performed.
Step (3) involves etching using BOE, and then the removal of polystyrene microspheres
occurs in step (4), or the process could continue without the removal of the microspheres.
Step (5) involves the deposition of a 5 nm thick layer of Al on the surface covering the
top surfaces of the microspheres and bare Si surface. Step (6) is where annealing is
undertaken, showing that Al on the top of SiO2 oxidizes, forming Al2O3, or on the top of
the microspheres (if they have not been removed), and the Al in the opening balls up. Then,
in step 7, the growth of Si-NWs occurs after allowing SiH4 to flow, providing the required
medium of the VLS system. The epitaxial perpendicular Si-NW growth of approximately
2 µm long is accompanied by the planar deposition of Si of a few nanometers between
Si-NWs (see Figure 1b) [12].
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Figure 1. (a) A schematic presentation of the original NCT technique, showing that microspheres (MS) can be used for
templating in 6 main steps. (b) SEM micrograph of grown Si (NWs) using NCT. See the layers between Si-NWs—the bright
layer is SiO2, which is the top surface of it that is oxidized, forming Al2O3, covered by the dark layer of planar growth of Si.
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3.1.2. Templating Si-NWs Using Silica Microsphere Lithography

The concept of the original process of the NCT technique explained schematically in
Figure 1 can be employed in fewer steps, as presented in Figure 2. After careful spinning of
silica microspheres that are commercially available with narrow size distributions (step 1),
in step 2, the oxide is etched with buffered oxide etch solution (BOE 9:1 Seidler Chemical
Company; 9 parts 40% NH4F in water to 1 part 49% HF in water), typically for a few
seconds. Then, annealing (step 3) is followed by NW growth, as explained earlier [5,7].
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Figure 2. (a) A schematic representation showing that microspheres (MS) of silica were used for
templating in four main steps, along with the side view SEM micrograph of grown Si-NWs between
the MS (b). A thin unseeded planar Si layer forms on the surface of the oxidized Al on the outer
surface of microspheres (just as for the standard lithography case). The gaps between microspheres
could be controlled by varying the BOE time (scale bar is 500 nm).

The described concept in Figure 2 has been examined and it showed encouraging
results; however, further optimization of the Si-NWs’ growth has to be carried out. It
can be shown that the outer shell of the silica microspheres appears in a different color,
confirming that the evaporated Al on the outer surfaces of the silica microsphere has been
oxidized, forming Al2O3 on the top of it. A thin unseeded planar Si layer forms on the
surface of the microspheres, just as for the standard lithography case. We found that the
gaps between microspheres could be controlled to some extent by varying the BOE time. If
etch times exceeding 10 s were used, the gaps became large enough for NWs to be seeded
in the openings. However, etch times longer than 45 s resulted in some of the microspheres
lifting off the Si surface to leave large gaps where multiple nanowires could grow. This
process has not been optimized for yield.

Si (NWs) will not grow on these microspheres due to the oxidation of the Al catalysts.
We show the results of this process, where Si-NWs can be seen growing in the gaps between
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the microsphere array, where the Al catalyst is on the Si substrate. The microspheres of
silica exhibit two main contents of distinct colors. The core, which represents more than
90% of the microsphere, remains as it is, while on the very outer exposed part of the shell
of oxidized Al, a thin unseeded planar Si layer forms on the surface of the microspheres,
just as for the standard lithography case. We found that the gaps between microspheres
could be controlled to some extent by varying the BOE time. If etch times longer than
10 s were used, the gaps became large enough for NWs to be seeded in the openings.
However, etch times longer than 45 s resulted in some of the microspheres lifting off the
Si surface to leave large gaps where multiple nanowires could grow. This process has not
been optimized for yield. Khan et al., in 2015 and 2016 [13,14], respectively, reported that
liquid nanodroplets Indium Nanodroplets (In NDs) act as facilitator sites for Si deposition.
These nano-sized droplets can be considered as the growth catalyst and it is part of the
produced device, just like Al in our work. However, our work used silica microspheres,
which can be removed after templating the growth or could stay there between the grown
nanowires as an electrical insulator for several applications such as the MOSFETs and
photovoltaic (PV) cells.

3.2. Light Absorption of Si-NWs and PV Applications

Nanowires have a very high surface to volume ratio, making them ideal components
for light absorption or any related interface phenomena. The optical characteristics of
Si-NWs exhibit excellent light harvesting characteristics (see Figure 3). The reflectance of
light from the Si substrate covered with NWs is almost zero, in comparison to the pristine
Si substrate, as shown in Figure 3a. The schematic illustration is presented in Figure 3b,
describing how the light rays are reflected between the NWs, increasing the chance of
absorption of the incident light rays [15–17].

Growing semiconductor nanowires can be catalyzed by chemically active materials
using an efficient and economic approach. It has been well established in the literature
that nanowires can be catalyzed using gold (Au). However, gold negatively affects the
performance of semiconductor devices, as it acts as a deep-level trapping charge carrier.
On the other hand, Al is a part of the semiconductor industry, as it is used as p-type
dopants of silicon. However, Al is a chemically active element; as we deposit aluminum
on the semiconductor substrate, we should not expose the samples to air, so the NCT
technique can be employed. It is possible to form the p–n core–shell junctions in high-
density arrays, which have the benefit of decoupling the absorption of light from charge
transport by allowing lateral diffusion of minority carriers to the p–n junction, which is
at most 50–500 nm away rather than many microns away as in Si bulk solar cells [18–20].
Based on this, the potential cost benefits come from lowering the purity standard and the
amount of semiconductor material needed to obtain sophisticated efficiencies, increasing
the defect tolerance, and lattice-matched substrates. The concept of NW-based PV cells
has attracted the scientific community’s attention because of their potential benefits in
carrier transport, charge separation, and light absorption [21]. The Lieber [11,19] and
Atwater [9,10] and other groups [10,22–24] have developed core–shell growth and contact
strategies for their silicon p–n nanowire solar cells, with sophisticated efficiencies. After all,
Si-NWs possess the combined attributes of cost effectiveness and mature manufacturing
infrastructures for further advanced applications. Increasing the growth temperature
increases the active doping of Al-catalyzed NWs.

Thicker lightly doped NWs and doping the outer areas by diffusion are shown in
Figure 4a. The width of the junction can be engineered, if required, by controlling the width
of the intrinsic layer, forming a p–i–n junction [22–24].
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Figure 4. (a) Schematic illustration of p_n junction of Si-NWs, (b) I-V characteristics of the fabricated PV cell of Si-NWs.

The obtained electrical efficiency of the fabricated PV showed encouraging results
of 5.66%, along with the other related parameters, as shown in Figure 4b. Clearly, much
work is required to improve the performance of the PV cell made of Si-NWs. Forming
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an ideal p–n junction for core–shell NWs by CVD is not a trivial undertaking. Typically,
when switching precursors in CVD, much care is needed to keep from forming defects at
the interfaces. This problem is only compounded by the NWs because they have a three-
dimensional shape with different facet orientations and characteristics. The engineering of
this interface is an ongoing research topic that will need to be resolved to make core–shell
grown nanowires competitive for large-scale PV [23–25].

4. Conclusions

The combination of the NCT technique along with silica microspheres is an economic
approach, as it requires fewer steps compared to conventional patterning approaches, not
requiring lift off of a metal layer or the removal of the mask. The encapsulation of silicon
solar panels with PC sheets reduces the weight of the solar panels and opens up more
applications of solar panels in harsh environments considering the mechanical properties
of PC. The methodology used in achieving the controlled placement of single NWs seeded
with Al is an example of proving the concept of the NCT technique; however, more detailed
work is required to optimize the growth process and increase the NWs’ growth fidelity,
leading to more efficient PV cells. More oxygen-reactive materials such as Sn, Sb, In, Ga,
and Ti templated by NCT will have more advanced applications in nanodevice fabrications.
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Abstract: Kerf-less removal of surface layers of photovoltaic materials including silicon is an emerg-
ing technology by controlled spalling technology. The method is extremely simple, versatile, and
applicable to a wide range of substrates. Controlled spalling technology requires a stressor layer, such
as Ni, to be deposited on the surface of a brittle material; then, the controlled removal of a continuous
surface layer can be performed at a predetermined depth by manipulating the thickness and stress of
the Ni layer, introducing a crack near the edge of the substrate, and mechanically guiding the crack
as a single fracture front across the surface. However, spalling Si(100) at 300 K (room temperature
RT) introduced many cracks and rough regions within the spalled layer. These mechanical issues
make it difficult to process these layers of Si(100) for PV, and in other advanced applications, Si does
not undergo phase transformations at 77 K (Liquid Nitrogen Temperature, LNT); based on this fact,
spalling of Si(100) has been carried out. Spalling of Si(100) at LNT improved material quality for
further designed applications. Mechanical flexibility is achieved by employing controlled spalling
technology, enabling the large-area transfer of ultrathin body silicon devices to a plastic substrate at
room temperature.

Keywords: indentation; room temperature; liquid nitrogen temperature; spalling; Si-NWs; nanoscale
chemical templating (NCT); PV

1. Introduction

The mechanical deformation of crystalline silicon induced by micro-indentation has
been studied [1–4]; when crystalline silicon Si(100) is hydrostatically compressed at room
temperature, to pressures in the range of 11–15 GPa, it transforms from face-centered cubic
(diamond structure) phase silicon to a body-centered tetragonal phase (Si-II), which is
metallic [1,2]. This transformation is not reversible, as when the hydrostatic pressure is
released, the Si-II phase transforms into the body-centered cubic phase (Si-III), which is
also metastable [3–6]. On the one hand, it has been well established that when Si single
crystals undergo indentation at 300 K [6–9], their crystalline structure transforms mainly to
Si-III at lower pressures, as indentation includes an element of shear stresses in addition
to hydrostatic pressures [1,4]. On the other hand, it has been proven experimentally that
Si(100) does not transform at 77 K using Raman spectroscopy [4], along with electrical
characterizations [6–8]. The current work is based on a detailed study undertaken in 2007
by Khayyat et al. [6] at sample temperatures higher than 77 K but lower than 300 K, where
the temperature range could be determined below which Vickers indentation-induced
phase transitions in single crystals of silicon would not occur. Both in situ electrical
resistance measurements and ex situ Raman spectroscopy of indentations were employed
for these investigations, and it has been found that the sample temperature indeed has
a very significant influence on the occurrence, or otherwise, of the indentation-induced
phase transition from Si-I (face-centered cubic structure) to Si-II (body-centered tetragonal
structure) [10,11].

Thin-film electronic materials have been extensively studied for the realization of a
wide range of mechanically flexible electronic devices such as light-emitting diodes, thin-
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film transistors, photovoltaic solar cells, and sensors. So far, mainstream flexible electronics
have been based on thin-film organic and amorphous semiconductors that allow direct
device fabrication on a flexible substrate at relatively low temperatures (≤300 ◦C). The
salient feature of this processing scheme is the ability to achieve very-large-area flexible
electronics at a relatively low processing cost. However, the inherently defective and
highly disordered crystalline structure in such materials severely limits overall device
performance and reliability when the device dimensions are scaled down.

The aim of this study is to introduce additional control into the material spalling
process, thus improving both crack initiation and propagation, and increasing the range of
selectable spalling depths that are provided. The method includes providing a stressor layer
on the surface of a base substrate at an initial temperature, which is room temperature. Next,
the base substrate, including the stressor layer, is brought to a second temperature, which
is lower than room temperature. The base substrate is spalled at the second temperature
to form a spalled material layer. Thereafter, the spalled material layer is returned to room
temperature, i.e., the first temperature. This investigation describes in some detail how
indentations at 77 K have led to an important application in producing thin, flexible Si
films for advanced applications [12,13].

2. Materials and Methods

The indentation experiments were conducted on the following sample: silicon single
crystals Si(100). The single crystal specimens were of the dimensions 10 mm, 10 mm,
0.38 mm, all of which had been cut from a 50 mm diameter Si(100) wafer supplied by
Wacker–Chemitronic GMBH (Munich, Germany). The wafer was n-type and the dopant
was phosphorous; its resistivity was 50 Ω cm and carrier concentration was ~1014 cm−3.
The temperature of the sample was measured with a thermocouple junction placed on the
ceramic header package. In these investigations, the sample temperature could be varied
in a controlled manner to an accuracy of ±5 K, as the experimental set-up allows N2 (g),
at temperatures as close as possible to 77 K, to follow above the sample to prevent air
vapor condensation and temperature fluctuations in the range of 150 to 300 K (see Figure 1).
A silica tube containing nitrogen gas, which was supplied from a metallic cylinder, was
passed through a dewar cooler to bring it as close as possible to liquid nitrogen temperature.
The cooled nitrogen gas passed through a cooling apparatus. Consequently, the sample
was cooled by being mounted on the cooling apparatus. A thermocouple (type T) was
attached to the sample and then, the temperature was measured using a FLUKE 54 II
thermometer. The cooling apparatus consisted of a box of brass; a tube of brass was built
inside the box with two openings to inlet and outlet nitrogen gas. The sample was mounted
on the surface of the brass box. The sample was equilibrated at the temperature of interest
for around 10 min, with fluctuations in temperature of ±5 ◦C or below for most of the time.
This was achieved by controlling the nitrogen gas flow through the cooling apparatus.
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In order to make relatively high load indentations in the silicon samples that were
cooled to down temperatures in the range of 150–300 K and in a moisture-free atmosphere,
which was suitable for Raman studies, we carried out another series of experiments. In
this series, a single crystal Si(100) sample of the dimensions 10 mm, 10 mm, 0.38 mm
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was mounted onto the copper block (described above), and a thermocouple junction was
stuck onto the sample with a piece of adhesive tape [11]. This assembly was then placed
inside a 500 mL Pyrex glass beaker. The cooling of the copper block was carried out in the
same manner, as described above. However, the cold, dry nitrogen gas exiting from the
copper block was allowed to fill the Pyrex glass beaker. A Vickers diamond was used as the
indenter, which was mounted on a 20 N load cell, that, in turn, was screwed onto the cross
beam of an Instron Model 1122 mechanical testing machine. To make an indentation on
the test sample, the indenter was loaded at a speed of 0.05 mm/min−1. After reaching the
desired indenter load, it was held constant for 15 s, and then, the indenter was unloaded
at the same speed. Another site on the sample was then brought under the indenter,
the sample cooled down to another desired temperature, and an indentation was made
at another preselected load. In this manner, several indentations were made at various
temperatures and under different indenter loads. After having made all the necessary
indentations, the sample was allowed to gradually warm up to room temperature, making
sure that, at no stage, did any water condensation occur on the sample. The indented
samples were then stored in a desiccator. Some of the residual Vickers indentations made at
300 and 77 K were examined with an FEI Co., environmental scanning electron microscope
(Eindhoven, The Netherlands, model XL 30). These samples were not coated, as surface
charging did not take place inside the experimental chamber of this microscope.

3. Results and Discussion
3.1. Indentations at 300 K and 77 K

Environmental scanning electron micrographs of residual indentations made at 300
and 77 K are shown in Figure 2, respectively. It can be seen from Figure 2a that there is
clear evidence for material extrusion from the indentation. This extrusion has generally
been accepted as evidence for Si-I to Si-II phase transition. On the other hand, it can be
seen from the micrograph of the residual indentation made at 77 K (see Figure 2b) that
there is no extrusion of material, and instead, shear lines within the indentation are quite
clearly visible. These observations also suggest that in indentations made at 77 K, there is
no Si-I to Si-II phase transition.

Crystals 2021, 11, 1020 4 of 12 
 

 

  
(a) (b) 

Figure 2. (a) 300 K Vickers indentation in Si(100) under a load of 2.63 N; the arrow highlights the extrusion. (b) 77 K Vickers 
indentation in Si(100) under a load of 5.21 N; the arrow points at a shear line. 

During compression to ~11 GPa, Si-I (f.c.c) transforms into Si-II (body-centered te-
tragonal, also known as beta-tin structure); Si-II has low resistivity, which is similar to that 
of copper. In contrast, at decompression at 300 K and in the pressure range of 8 to 2 GPa, 
Si-II transforms to Si-XII, which is rhombohedral. From 2 GPa down to one atmosphere, 
Si-III forms, which is body-centered cubic or bc8; at these pressures, Si-XII is only a tiny 
fraction of the recovered silicon [2–5]. 

It has been assumed that there are temperature rises during indentation which assist 
phase transformation [11]. Figure 3 shows a schematic representation of the indentation-
induced phase transition model, where the phase-transformed zone is just underneath the 
indenter and embedded within the plastic zone. It has been assumed that there is heat 
elevation in the indented zone of the material. An estimated local adiabatic temperature 
rises is generated during the indentation process, as explained in Equation (1) [12]. 

 
Figure 3. Schematic representation of the indentation-induced phase transition model; the phase-
transformed zone is embedded within the plastic zone. 

∆𝑇 ൌ 𝑌𝜀𝜌𝑐 ൌ 460 K (1)

where ∆𝑇 is the maximum temperature rise, 𝑌 is the uniaxial yield stress, 𝜀 is the max-
imum plastic strain around a Vickers indentation, 𝜌 is the density, and 𝑐 is the heat ca-
pacity. The shear yield stress τ of silicon at room temperature has been given as 1 GPa, 
which gives Y = 2τ = 2 GPa using the Tresca criterion [13]. The density 𝜌 is 2.33 × 103 kg 
m−3 and heat capacity c of silicon is 0.67 × 103 J kg−1 K−1 [14]. Therefore, the estimated max-
imum temperature rise T during a Vickers indentation in silicon would be ∼460 K. This 
temperature rise provides the required energy to rebuild the crystal structure-producing 

Figure 2. (a) 300 K Vickers indentation in Si(100) under a load of 2.63 N; the arrow highlights the extrusion. (b) 77 K Vickers
indentation in Si(100) under a load of 5.21 N; the arrow points at a shear line.

Using two complementary techniques, namely, in situ four-terminal dc electrical
resistance measurements of the bare silicon when indented with a Vickers diamond in-
denter [10,11], and Raman spectroscopy [10] of the residual indentations, combined with
environmental scanning electron microscopy of residual indentations made at different
temperatures [11], it has been shown that indentation-induced phase transformation of a
silicon crystal is significantly affected by its temperature. Whereas indentations at room
temperature caused Si-I to transform to Si-II within the plastically deformed zone around
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the indentation, no such phase transition occurred when the sample had been cooled down
to 200 K or lower.

During compression to ~11 GPa, Si-I (f.c.c) transforms into Si-II (body-centered tetrag-
onal, also known as beta-tin structure); Si-II has low resistivity, which is similar to that of
copper. In contrast, at decompression at 300 K and in the pressure range of 8 to 2 GPa, Si-II
transforms to Si-XII, which is rhombohedral. From 2 GPa down to one atmosphere, Si-III
forms, which is body-centered cubic or bc8; at these pressures, Si-XII is only a tiny fraction
of the recovered silicon [2–5].

It has been assumed that there are temperature rises during indentation which assist
phase transformation [11]. Figure 3 shows a schematic representation of the indentation-
induced phase transition model, where the phase-transformed zone is just underneath the
indenter and embedded within the plastic zone. It has been assumed that there is heat
elevation in the indented zone of the material. An estimated local adiabatic temperature
rises is generated during the indentation process, as explained in Equation (1) [12].

∆T =
Yε

ρc
= 460 K (1)

where ∆T is the maximum temperature rise, Y is the uniaxial yield stress, ε is the maximum
plastic strain around a Vickers indentation, ρ is the density, and c is the heat capacity.
The shear yield stress τ of silicon at room temperature has been given as 1 GPa, which
gives Y = 2τ = 2 GPa using the Tresca criterion [13]. The density ρ is 2.33 × 103 kg
m−3 and heat capacity c of silicon is 0.67 × 103 J kg−1 K−1 [14]. Therefore, the estimated
maximum temperature rise T during a Vickers indentation in silicon would be ∼460 K. This
temperature rise provides the required energy to rebuild the crystal structure-producing
phase transitions. Cooling the sample down to 77 K will suppress this rebuilding of
the crystal structure-producing structural phase-transformed zone within the plastically
deformed area.
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3.2. Si Crystals Spalling at 300 K and 77 K

Kerf-less removal of surface layers of materials, including silicon, is demonstrated by
controlled spalling technology. The method is extremely simple, versatile, and applicable
to a wide range of substrates. Controlled spalling technology, as has been described
schematically in Figure 3, requires a stressor layer (Figure 4a) to be deposited on the
surface of a brittle material, and the controlled removal and placement of a tape such as
Kapton tape on the top of the stressor layer (Figure 4b); then, spalling of the surface layer
is undertaken at a predetermined depth (Figure 4c). The stress layer (Ni) thickness affects
the depth of the spalling, as strain distribution due to lattice-mismatch between these
two layers increases with the increase in the thickness of the tensile layer, and consequently,
increases the spalled layer thickness [15].
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By manipulating the thickness and stress of the Ni layer, a crack is introduced near
the edge of the substrate and mechanically guided as a single fracture front across the
surface at room temperature (300 K). Spalling from an ingot Si(111) is presented in Figure 5.
However, there are many issues with spalling Si(100) at room temperature, such as cracks
or irregularities in thickness. Based on previous knowledge of indentations at 77 K [11],
where phase transformations and cracks disappear in comparison to indentation at 300 K,
it has been suggested that spalling be undertaken at 77 K (Figure 6).

Figure 7 shows in detail the difference in appearance (optical microscope and SEM
images) between Si(100) spalled at 300 K, and that spalled at 77 K, where the spalling at
room temperature is performed first mechanically by introducing a crack as explained
earlier, then by exposing the same sample to liquid nitrogen vapor at a fresh region, where it
is spalled spontaneously. The resulted spalled layer at room temperature looks different to
that spalled at liquid nitrogen temperature, as the outer surface looks rough (see Figure 7a,
where this observation has been confirmed by SEM micrographs (Figure 7b,c)).
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Figure 6. Liquid nitrogen temperature Si(100) spalling can be carried out as follows: pieces of
100 semiconductor materials (nominally 1.5, 3 inch pieces) are HF-dipped until hydrophobic (op-
tional), N2-dried, immediately placed into a sputter system for metal layer deposition, and then,
Kapton tape is placed onto the Ni surface and cooled using liquid nitrogen.
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of wafer. (b) SEM micrograph of the side view of Si(100) spalled at 300 K. The variation in spalled
layer thickness, as shown by green lines, is between 3.91 to 5.43 µm. (c) Side view SEM micrograph of
Si(100) spalled at 77 K, where the thickness of the spalled film is almost constant at around 22.38 µm.

When we spall Si(100) at room temperature, the spalled layer, as shown on the
micrograph (Figure 7), has many cracks and rough regions, which makes it difficult to
process for PV applications. As it has been shown previously that Si does not undergo
phase transformations at 77 K, we cooled down the Si(100) (which has a stressor layer of Ni
on its surface) as close as possible to 77 K. Then, when we carried out further examinations
on the spalled samples, such as SEM micrographs, the spalled Si(100) samples at low
temperatures showed less rough areas, and could be processed further for PV applications.
Clearly, it is advantageous to carry out spalling, particularly for Si(100), at 300 K. Figure 8
shows a free standing chip of Si(100) spalled at 77 K (Figure 8a), along with side views of
the spalled layers (Figure 8b–d).
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area of the spalled layer of a length more than 1 mm shows the even spalled surface.
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A detailed study of spalled Si(100) is presented in Figure 9. The thickness of the spalled
Si(100) decreases from above 60 µm to below 50 µm, with the temperature increasing from
77 K to less than 200 K.
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Figure 9. Temperature-dependence of spalling for Si(100). Spalled at various low temperature points.
Data points represent thickness in smooth areas. Si error bars denote thickness variation in rough
areas (see SEM images on Figure 8).

3.3. Applications on Spalling Technique

A stressor layer is formed atop a base substrate at a first temperature, which induces
an initial tensile stress in the base substrate that is below its fracture toughness. The base
substrate and stressor layer are then brought to a second temperature, which is lower
than the first temperature. The second temperature induces a second tensile stress in the
stressor layer which is greater than the first tensile stress, and which is sufficient to allow for
spalling mode fracturing to occur within the base substrate. The base substrate is spalled at
the second temperature to form a spalled material layer. Spalling occurs at a fracture depth,
which is dependent upon the fracture toughness and stress level of the base substrate, and
the second tensile stress of the stressor layer induced at the second temperature.

Spalling includes depositing a stressor layer on a substrate, placing an optional handle
substrate on the stressor layer, and inducing a crack and its propagation below the sub-
strate/stressor interface. This process, which is performed at room temperature, removes a
thin layer of the base substrate below the stressor layer. By thin, it is meant that the layer
thickness is typically less than 100 microns, with a layer thickness of less than 50 microns
being more typical.

The ultimate goal of spalling is to produce thin films for advanced application of elec-
tronic device fabrications; Figure 10 describes the main steps involved in this process [14].
Si nanowires are an emerging PV technology [15,16]; nanoscale chemical templating (NCT)
for the controlled growth of Si nanowires catalyzed by Al has shown good progress with
regard to PV technology (see Figure 11), proving the principle of the NCT technique.

The fact that controlled spalling is able to remove layers of arbitrary size and shape
allows one to design circuits and subsystems at the wafer scale and selectively remove them
by selected deposition of the stressor layer on these regions [17,18]. The side view of previ-
ously grown nanowires [17,19], using controlled growth of Si nanowires, demonstrated a
novel nanoscale chemical templating method, achieving controlled spatial placement of Si
NWs by using patterned SiO2 as a mask and Al as the seed material. The main advantage of
this method lies in its suitability for the oxygen-reactive seed materials, which are of great
interest for electronic applications. The NCT method can also have fewer steps compared
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to conventional patterning approaches, not requiring lift-off of a metal layer or removal
of the mask. The method is also flexible, as it is amenable to both standard lithography
techniques and self-assembled patterning techniques such as microsphere lithography.
Patterning and growth parameters can be chosen to achieve high selectivity, growth yield,
and fidelity; where no NWs grow between openings, most openings are occupied by one
or more NWs and the majority are occupied by a single vertical NW. NCT will have several
applications in nanotechnology research such as solar cells.
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(PV applications).

Crystals 2021, 11, 1020 10 of 12 
 

 

 

Figure 10. Handling and processing of spalled films for further applications such as solar cells (PV 

applications). 

 

(a) 

 

(b) 

Figure 11. SEM Side views. (a) Nanoscale chemical templating (NCT), showing controlled growth of a group of Si nan-

owires. (b) Controlled growth of single Si nanowires at each opening; arrow 1 shows the thin oxidized layer of Al (Al2O3), 

and arrow 2 points to the planer growth of Si; the average nanowire length is 5 µm. 

The fact that controlled spalling is able to remove layers of arbitrary size and shape 

allows one to design circuits and subsystems at the wafer scale and selectively remove 

them by selected deposition of the stressor layer on these regions [17,18]. The side view of 

previously grown nanowires [17,19], using controlled growth of Si nanowires, demon-

strated a novel nanoscale chemical templating method, achieving controlled spatial place-

ment of Si NWs by using patterned SiO2 as a mask and Al as the seed material. The main 

advantage of this method lies in its suitability for the oxygen-reactive seed materials, 

which are of great interest for electronic applications. The NCT method can also have 

fewer steps compared to conventional patterning approaches, not requiring lift-off of a 

metal layer or removal of the mask. The method is also flexible, as it is amenable to both 

standard lithography techniques and self-assembled patterning techniques such as 

NanoEngineering Group

Handling and Processing of Spalled Films

Step 1.
Ni Sputter, 

flexible 

handle on. 
Ti (150A)

Ni (5.5 micron)

Ge
wafer

Ti (150A)
Ni (5.5 micron)

Ge
wafer

Ni (5.5 micron)

wafer

Flexible Handle

Step 2.
Spall and 

process

Ni (5.5 micron)

Ge

spalled surface

Ni (5.5 micron)

semiconductor 5 - 10 µm

Functional 

PV cell, 

and other 
devices.

Si (111)
Si(100)  wafer

150 nm Ti

5.5 µm Ni

Figure 11. SEM Side views. (a) Nanoscale chemical templating (NCT), showing controlled growth of a group of Si nanowires.
(b) Controlled growth of single Si nanowires at each opening; arrow 1 shows the thin oxidized layer of Al (Al2O3), and
arrow 2 points to the planer growth of Si; the average nanowire length is 5 µm.

A promising field for future low-cost, medium-efficiency solar cell devices is the
use of vapor–liquid–solid (VLS)-grown nanowires (NWs) as the active region of large
scale (greater than 1 mm2 area) photovoltaic devices. There are several advantages of
using NWs. NWs can be doped as they are grown, helping with the formation of PV
structures. NW-based PV structures require shorter carrier diffusion distances than are
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needed for a similarly thick planar absorber layer. At the same time, due to scattering and
other optical phenomena, the NW structure is able to trap more light and improve overall
light absorption. This, combined with the ability to grow nanowires on cheap substrates
or reuse the growth substrate multiple times using spalling, makes NWs promising for
future-generation PV devices.

4. Conclusions

Indeed, spalled single crystals are of immense technological importance. However,
spalling Si(100) at room temperature exhibits several mechanical issues and corresponding
technical limitations. It has been shown that when Si(100) single crystals are indented
at liquid nitrogen temperature (77 K), there is no phase transformation. Owing to the
presence of high shear stresses during indenter loading, most of the original Si remains
unaltered in structure. It has been suggested that the difference in phase transition at
the two temperatures can be explained by the following hypothesis: a temperature rise,
which alongside high hydrostatic and shear stresses assists phase transition, occurs during
indentation at room temperature.

Based on the fact that spalling of Si(100) at temperatures close to 77 K produces
undeformed layers of relatively controlled thickness for further applications such as PV
technologies, devices of flexible Si—if the spalled layer is thin enough—have many advan-
tages over their bulk counterparts. By virtue of less material being used, thin-film devices
ameliorate the material cost associated with device production and lower device weight,
both of which are important in the semiconductor industries for a wide range of efficient
thin materials applications—particularly, if this technology of bulk Si spalling is combined
with controlled growth of Si-NWs, as has been proposed for PV devices. Furthermore, if
a device layer is removed from a substrate that can be reused, additional fabrication cost
reduction can be achieved.
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Abstract: In this study, a red clay/nano-activated carbon membrane was investigated for the removal
of oil from industrial wastewater. The sintering temperature was minimized using CaF2 powder as a
binder. The fabricated membrane was characterized by its mechanical properties, average pore size,
and hydrophilicity. A contact angle of 67.3◦ and membrane spore size of 95.46 nm were obtained. The
prepared membrane was tested by a cross-flow filtration process using an oil-water emulsion, and
showed a promising permeate flux and oil rejection results. During the separation of oil from water,
the flux increased from 191.38 to 284.99 L/m2 on increasing the applied pressure from 3 to 6 bar.
In addition, high water permeability was obtained for the fabricated membrane at low operating
pressure. However, the membrane flux decreased from 490.28 to 367.32 L/m2·h due to oil deposition
on the membrane surface; regardless, the maximum oil rejection was 99.96% at an oil concentration
of 80 NTU and a pressure of 5 bar. The fabricated membrane was negatively charged, as were
the oil droplets, thereby facilitating membrane purification through backwashing. The obtained
ceramic membrane functioned well as a hydrophilic membrane and showed potential for use in oil
wastewater treatment.

Keywords: ultrafiltration; red clay; calcium fluoride powder; wastewater; oil separation

1. Introduction

The daily generation of approximately 210 million barrels of water contaminated with
oil can incur costs of $45 B in water purification [1]. Recently the membrane technology
has been applied to separate mixtures of oil and water, showing greater efficacy than
traditional technologies [2,3]. It is well-known that membranes synthesized from polymers
are unstable compared to ceramic membranes [4]. Ceramic membranes are often used in
industrial applications, such as wastewater treatment, despite the high cost compared to
those of polymeric membranes [5], owing to their extraordinary chemical, mechanical, and
thermal properties [6]. They have the capability of backwashing, high flux, good toughness,
resistance to bacterial growth, and thermal stability [4,7]. Materials like alumina, zirconia,
titanium oxide and zeolite materials have been used in ceramic membranes that resist high
pH and pressure to separate oil-water mixtures [4,8].

Additionally, microfiltration (MF) and ultrafiltration (UF) have been used as pressure-
driven membrane methods [3]. UF is recognized as the most efficient in oil-water separation
with significant advantages compared to conventional separation techniques: it requires no
additional chemicals and its energy consumption is low [3]. High-flux MF membranes have
also been used for oil-water separation; however, they carry the risk of oil penetration [3].
NaA zeolite was deposited on an α-Al2O3 MF membrane by Cui et al. [9] and used in the
separation of oil from water. The fabricated membrane had a pore diameter of 1.2 µm and
showed 99% oil separation at a flow rate of 85 L/m2·h and pressure of 50 kPa. A porous
MF aluminum ceramic membrane was applied by Liu et al. for oil-water separation [10];
they reported 99.98% removal of emulsified oil.

A UF membrane was used to separate oil from water in an oilfield [3] with more than
96% oil rejection. Depositing TiO2 on the surface of a UF ZrO2 membrane to separate
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oil and water [11] revealed that the cohesion between the oil droplets and the membrane
surface decreased. This was because less oil was adsorbed on the membrane surface, thus
decreasing surface fouling. UF ceramic membranes were used [12] to separate an oil-water–
anionic surfactant emulsion to investigate the effect of pH and flow rate. They reported an
occurrence of concentration polarization phenomena at low flow rates. In addition, the
membrane surface was positively charged at low pH and attracted the anionic surfactant
in the oil-water emulsion, causing a reduction in the water flux rate. Luo et al. [13] used
a UF hollow-fiber membrane for oil rejection from water, which yielded highly pure
water with very low turbidity. Tubular UF membranes with a pore size of 10 nm were
fabricated [14] and showed a flux rate of 200 L/m2·h for wastewater purification. Issaoui
and Lionel [15] have reported the fabrication of commercialized ceramic membranes based
on expensive materials such as cordierite, titania, zirconia, and silicon carbide for various
industrial applications.

Despite their several advantages and promising results, the high cost of ceramic com-
ponents in manufacturing is a major disadvantage of ceramic membranes [4]. Therefore,
experts have focused on developing innovative, low-cost, effective, and secure materi-
als that can be used to prepare ceramic membranes, while still exhibiting the qualities
required for wastewater purification, such as chemical stability, fouling resistance, and
good mechanical attributes [2,3]. Efforts have been dedicated toward utilizing low-cost
materials such as natural clay, apatite powder, dolomite, kaolin, bauxite, and mineral
coal fly ash for the fabrication of ceramic membranes exhibiting good performance for
wastewater and pollutant treatment. An MF tubular ceramic membrane was fabricated
from low-cost clay and kaolin [16] to separate oil-water mixtures and showed 93% rejection
of the oil emulsion. Zhu et al. [17] fabricated a ceramic membrane from fly ash and TiO2
that showed 97% oil rejection. Liu et al [18] fabricated a bentonite clay membrane for use
in the separation of oil from saltwater, but it was unsuitable for the high-salinity environ-
ment. Furthermore, kaolin, quartz, feldspar, sodium carbonate as low-cost MF membrane
materials were tested by Nandi et al. [19]. They noted that the fabricated membranes
showed good oil removal efficiency over a 60-min experiment, with 98.8% oil rejection
at the flux of 5.36 × 10−6 m3/m2·s and applied pressures in the range 68.95–275.8 kPa.
Kakali and Pugazhenthi [20] focused on using lithium aluminosilicate for the fabrication
of a ceramic membrane via the slip-casting method, using starch as the pore-forming
material for removing bacteria and oil from wastewater; they achieved good performance
in terms of removal of bacteria and oil from wastewater. Ben Amar and Oun [21] used
Tunisian mud as a low-cost material for the fabrication of tubular ceramic ultrafiltration
membranes for removing pollutants from wastewater. These membranes were obtained
via the slip-casting technique followed by sintering at 650 ◦C. With a pore size of 11 nm,
the membranes demonstrated a permeability of 90 L/h·m2·bar and oil pollutant removal
of 90%. Hubadillah et al. [22] used kaolin as a low-cost ceramic raw material for the fabri-
cation of a ceramic hollow fiber membrane and achieved improved mechanical strength
and excellent performance in terms of pollutant removal from wastewater.

Our goal is to fabricate a UF ceramic membrane for oil removal from water using red
clay as a low-cost material, nano-activated carbon powder for pore-forming, and CaF2 as a
binder and nucleating agent to minimize the sintering temperature. The aforementioned
low-cost materials were processed using an extrusion method, and the sintering was
performed by carbon pyrolysis. To the best of our knowledge, all prior researchers have
fabricated MF membranes as substrates and used interlayers and filtration layers to obtain
UF membranes. Additionally, the use of nano-activated carbon as a pore-forming material
and CaF2 as a binder, rather than the conventional carboxymethyl cellulose is also novel.
This study demonstrates the effective preparation of a novel tubular ceramic membrane
for oil-water separation by using low-cost and locally sourced materials like red clay.
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2. Methodology
2.1. Raw Materials

Table 1 shows that the red clay used in fabricating the membrane contains higher
amounts of SiO2 (47.63%), Al2O3 (24.03%), and Fe2O3 (9.57%) with low amounts of K2O
(2.08%) and Na2O (1.29%). The red clay was collected from the Biadh plant in Riyadh,
Saudi Arabia. The role of CaF2 (Sigma Aldrich, St. Louis, MO, USA) is to minimize the
sintering temperature of the red clay membrane and improve the mechanical strength.

Table 1. Chemical composition of Saudi red clay (wt%).

Oxides SiO2 Al2O3 Fe2O3 Na2O K2O CaO TiO2 Loss on Ignition

% 47.63 24.03 9.57 0.23 2.08 1.29 1.28 11.55

Activated carbon (diameter = 4 mm; purity 98%) was obtained from Zhengzhou
Company (Henan, China). Powdered activated carbon (65 µm) was obtained using a
planetary ball mill at 300 rpm for 4 h, and was blended with water for 72 h and then treated
ultrasonically (50 min, 540 W) using an SFX550 (Sonifier, Suwanee, GA, USA). Then, the
collected suspension was centrifuged at 3500 rpm for 15 min to yield nano-activated carbon
of size 91.6 nm (SEM, Figure 1). It is worth mentioning that activated carbon was converted
to nanoactivated carbon for the sole purpose of a pore-forming material, i.e., to create
nanopores in the body of the ceramic membrane. After sintering at temperatures above
500 ◦C, all of the activated carbon was burned from the ceramic membrane, which resulted
in pore formation in the ceramic membrane (TGA, Figure 2).
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2.2. Membrane Fabrication

The fabricated raw material for the membrane comprised of a powder blend of
90 wt.% red clay, 5 wt.% CaF2 as a binder, and 5 wt.% nano-activated carbon powder as
a pore former. The red clay was ground at 250 rpm for 3 h using a planetary ball mill to
achieve the particle size of 100 µm.

Az-mixer was used to combine the dry raw materials for 4 h. To this mixture, 400 mL
water was slowly added. Through wet mixing, we obtained a paste with satisfactory
plasticity, which was then fed into the extruder (Length = 200 cm, Width = 50 cm, Die
diameter = 20 cm). Two sintering stages were applied: first, sintering was performed
from 30 to 500 ◦C at an average heating rate of 1.5 ◦C/min to burn the organic material,
thereby creating pores in the prepared membrane. Figure 2 presents the TGA data in
an air of the nano-activated carbon powder, clarifying the sintering operation. It is clear
from Figure 2 that complete burning of the nano-activated carbon powder was obtained at
450 ◦C. Subsequently, the produced membrane was densified by sintering in a furnace at
temperatures from 400 ◦C to 1000 ◦C at a rate of 2 ◦C/min for 4 h.

2.3. Characterization of Ceramic Membrane
2.3.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) (model NNL-200, Philips, 1-nm resolution) was
used for morphological characterization and microstructural analysis of the fabricated
sintered membrane. Samples smaller than 10 mm were obtained by cutting the sintered
membrane samples by a cutting machine with a diamond cutting disc. The membrane
sample was dried for 24 h in a vacuum oven, and then etched by 1% HF + 1% HNO3 solution
for 30 s. Finally, the membrane sample was coated by a thin gold layer using a sputter
coater (SPI Inc., Lakewood, WA, USA) to increase the conductivity of the membrane and
to obtain a clear image. SEM images of the membrane sample were obtained by scanning
it with a focused beam of electrons, which interact with the electrons in the membrane
sample, producing various detectable signals containing information about the sample’s
surface topography.

2.3.2. Apparent Porosity

The apparent porosity of the ceramic structures was determined by the standard test
method (ISO EN 993-1) for ceramic structures using the Archimedes buoyancy technique
with dry weights, soaked weights, and immersed weights in water. The membrane sample
was dried in an oven at 105 ◦C for 24 h to eliminate the absorbed water. The dried
membrane sample was weighed by the balance and the weight is recorded as Md. Then the
membrane sample was placed in a water-filled container for 24 h at room temperature. After
that, the membrane sample has weighed and the weight recorded as Mw. In addition, the
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membrane sample was weighed inside water and the weight recorded as Ma (suspension
weight). Finally, the apparent porosity can be calculated from equation 1:

Apparen porosity = 100 ×
(

Mw − Md
Mw − Ma

)
(1)

2.3.3. Contact Angle Measurements

The capillary force liquid weight gain, which occurs when wetting the membrane
sample, was precisely measured using a K100 force tensiometer (Kruss, Wissenschaftliche
Laborgeräte, Borsteler Chaussee 85, Germany) with a particularly high resolution to obtain
reliable and accurate contact angle (θ) data of the membrane sample. Before measuring, the
membrane sample was dried in a vacuum oven for 24 h at 100 ◦C. The main procedure to
measure the membrane contact angle using Kruss K100 involves sealing off the open ends of
the tubular membrane sample with epoxy resins, hanging the sample on the microbalance
in the K100 force tensiometer (Kruss, Wissenschaftliche Laborgeräte, Borsteler Chaussee
85, Germany)), and immersing the sample gradually into deionized water. The rate of
immersion has to be adjusted to ~6 mm/min. Finally, the contact angle will be calculated
from the forces acting on the membrane surface.

2.3.4. Mechanical Test

The mechanical properties of the ceramic membrane were determined by the three-
point bending strength test using a Shimadzu-Universal testing machine (AGS-X, River-
wood Drive Columbia, MD 21046, USA) with a capacity of 5 kN, a total grip distance of
690 mm, a crosshead speed of 0.5 mm/min, a potential of 200 V, and power of 60 Hz. The
stress-strain relationship of the membrane was found to be linear. Membrane samples with
a length of at least 4 cm were obtained by cutting the samples by a cutting machine with
an artificial diamond disc, the result is obtained by using the equation

δ f =
FL

π(d2 − d1)
3 (2)

where “δf”is the bending strength “F” is the flexural load in newton and “L”, “d2” and “d1”
is the span length, outer diameter, and inner diameter respectively.

2.3.5. X-Ray Diffraction

The X-ray diffraction technique (diffractometer used: model D8AD VANCE, BRUKER,
Billerica, MA, USA) was used to identify the crystalline phases of the membrane sample.
In this technique, the scattered intensity of an X-ray beam, generated upon hitting the
membrane sample, is measured as a function of incident angle. The membrane sample for
XRD analysis was dried for 24 h in a vacuum oven at 105 ◦C to eliminate any moisture
present in the material. Then, the membrane sample was powdered and spread on the
glass holder with a gap of 0.5 mm. The holder with the sample was then placed in the
X-ray chamber and scanned at a constant temperature and a speed of 2◦/min using CuKα

radiation, over a diffraction angle (2θ) range from 10◦ to 80◦, with a step size of 10◦. The
Joint Committee on Powder Diffraction Standards (JCPDS) diffraction file cards (2001) are
used as reference for interpretation of the X-ray patterns obtained in the experiment.

2.3.6. Pore size Distribution Measurements

The pore size distribution of the membrane was determined using a constant-pressure
fluid-fluid porometer (IFTS advanced fluid-fluid porometer, Institut de la Filtration et des
Techniques Séparatives, Rue Marcel Pagnol, Foulayronnes, France).

2.4. Oil Emulsion Characterization

The performance of the prepared ceramic membrane was characterized by imple-
menting it in the separation of oil from an oil-water mixture, where ultra-pure paraffin oil
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was used as a synthetic oil in the absence of a surfactant. The emulsion was vigorously
and continuously mixed by using an agitator for 50 min at 1350 rpm and remained stable
for several days unaffected by gravitational forces. The initial concentration of the oil
emulsion was measured in terms of turbidity at 64 NTU. In addition, an oil-water mixture
was obtained from an Aramco oilfield. Furthermore, a Zetasizer was used to obtain the
zeta potential curve and to determine the oil droplet charge. To define the efficiency of the
prepared membrane in oil-water separation, a turbidity meter was used to determine the
oil turbidity.

2.5. Ultrafiltration Testing

Figure 2 shows the cross-flow filtration set-up, which consists of a feed tank, pump,
pressure gauges, agitator, and a tubular-type ceramic membrane. In the flow circuit, feeds
with a volumetric flow rate of 55 L/h at 25 ◦C and a specific pressure of a known and
constant composition (water and oil emulsion) was pumped continuously through the
cross-flow ultra-filtration membrane (diameter = 0.5 cm, length = 20 cm) at a specified cross
flow pressure of 5 bar. In addition, a secondary agitator was used to provide mixing effects
and to ensure emulsion stability. A water tank was used to collect the permeated water,
and the weight was determined using a balance to calculate the flux rate of the clean water.

The water flux, J (L/m2·h), was determined from Equation (2):

J = V/A * t (3)

where V is the water volume collected through the pores of the membrane, A is the
membrane surface area, and t is the time.

The turbidities of the water permeate and water in the feed tank were measured using
a turbidimeter; the oil rejection (R%) was obtained from Equation (3):

R% = [1 − (Cc/Ci)] × 100, (4)

where Ci is the raw oil turbidity and Cc is the turbidity after filtration.
The membrane permeability (P) was obtained by Equation (4):

J = Kc * ∆P (5)

where Kc is the membrane permeability and ∆P is the applied pressure.

3. Results and Discussion
3.1. Characterizations

The zeta potential curves of the oil emulsion and membrane are presented in Figure 3.
The isoelectric point of the oil droplets emulsion appears at pH 1, where the zeta potential
was negative. The isoelectric point of the membrane was located at a slightly higher pH
of 1.7, where the zeta potential was also negative. Since identical charges are known to
experience electrostatic repulsion, it can be predicted that our fabricated membrane would
prevent fouling during backwashing because of the electrostatic repulsion between the oil
emulsion and the membrane.

Mechanical testing of the ceramic membranes with and without CaF2 was performed
using the three-point bending technique with a crosshead speed of 0.5 mm/min. The
membrane without CaF2 showed a lower bending strength of 49.53 MPa than the membrane
with CaF2 (54.13 MPa); the stress-strain relationship of both the membranes was linear.
Further, a contact angle of 67.3◦ indicates that the membrane is hydrophilic. The membrane
pore size distribution (Figure 4) indicated that a UF membrane was created without using
a coating layer. The pore size of this membrane ranged from 40 nm to 110 nm with an
average pore size of 96 nm, and 88% of the total pores were smaller than 96 nm. In addition,
the measured porosity of the membrane was 32.56%. SEM was used to determine the
morphology of the fabricated membrane (Figure 5). It was noted that the absence of cracks
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in the fabricated membrane was indicative of its high quality and good material properties
in agreement with the results of the three-point bending strength test.
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Figure 5. SEM of the tubular ceramic membrane: (a) cross-section of the membrane and (b) the top view of the membrane.

Figure 6 also presents the TGA data for the red clay paste, with a residual weight of
85 wt.% at 1000 ◦C. The holding time of the sintering procedure after treatment at 1000 ◦C
was 2 h. CaF2 as a binder and nucleating agent to minimize the sintering temperature was
used. The sintering temperature of the ceramic membranes with and without CaF2 was
performed. The membrane with CaF2 showed a lower sintering temperature of 1000 ◦C
than the membrane without CaF2 (1150 ◦C). The TGA data for CaF2 (Figure 2) showed
that the residual weight was ~94 wt.%. Crystal water decomposition was found to occur
at 500–600 ◦C, and the standard decomposition or recrystallization possible during heat
treatment occurs at 600–1100 ◦C.

The XRD pattern of the fabricated membrane (Figure 7), which contains red clay and
CaF2, shows that red clay is a highly illitic kaolinite-type clay. It includes illite, kaolinite,
and hematite, which gives it a red color. Additionally, the clay contains some amount of
free quartz. CaF2 could be seen in the XRD.

Sintering at 1000 ◦C led to the decomposition of kaolinite and illite (clay minerals).
Some amount of CaF2 was also decomposed, while the remaining was observed in the
membrane structure by XRD analysis. The calcium released from the CaF2 decomposition
and the aluminum silicate from the clay minerals were reacted to create an anorthite phase.
During sintering, the free quartz and hematite remained stable, as evidenced by the XRD
pattern of the sintered membrane. Most of the decomposed kaolinite was transformed
to mullite. In addition, large amounts of amorphous phase were present in the sintered
membrane, which was determined by the broad peak between 2θ = 20◦ and 2θ = 40◦.
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3.2. Evaluation of Fabricated Membrane
3.2.1. Evaluation with Synthetic Oil Emulsion

The water flux was obtained and the water permeate was collected for 4 h at different
operating pressures (3, 4, 5, and 6 bar, corresponding to 300, 400, 500, and 600 kPa) and
using ultra-pure paraffin oil as a feed at 64 NTU concentration. The water flux rate
was calculated from Equation (1) and the membrane permeability was determined from
Equation (3) (Figure 8).
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As shown in Figure 8, the flux changed from 191.38 to 284.99 L/m2·h on increasing the
applied pressure from 3 to 6 bar. The data in Figure 9 were fitted with Darcy’s law [23] and
the membrane permeabilities were obtained. High water permeability was observed for
the fabricated membrane at low operating pressures. The obtained results were comparable
to those from the RO process [24]. Based on Figure 8, the standard deviation (5.36) is lower
than the mean (179.84), indicating that the data is reliable. In addition, a 90% confidence
level is 185.10–174.58, i.e., we are 90% certain that the mean lies between 185.10 and 174.58
with a small margin of error.
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The oil emulsion was tested at 5 bar (500 kPa) to measure the flux over time using a
feed concentration of 64 NTU. Based on the standards of the industry, UF can be conducted
in the range 4–7 bar (400–700 kPa) [25]. Hence, to determine a perfect water flux, the
process was run at 5 bar (500 kPa). The water flux rate was calculated from equation 1 and
the rejection was determined from equation 2 (Figure 9).

Figure 9 shows that the water flux rate decreased over 4 h from 490.28 to 367.32 L/m2·h.
This behavior could be due to a considerable quantity of oil deposited on the membrane
over the course of testing, resulting in a decreased flux through membrane fouling. Nandi
et al. [26] observed similar results warranting an efficient cleaning procedure to remove
foulants from the membrane.

The standard deviation (3.65) is lower than the mean (404.25), indicating that the data
is reliable. In addition, the 90% confidence level is 404.26–404.24, i.e., we are 90% certain
that the mean is between 404.26 and 404.24 with a small margin of error.

3.2.2. Evaluation with Aramco Oil-Contaminated Water

Contaminated water obtained from Aramco was tested at 5 bar (500 kPa) to measure
the flux over time using a feed concentration of 80 NTU. The water flux rate was calculated
from Equation (1) and the rejection was determined from Equation (2) (Figure 10).
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Figure 10. Flux rate of a real oil-contaminated water sample through the fabricated membrane and
percentage rejection at different times.

It was observed that the water flux decreased because of oil deposition on the mem-
brane surface causing membrane fouling, while the oil rejection changed from 99.23 to
99.96%. The decrease in the water flux was related to oil precipitation on the membrane.
Based on Figure 10, the standard deviation (3.64) is lower than the mean (318.19) indicating
that the data is reliable; the 90% confidence level is 318.19–318.15.

3.3. Cleaning Mechanism of a Fouled Membrane and Cyclic Filtering Test

Membrane fouling has detrimental effects on membrane performance. During oil-
water separation, fouling occurs due to the interaction between the membrane and oil
droplets in the wastewater; the cohesion between the foulant and membrane surface
depends on membrane surface properties, such as its zeta potential and hydrophilicity [23].
Here, the fouling problem on the membrane was investigated via a cyclic filtrating test
performed for 1 h, and the flux rate was determined. Next, backwashing was performed
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for 10 min to clean foulants from the membrane by pushing water mixed with air into the
membrane. Then, the water flux was recalculated, and a total of seven experimental cycles
were performed (Figure 11).
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Figure 11. The water flux of seven experimental cycles filtration for oil separation by
fabricated membrane.

Performing the filtration periodically can prevent the tendency of fouling and maintain
a nearly constant flux rate value owing to the repeated backwash purification of the
membrane. The plot of the water flux rate as a function of the number of cycles (Figure 11)
revealed that the membrane retained a significant negative surface charge, as shown in the
zeta potential plot of the fabricated membrane (Figure 3), resulting in an almost constant
water flux. This also allowed for the membrane to be efficiently cleaned. It is possible to
purify and reform the negatively charged membrane during backwashing because the oil
droplets are also negatively charged (Figure 3), yielding suitable water flux with sufficient
cycling. The backwashing potential arising from the repulsion between the negatively
charged oil droplets and the membrane surface renders the developed membrane suitable
for use in oil-water separation.

Figure 11 shows that the standard deviation (6.24) is lower than the mean (287.89);
therefore, the data is reliable. In addition, the 90% confidence level is 296.32–279.45.

The effectiveness of the fabricated membrane was similar to those of membranes
described in the literature [9,27–30], and some comparisons are presented in Table 2. It
is evident that the fabricated membrane presented favorable performance with red clay,
which is locally available, and an inexpensive material. Table 2 also presents data for some
expensive membrane materials, such as NaA zeolite deposited on α-Al2O3. Additionally,
our tubular ceramic membrane has a higher water flux (367.32 L/m2 h) than the tubular
PVDF-UF at the same operating pressure (5–6 bar, 309 L/m2 h).
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Table 2. Performance comparison of the fabricated membrane in this study with membranes investi-
gated in the literature.

Ref Membrane Type Solution Pressure (bar) Permeation
Flux (L/m2 h)

[27]
cellulose

microfiltration
membranes

Synthetic produced
water 3 200

[28] PAN nanofiber
membrane

Synthetic produced
water 0.1 810

[29] a-Al2O3 ceramic
membrane

Synthetic produced
water 1.37 66

[30]

Magnesium
bentonite hollow

fiber ceramic
membrane

Synthetic produced
water 1 224

[31]

Tubular UF module
equipped with
polyvinylidene

fluoride and
inorganic

nano-sized Al2O3

Oilfield 1 170

[9]
NaA zeolite/α-
Al2O3 tubular

ceramic membrane

Synthetic produced
water 0.5 85

This
work

Red clay tubular
ceramic membrane

Synthetic produced
water 5 367.32

The practical implication of the membrane fabricated in this study is the clean, oil-free
water, which can be used in agriculture and cooling systems. The scientific contribution of
this study is the use of new materials, such as CaF2 and nano-activated carbon, to fabricate
a ceramic membrane from a low-cost material like red clay. Our working hypotheses of
using low-cost materials for ceramic membrane fabrication were confirmed by the obtained
results. However, the membrane fabricated in this study is only limited to separating
oil and water. To expand its for use in industry, its performance must be investigated
regarding different types of industrial pollutants. In addition, irreversible fouling also
requires further research.

4. Conclusions

An efficient new membrane was fabricated from red clay combined with CaF2 as a
binder and nano-activated carbon as a pore former. These materials were used to fabricate
a porous membrane by the extrusion technique, and the membrane was applied for the
purification of oil-contaminated water. CaF2 was used to minimize the sintering tempera-
ture of the red clay membrane and increase the mechanical strength of the membrane as a
nucleation promoter.

The fabricated membrane was tested using both, a synthetic oil-water emulsion
and water produced from an oilfield from Aramco. The fabricated membrane had an
average pore size of 95.46 nm; thus, it qualified as a UF membrane. It showed a good
bending strength of 54.13 MPa and a contact angle of 67.3◦, indicating hydrophilicity. The
performance of the fabricated membrane complied with the standards of the national
wastewater. The clean water also met the desired standards.

In the separation of oil from water, the flux was increased upon increasing the applied
pressure. High water permeability was obtained for the fabricated membrane under
low operating pressure, and this result was fitted with Darcy’s law. The membrane flux
decreased by oil deposition on the membrane surface; regardless, the maximum oil rejection
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was 99.96% at the oil concentration of 80 NTU and pressure of 5 bar (500 kPa). The prepared
membrane showed high efficiency in removing foulants by the backwash technique because
of the charge repulsion forces between the oil molecules and the negatively charged
membrane. The fabricated membrane showed good potential applicability in oil-water
separation treatments.
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Abstract: Bi-modal particles are used as reinforcements for Cu-matrix. Nano TiC and/or Al2O3 were
mechanically mixed with Cu particles for 24 h. The Cu-TiC/Al2O3 composites were successfully
produced using spark plasma sintering (SPS). To investigate the effect of TiC and Al2O3 nanoparticles
on the microstructure and mechanical properties of Cu-TiC/Al2O3 nanocomposites, they were
added, whether individually or combined, to the copper (Cu) matrix at 3, 6, and 9 wt.%. The results
showed that titanium carbide was homogeneously distributed in the copper matrix, whereas alumina
nanoparticles showed some agglomeration at Cu grain boundaries. The crystallite size exhibited a
clear reduction as a reaction to the increase of the reinforcement ratio. Furthermore, increasing the
TiC and Al2O3 nanoparticle content in the Cu-TiC/Al2O3 composites reduced the relative density
from 95% for Cu-1.5 wt.% TiC and 1.5 wt.% Al2O3 to 89% for Cu-4.5 wt.% TiC and 4.5 wt.% Al2O3.
Cu-9 wt.% TiC achieved a maximum compressive strength of 851.99 N/mm2. Hardness values
increased with increasing ceramic content.

Keywords: copper; nanocomposites; metal-matrix composites (MMCs); mechanical properties; spark
plasma sintering

1. Introduction

Copper strengthening is a current priority due to the pressing need to use it in various
applications requiring a balance of properties [1–3]. Metal-matrix composites are most
promising in achieving balanced mechanical properties between nano and microstructure
materials [4–8]. Copper is used in many industries owing to its low cost, ease of man-
ufacturing, and good corrosion resistance [9]. The main drawbacks of pure copper are
its substantial low strength, high coefficient of thermal expansion (CTE), and generally
poor mechanical properties [10]. One effective way to overcome these limitations is to
reinforce copper with ceramic particles to obtain composites with superior properties. The
effectiveness of dispersed particles in matrix strengthening depends primarily on particle
characteristics: size, distribution, spacing, thermodynamic stability, and low solubility and
diffusivity of its constituent elements in the matrix. Among ceramic particles, alumina
nanoparticles have shown outstanding mechanical properties even at high temperatures,
as well as low production costs [11,12]. In addition, TiC is an attractive candidate for
metallic matrices such as copper (Cu), iron (Fe), aluminum (Al), titanium (Ti), and nickel
(Ni) because of its high hardness, high melting point, and abrasion resistance with good
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electrical conductivity [12–14]. Due to the aforementioned factors, Cu reinforced with
(TiC-Al2O3) composites led to a more viable material.

Numerous techniques have been used to fabricate reinforced copper matrix com-
posites (CMCs), including molecular-level mixing (MLM) [15], in situ metallurgy [12,13],
flake powder metallurgy [16,17], high-energy ball milling (HEBM) [7,18–20], friction stir
processing [21–26], high-pressure torsion [26], and rolling [27–30]. Although these tech-
niques enhanced the mechanical properties of processed composites, they resulted in an
inhomogeneous distribution of particle reinforcements within the matrix. Additionally,
they have the potential to cause morphological and structural damage, as demonstrated
through carbon nanotubes (CNTs) within a copper matrix [31].

The spark plasma sintering (SPS) method, developed recently, is a new technique for
synthesizing metal matrix composites. The SPS technique has piqued researchers’ interest
due to its advantages of sintering at relatively low temperatures, higher heating speeds,
shorter processing times, and the absence of pre-compression as in conventional sintering.
Thus, the SPS technique enables the fabrication of nanostructured composites without
the high grain growth rate associated with traditional sintering methods. As a result,
SPS composites exhibit exceptional mechanical properties at room temperature, even at
elevated temperatures [32].

To the authors’ knowledge, few papers discuss the solid-state spark plasma sintered
Cu-Al2O3 [33] and Cu-TiC [34–36], respectively. However, no information on the synthesis
and mechanical investigation of hybrid Cu-Al2O3-TiC through mechanical alloying and
SPS techniques have been released. Thus, this work fabricated three separate nanocompos-
ites of Cu-TiC, Cu-Al2O3, and hybrid Cu-TiC-Al2O3, using mechanical alloying and SPS
processing. The influence of the TiC and Al2O3 nanoparticles content on the microstructure
and mechanical properties of the prepared nanocomposites was also investigated.

2. Materials and Methods
2.1. Materials

Copper (Cu) powder with 99.9% purity (supplied by AlphaChemical, MA, USA) with
an average particle size of 10 µm was used as a metal matrix. Alumina (Al2O3) nanopowder
with 99.7% purity (supplied by Alpha Chemicals, MA, USA) with an average particle size
of 50 nm and titanium carbide (TiC) nanopowder with 99.7% purity (supplied by Inframat
Advanced Materials, L.L.C., CT, USA) with an average size of 100 nm were used. Both TiC
and Al2O3 were used as individual/hybrid reinforcement. The Cu powder was mixed with
3, 6, and 9 wt.% of individual/hybrid reinforcement of TiC and Al2O3 using a ball milling
technique for 24 h. The powders were mixed in a stainless-steel vial and protected from
oxidation using highly pure argon gas using a 25:1 ball to powder ratio (BPR), 110 rpm,
and a ball diameter of 5 mm. Stearic acid (1.5 wt.%) was used as a process controlling agent
(PCA). Figure 1 and Table 1 show the composition of fabricated samples.
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Table 1. Composition of the prepared specimens and their contents in the Cu matrix.

Materials after Sintering by (SPS)

Composition

Matrix Reinforcement

Cu [wt.%] TiC [wt.%] Al2O3 [wt.%]

0 Pure copper 100 ——- ——-

I
Cu-3 wt.% TiC 97 3 ——-
Cu-6 wt.% TiC 94 6 ——-
Cu-9 wt.% TiC 91 9 ——-

II
Cu-3 wt.% Al2O3 97 ——- 3
Cu-6 wt.% Al2O3 94 ——- 6
Cu-9 wt.% Al2O3 91 ——- 9

III
Cu-1.5 wt.% TiC and 1.5 wt.% Al2O3 97 1.5 1.5
Cu-3 wt.% TiC and 3 wt.% Al2O3 94 3 3
Cu-4.5 wt.% TiC and 4.5 wt.% Al2O3 91 4.5 4.5

2.2. Spark Plasma Sintering (SPS)

The sintering process was performed using a spark plasma sintering technique (DR.
SINTER LAB Model: SPS-1030, Syntex, Osaka, Japan). In all experiments, the powder was
loaded into a graphite die with an inner diameter of 15 mm with graphite foil and enclitic
by 0.5 mm thick graphite cover to prevent the friction of the sample with the die during
the compaction process and to minimize heat loss. Before sintering, the SPS chamber was
evacuated to a pressure below 5 Pa. The samples were heated from room temperature up
to 950 ◦C by pulsed D.C. current using the heating rate of 20 ◦C/min. The samples were
then held at the maximum temperature for 45 min under a uniaxial pressure of 30 MPa
applied since the first minute of heating. This processing route was used to fabricate the
Cu-TiC/Al2O3 nanocomposites.

2.3. Mechanical Properties

The hardness was measured along the polished surface of the specimen using a Vickers
hardness tester (HMV-2T Model SHIMADZU, Kyoto, Japan). The test was carried out
under 100 g load for 15 s dwell time.

The microhardness values were evaluated for an average of twelve readings on the
surface of each sample. The compression test for the investigated specimens was carried out
using a universal testing machine. In the compression test, three samples were investigated,
and average results were obtained. The dimensions of the specimens for compression tests
were 6 mm in diameter and 15 mm in length. The applied crosshead speed was 0.05 mm/s,
and the test was performed at room temperature.

3. Results
3.1. XRD Analysis

Figure 2 shows the XRD patterns of the prepared ten samples, pure Cu and 3, 6, 9 wt.%
TiC/Al2O3 (individual and hybrid) nanocomposites. Only peaks corresponding to Cu,
TiC, and Al2O3 appeared, whereas pattern-like Cu was observed in the case of 3 wt.%
Cu/TiC/Al2O3 samples; this may be due to the lower percentage of both TiC and Al2O3
that are below the limits of the XRD device. This may be attributed to the controlled milling
and sintering process in an argon atmosphere which shows that no other peaks for any new
phases or intermetallic compounds were formed due to the rapid consolidation process
(45 min) during the SPS technique.
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Figure 2. XRD patterns of composites after (SPS) process.

The crystallite size was assessed by the classical Williamson–Hall method (FWHM)
from the broadening of XRD peaks and using the following formula [37,38]:

β cos θ
λ

=
k
d
+ 2ε

(
2sin θ
λ

)
(1)

where β is the full width at half maximum height (FWHM), θ is the Bragg’s angle of the
peak, λ is the wavelength of X-ray (0.15406 nm), K is a dimensionless shape factor (0.9),
which depends on the material, d is the crystallite size, and ε is the microstrain.

Figure 3 shows the effect of ceramic ratio on the crystallite size. A clear reduction of
the crystallite size with increasing wt.% of ceramic additives was observed. Al2O3 and
TiC are ceramic materials that act as internal balls that reduce the particle size [39,40]. In
addition, the SPS technique achieved the consolidation process, which is a rapid method
for the sintering in which no chance for the grain growth of the particles occurs [41,42]. The
crystallite size of pure copper was ~105 nm, whereas the crystallite size for the produced
composites was in the range of 5–25 nm.

Crystals 2021, 11, x FOR PEER REVIEW 5 of 15 
 

 

 

Figure 3. The effect of ceramic additions on the crystallite size. 

3.2. Densification 
The density of composite material is the most important parameter, which signifi-

cantly affects both physical and mechanical properties. The relative density is calculated 
and plotted in Figure 4. Relative density is the ratio of the measured and theoretical den-
sity of the sample. Measured density was determined by the Archimedes method, and the 
theoretical density was calculated from the simple rule of mixtures. Each percent of pure 
Cu and 3, 6, 9 wt.% TiC/Al2O3 (individual and hybrid) nanocomposite were tested by three 
samples, and the average results were obtained. It was observed that the relative density 
decreased with increasing reinforcement content for all composites, as shown in Figure 4. 
The maximum relative density (~96%) was achieved by adding 3 wt.% TiC to copper, 
whereas the minimum relative density (89%) was obtained for 9 wt.% Al2O3/copper com-
posite. TiC (4.91 g/cm3) and Al2O3 (3.987 g/cm3) also have lower densities than Cu [7,35]. 
So, the addition of a light material to a denser one decreased the overall density of the 
prepared composites. This may be attributed to the presence of hard ceramic material with 
a high melting point into a ductile metal such as Cu that may hinder the high densification 
and increase the porosity content accompanied by the high fraction of reinforcement 
[7,43].  

  
(a) (b) 

  
(c) (d) 
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3.2. Densification

The density of composite material is the most important parameter, which significantly
affects both physical and mechanical properties. The relative density is calculated and
plotted in Figure 4. Relative density is the ratio of the measured and theoretical density
of the sample. Measured density was determined by the Archimedes method, and the
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theoretical density was calculated from the simple rule of mixtures. Each percent of pure
Cu and 3, 6, 9 wt.% TiC/Al2O3 (individual and hybrid) nanocomposite were tested by three
samples, and the average results were obtained. It was observed that the relative density
decreased with increasing reinforcement content for all composites, as shown in Figure 4.
The maximum relative density (~96%) was achieved by adding 3 wt.% TiC to copper,
whereas the minimum relative density (89%) was obtained for 9 wt.% Al2O3/copper
composite. TiC (4.91 g/cm3) and Al2O3 (3.987 g/cm3) also have lower densities than
Cu [7,35]. So, the addition of a light material to a denser one decreased the overall density
of the prepared composites. This may be attributed to the presence of hard ceramic
material with a high melting point into a ductile metal such as Cu that may hinder the
high densification and increase the porosity content accompanied by the high fraction of
reinforcement [7,43].
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Figure 4. The effect of reinforcement fraction on the density of the produced composites. (a) Cu/TiC
composites, (b) Cu/Al2O2 composites, (c) Cu/hybrid composite, and (d) Comparison of relative
density between three series.

Ayman Elsayed et al. [11] studied experimental investigations for the synthesis of W–
Cu nanocomposite through spark plasma sintering, and they concluded that using the SPS
technique led to reaching a maximum of 90% relative density. On the other hand, a relative
density of 98.1% was reached for Cu-Fe-Al2O3-MoS2 composite sintered using the SPS
route [33]. Moreover, Babapoor et al. [44] investigated the effects of spark plasma sintering
temperature on the densification of TiC. They reached a relative density of 99.4% at 1900 ◦C
for 7 min under 40 MPa using the TiC powder with a mean particle size of 7 µm. They also
suggested that there is an optimum temperature for reaching the maximum density.

3.3. Microstructure Analysis

Figure 5 shows the FE-SEM micrograph of TiC-reinforced copper composite using 3%,
6%, and 9% TiC addition to Cu. Two phases are observed; the dark-gray phase represents
the Cu matrix, and the black phase is the TiC particles. For 3 wt.% samples, TiC and Al2O3
particles are concentrated along the grain boundaries in a chain form, while 6 and 9 wt.%
samples were homogeneously distributed all over the Cu matrix. This may be attributed
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to the suitable mechanical milling parameters and good SPS technique applied. The SPS
technique leads to a finer structure compared with traditional routes [18,44].

Crystals 2021, 11, x FOR PEER REVIEW 6 of 15 
 

 

Figure 4. The effect of reinforcement fraction on the density of the produced composites. (a) 
Cu/TiC composites, (b) Cu/Al₂O₃ composites, (c) Cu/hybrid composite, and (d) Comparison of 
relative density between three series. 

Ayman Elsayed et al. [11] studied experimental investigations for the synthesis of W–
Cu nanocomposite through spark plasma sintering, and they concluded that using the 
SPS technique led to reaching a maximum of 90% relative density. On the other hand, a 
relative density of 98.1% was reached for Cu–Fe–Al2O3–MoS2 composite sintered using 
the SPS route [33]. Moreover, Babapoor et al. [44] investigated the effects of spark plasma 
sintering temperature on the densification of TiC. They reached a relative density of 99.4% 
at 1900 °C for 7 min under 40 MPa using the TiC powder with a mean particle size of 7 
μm. They also suggested that there is an optimum temperature for reaching the maximum 
density. 

3.3. Microstructure Analysis 
Figure 5 shows the FE-SEM micrograph of TiC-reinforced copper composite using 

3%, 6%, and 9% TiC addition to Cu. Two phases are observed; the dark-gray phase repre-
sents the Cu matrix, and the black phase is the TiC particles. For 3 wt.% samples, TiC and 
Al2O3 particles are concentrated along the grain boundaries in a chain form, while 6 and 
9 wt.% samples were homogeneously distributed all over the Cu matrix. This may be at-
tributed to the suitable mechanical milling parameters and good SPS technique applied. 
The SPS technique leads to a finer structure compared with traditional routes [18,44]. 

 
Figure 5. SEM of Cu/TiC nanocomposite with TiC percentage of 3, 6, and 9% prepared using spark plasma sintered route. 

The SEM investigation of Cu/Al2O3 microstructure is shown in Figure 6. Two phases 
are observed; the dark-gray phase represents the Cu matrix while the white phase repre-
sents the Al2O3 particles. The dispersion of Al2O3 inside the copper matrix is observed for 
Cu/3% Al2O3 with a little agglomeration of Al2O3 reinforcement. On the other hand, white 
areas of agglomerated alumina reinforcement are revealed within the Cu/6% Al2O3 matrix 
grain boundaries, whereas very fine particles are dispersed within the grain interior. 
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Figure 5. SEM of Cu/TiC nanocomposite with TiC percentage of 3, 6, and 9% prepared using spark plasma sintered route.

The SEM investigation of Cu/Al2O3 microstructure is shown in Figure 6. Two phases
are observed; the dark-gray phase represents the Cu matrix while the white phase repre-
sents the Al2O3 particles. The dispersion of Al2O3 inside the copper matrix is observed
for Cu/3% Al2O3 with a little agglomeration of Al2O3 reinforcement. On the other hand,
white areas of agglomerated alumina reinforcement are revealed within the Cu/6% Al2O3
matrix grain boundaries, whereas very fine particles are dispersed within the grain interior.
Moreover, the SEM of Cu/9% Al2O3 composite shows that most of the Al2O3 nanoparticles
are agglomerated along grain boundaries, and a small percentage are dispersed with the
grains. Some authors have also concluded that increasing agglomeration steadily occurs,
along with increasing the weight percentage of reinforcement [9,15].
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Figure 6. SEM of Cu/Al2O3 nanocomposite with Al2O3 percentage of 3, 6, and 9%.

The combination of both TiC and Al2O3 for reinforcing copper (Cu/hybrid nanocom-
posite) with point analysis EDS is shown in Figure 7a,b. The homogeneous distribution
of TiC nanoparticles is predominant, while the agglomeration of some Al2O3 is observed
along grain boundaries. More agglomeration of alumina particles along grain boundaries
is observed with increasing hybrid percentage (TiC and Al2O3).

3.4. Mechanical Strength

Figure 8 represents the stress–strain curves for pure copper and TiC/Al2O3-reinforced
copper matrix composites, while the key mechanical properties obtained from the compres-
sion test are plotted in Figure 9. The compressed samples are photographed in Figure 10.
The addition of TiC enhanced the compression strength of copper and reached its maximum
compression strength of ~852 N/mm2 at 9 wt.% TiC, whereas Al2O3 additions exhibited a
dramatic effect on the Cu strength. Increasing Al2O3 from 3 to 6 wt.% increased the Cu
strength, but a clear failure of strength is noticed at 9 wt.% ratios at which a minimum value
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of compression strength 367.8 N/mm2 resulted. After the compression test, the Cu-6%
Al2O3 and 9% Al2O3 samples were destroyed (see Figure 10). clearpage
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Moreover, the strength of hybrid composites increased firstly with increasing the
percentage of reinforcement up to 6% and then slightly decreased. The extreme drop in
the compression strength of the Cu/9% Al2O3 composite may be attributed to particle-
to-particle contact resulting from ceramic particle agglomeration (see Figure 6). The high
compression strength of TiC-strengthened Cu prepared by the SPS route compared with
Cu/Al2O3 composite with the same wt.% is attributed to a combined effect of ultrafine grain
(UFG) structure by the Hall–Petch mechanism and the obstruction of dislocation movement
by nanoscale ceramic particles in the grain interior by the Orowan mechanism [8,43].

The effect of ceramic additions on the hardness of copper is illustrated in Figure 11.
The hardness steadily increases with increasing the wt.% of reinforcement for synthesized
composites. Cu/9% Al2O3 obtained the maximum hardness (211 HV), whereas two
composites that obtained the minimum hardness value of 112 HV are Cu/3% TiC and
Cu/3% hybrid. Many reasons could explain this. The first is that adding high-hardness
and high-strength ceramic materials such as TiC and Al2O3 on the ductile Cu matrix
increases the overall hardness. The second is that the addition of nanomaterials with the
incorporation of nanoparticles between the Cu particles improves the hardness as a grain
reinforcement takes place accordingly.
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Figure 8. Compressive stress–strain curve for pure Cu and Cu-reinforced composites prepared by the spark plasma sintering
route, (a) Cu/TiC composites, (b) Cu/Al2O3 composites, and (c) Cu/hybrid composite.
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3.5. Strengthening Criteria

Increasing the strength of metallic materials is based on two competing factors. The
first is work hardening, and the second is dynamic softening. Work hardening is caused
by dislocations, multiplication, pileup, and tangle. Dynamic softening is caused by dislo-
cations, rearrangement, and interactions. In the present work, the compression test and
hardness measurement are carried out at room temperature, which is why the dynamic
softening factor would not be probable, and the work hardening mechanism would affect
the enhancement of strength and hardness. This is true for pure metal and alloys, unlike the
composite materials where the contribution of ceramic additions to the matrix to enhance
the properties should be considered.

Moreover, it is worth mentioning that some authors have considered the strengthen-
ing mechanisms in ceramic-reinforced composites [6,7,15,40,42–44]. The addition of TiC
nanoparticles to the Cu matrix retained grain growth during sintering due to the peening
effect of TiC for grain boundary movement and the strengthening effect of dispersed TiC in
the Cu matrix grains where a mismatch of coefficient of thermal expansion is present [45]
(see Figure 12). Furthermore, increasing the TiC fraction increased the strength and hard-
ness of Cu-TiC composites in the present work. Another strengthening mechanism of TiC
dispersion is the Orowan mechanism, especially at low fractions of TiC [6]. Compared to
the other two cases, the composites with 3% and 6% Al2O3 gave the highest yield strength.
This is a signal of increasing material strength with decreasing ductility. This may be
attributed to the good adhesion between Cu matrix and TiC nanoparticles than between
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Cu and Al2O3 [46]. An extreme drop in the Cu-Al2O3 composite strength is noticed at 9
wt.% of Al2O3. This unexpected behavior may be attributed to the agglomeration of some
alumina particles in the Cu matrix, increasing the chance for particle-to-particle contact
(see Figure 13). A balanced behavior was observed with the hybrid (TiC/Al2O3) additions
to the Cu matrix in which the combined effects of both ceramics are clear.
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Reinforcing the Cu matrix, which is ductile in nature with two types of ceramic
materials—ceramic carbide (TiC) and ceramic oxide (Al2O3)—helps to improve the me-
chanical properties of the Cu matrix. Both TiC and Al2O3 are at the nanoscale; therefore, by
high ball milling, they filled the interstitial voids between Cu particles. As a consequence,
the strengthening effect of both of them is distributed all over the Cu matrix. The hardness
estimation test increased as the nano-ceramic hard particles were increased. This can also
be explained by the resistance of the hard ceramic particles to the indenter from greater
depth in the Cu-composite surface.

Consequently, the hardness is enhanced [46,47]. For the compression test, the presence
of the nano-ceramic particles dispersed formally in the Cu matrix prevents the dislocation
of the particles. In addition, as these hybrid reinforcements are at the nanoscale, they fill
the voids; consequently, the strength of samples is increased [47–49].

Table 2 shows a comparison between the present study and previous work used to
fabricate copper composites reinforced with alumina and titanium carbide nanoparticles.
In this work, different concentrations of nano alumina and/or nano titanium carbide
particles were used as a reinforcement material to the Cu matrix manufactured by the
SPS technique. This work is compared with the same composites prepared by traditional
sintering, vacuum sintering, hot pressing, and hot extrusion. The table shows that the
composites produced by the SPS technique have the best mechanical properties compared
with the other consolidation techniques.

Table 2. Comparing the present study with literature data of previous investigations.

Composite Method Density,
(g/cm3)

Ultimate Stress,
(MPa)

Yield Stress,
(MPa)

Elongation,
(%)

Hardness,
(HV) Ref. No

Pure copper

SPS at 950 ◦C

97 N/A 127.15 1.69 81
[Present
study]

Cu-3 wt.% TiC 96 741.47 313 3.97 111.9
Cu-3 wt.% Al2O3 95 587.43 500 6.17 149
Cu-1.5 wt.% TiC and 1.5
wt.% Al2O3

95 414.86 317.46 5.25 112

Cu-5 wt.% TiC Hot Press at 700 ◦C 93.3 N/A N/A N/A 67.3 [50]

Cu-5 vol.%TiC Hot extrusion N/A N/A N/A N/A 112 [51]

Cu-5 vol.% TiC SPS N/A 712 661 N/A 221 [14]

Cu-77 vol.% TiC Sintering in Vacuum
Furnace at 900 ◦C 93.4 N/A N/A N/A 544 [52]

Cu-5.3 vol.%TiC SPS N/A 602 572 N/A 194 [53]

Cu-3 wt.% Al2O3 with
Coating Ag Sintered at 950 ◦C 95.9 N/A N/A N/A 85 [7]

Cu-10 vol.% Al2O3 Sintered at 880 ◦C 83.49 N/A N/A N/A 71 [54]

Cu-3 vol.% Al2O3 Sintered at 850 ◦C 91.5 350 N/A 0.51 77 [55]Cu-5 vol.% Al2O3 Sintered at 850 ◦C 88 550 N/A 0.46 100

Cu-5 vol.% Al2O3 Sintering H2 at 850 ◦C 530 450 2.5 155 [56]

Cu-2.7 wt.% Al2O3 Sintered at 950 ◦C 92.53 460 350 N/A 54.83 [57]

Cu-5 vol.% Al2O3 Conventional Sintering N2 84.3 N/A N/A N/A 49

[58]Cu-5 vol.% Al2O3 Conventional Sintering Ar 84.3 N/A N/A N/A 48
Cu-5 vol.% Al2O3 Conventional Sintering H2 94.4 N/A N/A N/A 79
Cu-5 vol.% Al2O3 SPS at 700 ◦C 92.2 N/A N/A N/A 125

Cu-2.75 wt.% Al2O3
Pulsed Electric Current
Sintered (PECS) 99.6 N/A N/A N/A 94.83 [59]

4. Conclusions

Cu-(TiC and/or Al2O3) nanocomposites were synthesized successfully using mechan-
ical milling followed by the spark plasma sintering (SPS) technique.

The density decreased with increasing percentages of the nano reinforcements (TiC
and/or Al2O3). A maximum relative density of ~96% was achieved with the addition of
3 wt.% TiC to copper, whereas the minimum relative density (89%) was obtained by adding
9 wt.% Al2O3 to copper.
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Agglomerated areas of Al2O3 nanoparticles around grain boundaries were observed,
and increased with increasing Al2O3 fractions that, in turn, adversely affect the mechanical
properties.

The compression strength of Cu/TiC increased with increasing the TiC fraction, and
a maximum value of 851.99 N/mm2 was obtained by Cu/9% TiC. A dramatic behavior
was observed for Cu/Al2O3 composites that gave the minimum compressive strength of
367.8 N/mm2 resulted at 9% Al2O3.

The maximum hardness of 211 HV was obtained by Cu/9% Al2O3, whereas two
types of composites obtained the minimum hardness value of 112 HV: the Cu/3% TiC and
Cu/3% hybrid.

Author Contributions: F.S.H.: investigation, writing—original draft and preparation; O.A.E.: In-
vestigation, writing—original draft, review, and editing; A.R.S.E.: conceptualization and formal
analysis; A.E.-N.: investigation and review; A.E.: methodology, review, and editing; A.K.E.: review
and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are included in the
article. Any further requested information can be addressed to the corresponding author.

Acknowledgments: The authors acknowledge the kind support by Katsuyoshi Kondoh, Composite
Materials Processing Lab., Osaka University, for providing the spark plasma sintering machine in his
laboratory to carry out the consolidation of the composites and thank the researchers and technicians
of the Central Metallurgical R & D Institute (CMRDI) in Cairo, Egypt for their collaboration.

Conflicts of Interest: The authors declare no potential conflict of interest concerning this article’s
research, authorship, and/or publication.

References
1. Daghigh, R.; Oramipoor, H.; Shahidian, R. Improving the Performance and Economic Analysis of Photovoltaic Panel Using

Copper Tubular-Rectangular Ducted Heat Exchanger. Renew. Energy 2020, 156, 1076–1088. [CrossRef]
2. Abyzov, A.M.; Kidalov, S.V.; Shakhov, F.M. High Thermal Conductivity Composite of Diamond Particles with Tungsten Coating

in a Copper Matrix for Heat Sink Application. Appl. Therm. Eng. 2012, 48, 72–80. [CrossRef]
3. Xiao, Y.; Yao, P.; Zhou, H.; Zhang, Z.; Gong, T.; Zhao, L.; Deng, M. Investigation on Speed-Load Sensitivity to Tribological

Properties of Copper Metal Matrix Composites for Braking Application. Metals 2020, 10, 889. [CrossRef]
4. Cao, G.; Konishi, H.; Li, X. Mechanical Properties and Microstructure of Mg/SiC Nanocomposites Fabricated by Ultrasonic

Cavitation Based Nanomanufacturing. J. Manuf. Sci. Eng. Trans. ASME 2008, 130, 0311051–0311056. [CrossRef]
5. Kaftelen, H.; Ünlü, N.; Göller, G.; Lütfi Öveolu, M.; Henein, H. Comparative Processing-Structure-Property Studies of Al-Cu

Matrix Composites Reinforced with TiC Particulates. Compos. Part A Appl. Sci. Manuf. 2011, 42, 812–824. [CrossRef]
6. Morris, D.G. The Origins of Strengthening in Nanostructured Metals and Alloys. Rev. Metal. 2010, 46, 173–186. [CrossRef]
7. Sadoun, A.M.; Mohammed, M.M.; Fathy, A.; El-Kady, O.A. Effect of Al2O3 Addition on Hardness and Wear Behavior of Cu-Al2O3

Electro-Less Coated Ag Nanocomposite. J. Mater. Res. Technol. 2020, 9, 5024–5033. [CrossRef]
8. Zhang, Z.; Chen, D.L. Contribution of Orowan Strengthening Effect in Particulate-Reinforced Metal Matrix Nanocomposites.

Mater. Sci. Eng. A 2008, 483–484, 148–152. [CrossRef]
9. Chandrakanth, R.G.; Rajkumar, K.; Aravindan, S. Fabrication of Copper-TiC-Graphite Hybrid Metal Matrix Composites through

Microwave Processing. Int. J. Adv. Manuf. Technol. 2010, 48, 645–653. [CrossRef]
10. Fathy, A.; El-Kady, O. Thermal Expansion and Thermal Conductivity Characteristics of Cu-Al2O3 Nanocomposites. Mater. Des.

2013, 46, 355–359. [CrossRef]
11. Elsayed, A.; Li, W.; El Kady, O.A.; Daoush, W.M.; Olevsky, E.A.; German, R.M. Experimental Investigations on the Synthesis of

W-Cu Nanocomposite through Spark Plasma Sintering. J. Alloys Compd. 2015, 639, 373–380. [CrossRef]
12. Shyu, R.F.; Ho, C.T. In Situ Reacted Titanium Carbide-Reinforced Aluminum Alloys Composite. J. Mater. Process. Technol. 2006,

171, 411–416. [CrossRef]
13. Ni, J.; Li, J.; Luo, W.; Han, Q.; Yin, Y.; Jia, Z.; Huang, B.; Hu, C.; Xu, Z. Microstructure and Properties of In-Situ TiC Reinforced

Copper Nanocomposites Fabricated via Long-Term Ball Milling and Hot Pressing. J. Alloys Compd. 2018, 755, 24–28. [CrossRef]
14. Wang, F.; Li, Y.; Wang, X.; Koizumi, Y.; Kenta, Y.; Chiba, A. In-Situ Fabrication and Characterization of Ultrafine Structured Cu-TiC

Composites with High Strength and High Conductivity by Mechanical Milling. J. Alloys Compd. 2016, 657, 122–132. [CrossRef]

240



Crystals 2021, 11, 1081

15. Zhao, Q.; Gan, X.; Zhou, K. Enhanced Properties of Carbon Nanotube-Graphite Hybrid-Reinforced Cu Matrix Composites via
Optimization of the Preparation Technology and Interface Structure. Powder Technol. 2019, 355, 408–416. [CrossRef]

16. Akbarpour, M.R.; Mousa Mirabad, H.; Khalili Azar, M.; Kakaei, K.; Kim, H.S. Synergistic Role of Carbon Nanotube and SiCn
Reinforcements on Mechanical Properties and Corrosion Behavior of Cu-Based Nanocomposite Developed by Flake Powder
Metallurgy and Spark Plasma Sintering Process. Mater. Sci. Eng. A 2020, 786, 139395. [CrossRef]

17. Akbarpour, M.R.; Alipour, S.; Farvizi, M.; Kim, H.S. Mechanical, Tribological and Electrical Properties of Cu-CNT Composites
Fabricated by Flake Powder Metallurgy Method. Arch. Civ. Mech. Eng. 2019, 19, 694–706. [CrossRef]

18. Kumar, R.; Chaubey, A.K.; Bathula, S.; Jha, B.B.; Dhar, A. Synthesis and Characterization of Al2O3-TiC Nano-Composite by Spark
Plasma Sintering. Int. J. Refract. Met. Hard Mater. 2016, 54, 304–308. [CrossRef]

19. Mohammadzadeh, A.; Akbarpour, M.R.; Heidarzadeh, A. Production of Nanostructured Copper Powder: Microstructural
Assessments and Modeling. Mater. Res. Express 2018, 5, 065050. [CrossRef]

20. Akbarpour, M.R.; Alipour, S. Wear and Friction Properties of Spark Plasma Sintered SiC/Cu Nanocomposites. Ceram. Int. 2017,
43, 13364–13370. [CrossRef]

21. Hosseini, S.A.; Ranjbar, K.; Dehmolaei, R.; Amirani, A.R. Fabrication of Al5083 Surface Composites Reinforced by CNTs and
Cerium Oxide Nano Particles via Friction Stir Processing. J. Alloys Compd. 2015, 622, 725–733. [CrossRef]

22. Fono-Tamo, R.S.; Tien-Chien, J.; Akinlabi, E.T.; Sanusi, K.O. Surface Characteristics of Stainless Steel Powder in Magnesium
Substrate: A Friction Stir Processed Composite. In Proceedings of the IEEE 10th International Conference on Mechanical and
Intelligent Manufacturing Technologies (ICMIMT 2019), Cape Town, South Africa, 15–17 February 2019; pp. 10–14. [CrossRef]

23. Mahmoud, E.R.I.; Ikeuchi, K.; Takahashi, M. Fabrication of SiC Particle Reinforced Composite on Aluminium Surface by Friction
Stir Processing. Sci. Technol. Weld. Join. 2008, 13, 607–618. [CrossRef]

24. Tinubu, O.O.; Das, S.; Dutt, A.; Mogonye, J.E.; Ageh, V.; Xu, R.; Forsdike, J.; Mishra, R.S.; Scharf, T.W. Friction Stir Processing of
A-286 Stainless Steel: Microstructural Evolution during Wear. Wear 2016, 356–357, 94–100. [CrossRef]

25. Escobar, J.D.; Velásquez, E.; Santos, T.F.A.; Ramirez, A.J.; López, D. Improvement of Cavitation Erosion Resistance of a Duplex
Stainless Steel through Friction Stir Processing (FSP). Wear 2013, 297, 998–1005. [CrossRef]

26. Rathee, S.; Maheshwari, S.; Siddiquee, A.N.; Srivastava, M. Distribution of Reinforcement Particles in Surface Composite
Fabrication via Friction Stir Processing: Suitable Strategy. Mater. Manuf. Process. 2018, 33, 262–269. [CrossRef]

27. Wen., H. Processing, Microstructure, Mechanical Behavior and Deformation Mechanisms of Bulk Nanostructured Copper and Copper Alloys;
University of California: Davis, CA, USA, 2012.

28. Deng, H.; Yi, J.; Xia, C.; Yi, Y. Improving the Mechanical Properties of Carbon Nanotube-Reinforced Pure Copper Matrix
Composites by Spark Plasma Sintering and Hot Rolling. Mater. Lett. 2018, 210, 177–181. [CrossRef]

29. Kim, K.T.; Cha, S., II; Hong, S.H.; Hong, S.H. Microstructures and Tensile Behavior of Carbon Nanotube Reinforced Cu Matrix
Nanocomposites. Mater. Sci. Eng. A 2006, 430, 27–33. [CrossRef]

30. Asgharzadeh, H.; Eslami, S. Effect of Reduced Graphene Oxide Nanoplatelets Content on the Mechanical and Electrical Properties
of Copper Matrix Composite. J. Alloys Compd. 2019, 806, 553–565. [CrossRef]

31. Deng, H.; Yi, J.; Xia, C.; Yi, Y. Mechanical Properties and Microstructure Characterization of Well-Dispersed Carbon Nanotubes
Reinforced Copper Matrix Composites. J. Alloys Compd. 2017, 727, 260–268. [CrossRef]

32. German, R.M. Particulate Composites; Springer International Publishing: Cham, Switzerland, 2016; ISBN 978-3-319-29915-0.
33. Nautiyal, H.; Srivastava, P.; Khatri, O.P.; Mohan, S.; Tyagi, R. Wear and Friction Behavior of Copper Based Nano Hybrid

Composites Fabricated by Spark Plasma Sintering. Mater. Res. Express 2019, 6, 0850h2. [CrossRef]
34. Oanh, N.T.H.; Viet, N.H.; Kim, J.C.; Kim, J.S. Synthesis and Characterization of Cu–TiC Nanocomposites by Ball Milling and

Spark Plasma Sintering. Mater. Sci. Forum 2014, 804, 173–176. [CrossRef]
35. Oanh, N.T.H.; Viet, N.H.; Kim, J.S.; Dudina, D.V. Structural Investigations of TiC–Cu Nanocomposites Prepared by Ball Milling

and Spark Plasma Sintering. Metals 2017, 7, 123.
36. Farías, I.; Olmos, L.; Jiménez, O.; Flores, M.; Braem, A.; Vleugels, J. Wear Modes in Open Porosity Titanium Matrix Composites

with TiC Addition Processed by Spark Plasma Sintering. Trans. Nonferrous Met. Soc. China 2019, 29, 1653–1664. [CrossRef]
37. Abdel-Aziem, W.; Hamada, A.; Makino, T.; Hassan, M. Microstructural Evolution during Extrusion of Equal Channel Angular-

Pressed AA1070 Alloy in Micro/Mesoscale. Mater. Sci. Technol. 2020, 36, 1169–1177. [CrossRef]
38. Zak, A.K.; Majid, W.A.; Abrishami, M.E.; Yousefi, R. X-Ray Analysis of ZnO Nanoparticles by Williamson–Hall and Size–Strain

Plot Methods. Solid State Sci. 2011, 13, 251–256. [CrossRef]
39. Fathy, A.; Elkady, O.; Abu-Oqail, A. Production and Properties of Cu-ZrO2 Nanocomposites. J. Compos. Mater. 2018, 52, 1519–1529.

[CrossRef]
40. Sohag, M.A.Z.; Gupta, P.; Kondal, N.; Kumar, D.; Singh, N.; Jamwal, A. Effect of Ceramic Reinforcement on the Microstructural,

Mechanical and Tribological Behavior of Al-Cu Alloy Metal Matrix Composite. Mater. Today Proc. 2020, 21, 1407–1411. [CrossRef]
41. Cavaliere, P. Spark Plasma Sintering of Materials: Advances in Processing and Applications. Spark Plasma Sinter. Mater. Adv.

Process. Appl. 2019, 1–781.
42. Pan, Y.; Xiao, S.Q.; Lu, X.; Zhou, C.; Li, Y.; Liu, Z.W.; Liu, B.W.; Xu, W.; Jia, C.C.; Qu, X.H. Fabrication, Mechanical Properties and

Electrical Conductivity of Al2O3 Reinforced Cu/CNTs Composites. J. Alloys Compd. 2019, 782, 1015–1023. [CrossRef]
43. Tu, J.P.; Wang, N.Y.; Yang, Y.Z.; Qi, W.X.; Liu, F.; Zhang, X.B.; Lu, H.M.; Liu, M.S. Preparation and Properties of TiB2 Nanoparticle

Reinforced Copper Matrix Composites by in Situ Processing. Mater. Lett. 2002, 52, 448–452. [CrossRef]

241



Crystals 2021, 11, 1081

44. Babapoor, A.; Asl, M.S.; Ahmadi, Z.; Namini, A.S. Effects of Spark Plasma Sintering Temperature on Densification, Hardness and
Thermal Conductivity of Titanium Carbide. Ceram. Int. 2018, 44, 14541–14546. [CrossRef]

45. Yin, Z.; Huang, C.; Zou, B.; Liu, H.; Zhu, H.; Wang, J. Study of the Mechanical Properties, Strengthening and Toughening
Mechanisms of Al2O3/TiC Micro-Nano-Composite Ceramic Tool Material. Mater. Sci. Eng. A 2013, 577, 9–15. [CrossRef]

46. Peng, T.; Yan, Q.; Zhang, X.; Zhuang, Y. Role of Titanium Carbide and Alumina on the Friction Increment for Cu-Based Metallic
Brake Pads under Different Initial Braking Speeds. Friction 2021, 9, 1543–1557. [CrossRef]

47. Venkateswarlu, M.; Kumar, M.A.; Reddy, K.H.C. Thermal Behavior of Spark Plasma Sintered Ceramic Matrix-Based Nanocom-
posites. J. Bio-Tribo-Corrosion 2020, 6, 6013–6028. [CrossRef]

48. Wagih, A.; Abu-Oqail, A.; Fathy, A. Effect of GNPs Content on Thermal and Mechanical Properties of a Novel Hybrid Cu-
Al2O3/GNPs Coated Ag Nanocomposite. Ceram. Int. 2019, 45, 1115–1124. [CrossRef]

49. Kumar, E.G.; Ahasan, M.; Venkatesh, K.; Sastry, K.S.B.S.V.S. Design, Fabrication of Powder Compaction Die and Sintered Behavior
of Copper Matrix Hybrid Composite. Int. Res. J. Eng. Technol. 2018, 5, 876–882.
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Abstract: To improve the AlCoCrFeNi high entropy alloys’ (HEAs’) toughness, it was coated with
different amounts of Cu then fabricated by the powder metallurgy technique. Mechanical alloying
of equiatomic AlCoCrFeNi HEAs for 25 h preceded the coating process. The established powder
samples were sintered at different temperatures in a vacuum furnace. The HEAs samples sintered at
950 ◦C exhibit the highest relative density. The AlCoCrFeNi HEAs model sample was not successfully
produced by the applied method due to the low melting point of aluminum. The Al element’s problem
disappeared due to encapsulating it with a copper layer during the coating process. Because the
atomic radius of the copper metal (0.1278 nm) is less than the atomic radius of the aluminum metal
(0.1431 nm) and nearly equal to the rest of the other elements (Co, Cr, Fe, and Ni), the crystal size
powder and fabricated samples decreased by increasing the content of the Cu wt%. On the other
hand, the lattice strain increased. The microstructure revealed that the complete diffusion between
the different elements to form high entropy alloy material was not achieved. A dramatic decrease
in the produced samples’ hardness was observed where it decreased from 403 HV at 5 wt% Cu to
191 HV at 20 wt% Cu. On the contrary, the compressive strength increased from 400.034 MPa at
5 wt% Cu to 599.527 MPa at 15 wt% Cu with a 49.86% increment. This increment in the compressive
strength may be due to precipitating the copper metal on the particles’ surface in the nano-size,
reducing the dislocations’ motion, increasing the stiffness of produced materials. The formability
and toughness of the fabricated materials improved by increasing the copper’s content. The thermal
expansion has increased gradually by increasing the Cu wt%.

Keywords: high entropy alloys; electroless copper plating; thermal expansion; hardness; compres-
sive strength

1. Introduction

The high entropy alloys (HEAs) are a novel class of materials that are different from
conventional alloys, which contains only one or two base elements. HEAs usually consist
of more than four main elements. It has already been coined because the entropy is sub-
stantially higher under two conditions. One is when there are more significant elements in
the mix, and the other is when their proportions are nearly equal. HEAs are characterized
by high strength and hardness, high thermal stability, and excellent corrosion resistance.
However, it suffers from high brittleness [1–9]. The lattice crystal structures of most HEAs

243



Crystals 2021, 11, 540

are either body-centered cubic (BCC) [10] or face-centered cubic (FCC) [11]. HEAs with
BCC structure exhibit low plasticity yet high strength, while FCC-structured HEAs have
increased mobility with low strength [12]. The choice of elements for HEAs’ design is essen-
tial when taking the specific applications and economical alloy into consideration [13,14].
A variety of alloys focusing on the influence of different elements on HEAs, such as Al [15],
Ni [16], Cu [17], Ti [18], and Sn [19], have been widely published.

Recently, many HEA systems have been exploited, and most research focused on the
microstructure and properties of the AlxCoCrFeNi HEAs system [20–22]. The addition of
copper (Cu) to a HEA matrix has been widely investigated [23]; this is probably because the
atomic radii of elements are close to one another and because there is a tendency to form a
reliable solution according to the phase rule and phase diagram between them [24]. The
main difference between AlxCoCrFeNi and AlCoCrFeNiCux is the presence of the Cu-rich
phases at last. This is because Cu has positive enthalpy mixtures with most other elements
and has thus repelled to the inter-dendrite (IR) region [25]. Moreover, the remnant Cu in
the dendritic area also clusters and forms various sediments [26]. The investigators also
found that the Cu element can enhance the FCC phase formation [27]. Furthermore, the
increase in copper content decreases the oxidation ratio for AlCoCrCuxFeNi HEAs [28].

The AlCoCrFeNiCu is preferentially produced via conventional metallurgy, for ex-
ample, arc melting or induction melting [29]. These methods result predominantly in a
dendritic microstructure. Additionally, high interfacial energy between the molten metals
and Cu reinforcement particles reduces the wettability, which causes the formation of pores
that profoundly affect electrical conductivity. Consequently, it renders the casting technique
applications for the copper matrix composites [30]. Furthermore, the machining needed
for the final parts could be challenging due to these alloys’ high hardness. Therefore,
powder metallurgy (PM) could be a suitable alternative technique for the manufacturing
process. The process has been described in the literature, where it is performed in three
main steps: mixing, cold forming, and then sintering at a suitable temperature [31–34]. The
PM process is characterized by no need for further machining, minimized scrap loss of raw
materials, and facilitated alloying elements. To establish good adhesion and distribution
for the copper element with the different alloying elements of the HEAs, and consequently,
achieving high strength, the electroless precipitation process is recommended. Additionally,
this technique was suitable for the production of nano-sized copper metal, which improves
the strength of material according to the Hall–Petch equation [35,36].

Hence, the purpose of the current study was to investigate the effect of sintering
temperatures on the density, microstructure, physical, and mechanical properties of the
Cux/(AlCoCrFeNi)1 − x (x = 5, 10, 15, and 20 wt%) fabricated by the powder metallurgy
(PM) technique. Three various sintering temperatures were considered for all the prepared
samples, 900, 950, and 1000 ◦C, to optimize the suitable sintering temperature for the
preparation of Cux/(AlCoCrFeNi) 1 − x HEA.

2. Experimental Procedure
2.1. Material

In the present study, elemental powders with high purity (>99.5%) of Al, Cr, Co, Ni,
and Fe with an average particle size (<45 µm) supplied from Nore industrial and labora-
tory chemicals (Nilcco)—Cairo, Egypt were used as the start materials. The electroless
plating of copper on the AlCoCrFeNi alloy powder particles was performed using a bath
containing copper (II) sulfate pentahydrate, sodium hydroxide, potassium sodium tartrate,
and formaldehyde. All chemicals were supplied by El-Alsharq Al’awsat Company for
chemicals—Cairo, Egypt.

2.2. HEA Preparation

Al, Co, Cr, Ni, and Fe with an equimolar ratio were mixed in a stainless-steel container
for 25 h using a stainless-steel balls with a 10-mm diameter at 120 rpm rotational speed.
The process proceeded under argon atmosphere to avoid any oxidation. The ball to powder
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ratio (BPR) was 5:1. The mixing process was followed by the electroless copper coating from
the bath, as shown in Table 1, to prepare four powder samples Al19Co19Cr19Fe19Ni19Cu5,
Al18Co18Cr18Fe18Ni18Cu10, Al17Co17Cr17Fe17Ni17Cu15, and Al16Co16Cr16Fe16Ni16Cu20 of
high entropy alloys. The coating process was established by dissolving copper sulfate,
adjusting the pH ~ 12 by sodium hydroxide, and adding Al20Co20Cr20Ni20Fe20 mixed
powders. Finally, formaldehyde as a reducing agent was added to start the reaction. The
coated HEAs powder samples were filtered, then dried in an electric furnace at 90 ◦C for 1 h.
After the coating process was completed, the AlCoCrFeNi/Cu powders were filtered and
washed with distilled water, and dried in an electric furnace at 90 ◦C for 2 h. The weight
percentage of Cu was adjusted by weighing each powder sample after the coating process.

Table 1. Electroless chemical composition bath of copper precipitation.

Materials Weight

Copper (II) sulfate, (CuSO4) 70 g/L
Potassium sodium tartrate, (KNaC4H4O6.5H2O) 170 g/L

Sodium hydroxide, (NaOH) 50 g/L
Formaldehyde 200 mL/L
Temperature 60 ◦C

The nano copper was precipitated in cuprous oxide (CuO) due to Cu’s oxidation during
the electroless deposition process. Accordingly, in order to reduce CuO to pure Cu metal, the
prepared HEAs powders were heated at 450 ◦C for 1 h under hydrogen atmosphere.

Cold compaction at 800 MPa using a universal hydraulic press was applied to con-
solidate the prepared Cux/(AlCoCrFeNi)1 − x powder samples. All the obtained green
materials were sintered in a vacuum furnace at different heating temperatures of 900, 950,
and 1000 ◦C for 90 min by the heating cycle shown in Figure 1. Three holding temperatures
during the sintering process were used. The first was the de-waxing step at 250 ◦C to
remove paraffin wax, the second was at 850 ◦C to achieve high diffusivity for cobalt and
other elements, and the last one was at 950 ◦C to complete the sintering process. Figure 2
illustrates the procedures of the preparation and fabrication of (AlCoCrFeNi)1 − x/Cux
HEAs materials.

Figure 1. Heating cycle of the sintering process.
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Figure 2. Flowchart of Cux/(AlCoCrFeNi)1 − x HEAs powder samples’ preparation and fabrication.

2.3. Characterization and Analysis

The bulk density of the sintered alloys was measured using Archimedes’ rule accord-
ing to the standard (ASTM B962-14) [37]. The sintered samples were weighed at room
temperature in air and in distilled water as floating liquid.

ρArch =
Wair

Wair −Wwater
(1)

The relative density (Rd) was determined using the following equation:

Rd =
ρArch
ρth

ρliquid (2)

where ρArch is the Archimedes density, ρth. is the theoretical density, and ρliquid is the
liquid density.

The theoretical density ρth of the samples was calculated by using the following equation:

ρtheo = ρCuwt%Cu + ρAlwt%Al + ρCowt%Co + ρCrwt%Cr + ρFewt%Fe + ρNiwt%Ni (3)

where (ρCu) and (wt%Cu) are the density and the weight percent of the Cu element, (ρAl)
and (wt%Al) are the density and the weight percent of the Al element, (ρCo) and (wt%Co)
are the density and the weight percent of the Co element, and (ρCr) and (wt%Cr) are the
density and weight percent of the Cr element, respectively.

In order to ensure the repeatability of the test, we recommend performing it for three
times as a range. For microstructure observation, sample surfaces were prepared using
silicon carbide papers (SiC) with 600, 800, 1000, and 1200 grades, respectively.

The crystal and phase structure of the powder and consolidated samples were investi-
gated using (X’pert PRO PANalytical) a PANalytical X’Pert Pro device (Panalytical, Almelo,
The Netherlands) X-ray diffraction with Cu kα radiation (λ = 0.15406 nm). The 0.02◦ scan
rate in a range of 20◦ to 100◦ was used. The Scherrer equation [38] was used to calculate the
crystallite size of the coated powders using the XRD peak broadening equation as follows:

D =
0.9λ

Bcosθ
(4)

While the lattice strain ε was determined based on Equation (5) introduced by
Danilchenko et al., [39] as follows:

ε =
B

4tanθ
(5)

where D is the crystallite size, B is the full width at half maximum (FWHM), λ is the
wavelength, and θ is the peak position.
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Scanning electron microscopy (SEM, FEI model ‘Philips XL30′) FE-SEM (Philips XL
30, Royal Dutch Philips Electronics Ltd., Amsterdam, The Netherlands) equipped with
back scattered-electron (BSE) mode and an energy dispersive X-ray spectroscopy (EDX)
microanalysis system (operated at accelerating voltage 20 kV, 1.2 nA beam current, and
10 microsecond dwell time for minimizing SEM image noise) was used to characterize the
morphology and microregion composition of sintered samples.

The Vickers hardness (micro and macro-hardness) of fabricated HEAs alloys using a
Leitz Durimet microhardness tester (Leitz, Oberkochen, Germany) and Vickers hardness
tester model 5030 SKV England (Indentec 5030 SKV, Stourbridge, West Midlands, UK) was
measured. The micro-hardness test was performed by a Vickers indenter under a static
load of 25 g and a dwell time of 5 s according to the (ASTM E384-11) at the temperature
of 25 ◦C ± 3 ◦C [40]. On the other hand, Vicker’s macro hardness was measured at 10 kg
for 15 s. The average of five readings for each hardness value was calculated. A digital
indicator with 0.001-mm precision and an electrical furnace were used to investigate the
thermal strain of the Cux/(AlCoCrFeNi)1 − x alloys, and consequently, the coefficient of
thermal expansion (CTE). The 3 ◦C/min heating and cooling rates in an argon atmosphere
were used. The measurements of the thermal expansion were performed in the range of
100 to 350◦C and repeated for three times.

The compressive strength test of the samples was measured using a uniaxial SHI-
MADZU universal testing machine (Shimatzu, Kyoto, Japan) (UH-F500KN). The ratio
between the length and width of the used samples was 1. The applied cross-head speed
of the used universal test machine was 3 mm/min. The test was performed at room
temperature (25 ◦C).

3. Results and Discussion
3.1. Density Measurement

The effect of the Cu proportion on the relative density of the Cux/(AlCoCrFeNi)1 − x
alloys at 900, 950, and 1000 ◦C are shown in Figure 3. In general, the sintered samples’
relative density increased at all sintering temperatures by increasing the Cu ratio. Re-
sults revealed that 950 ◦C is the best suitable sintering temperature for achieving the
Cux/(AlCoCrFeNi)1 − x HEAs’ highest densification. Experimentally, the AlCoCrFeNi al-
loy was not established in these sintering conditions, which is why its density was excluded
from the present results. The addition of copper to the AlCoCrFeNi HEA facilitates the
sintering process and a 98% relative density at Al16Co16Cr16Fe16Ni16Cu20 was achieved.
Copper precipitated in the nano size, which helps to reduce the heating temperature of
sintering. Additionally, its presence on the grain boundaries of the AlCoCrFeNi facilitates
the interfacial bonding and then impedes the formation of micropores or voids during the
sintering process. On the other hand, the electroless process’ reduction in crystallite size
helped increase the surface area, which enhances the diffusion phenomenon. Accordingly,
the relative density gets closer to the theoretical one [41,42]. Sintering at 900 ◦C records the
lowest densification for the prepared samples. This reduction in densification may be due
to the particles’ low diffusion temperature of the different elements. So, little densification
takes place and, consequently, low density is achieved. On the other hand, the reduction in
density values at 1000 ◦C may be due to copper swelling during the sintering process [43].
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Figure 3. Relative density for Cux/(AlCoCrFeNi)1 − x HEAs sintered at 900, 950, and 1000 ◦C.

3.2. Microstructure Investigation

The prepared Cux/(AlCoCrFeNi)1 − x alloy powders were characterized by FE-SEM
(BSE), as shown in Figure 4. High homogeneity between all the constituents of the differ-
ently prepared powder alloys was observed. As a result of milling AlCoCrFeNi equiatomic
HEAs for 25 h, cold welding between the powders occurred, and a flake powder shape was
noted. Such preliminaries combined leads one to predict the formation of alloying between
the used elements that will in turn form solid solution and consequently, the high entropy.
Additionally, the reduction in the particle sizes facilitates the accumulation between the
powders. The microstructure also shows a good coating of the nano-copper particle on
AlCoCrFeNi particles’ surface due to the high quality of the electroless Cu deposition
process. An image for the precipitated nano copper after reduction by hydrogen is shown
in the last picture to confirm its nano size.

The mapping analysis of the 20 wt% Cux/(AlCoCrFeNi)1 − x powder alloy is shown
in Figure 5. The mapping illustrates a high homogeneous distribution of the prepared
element powder alloys. It confirmed the presence of all the used raw materials. No oxides
were detected, which means an excellent mixing control atmosphere and a reasonable
reduction of CuO.

Figure 6 illustrates the Cu content’s effect on the microstructure of the AlCoCrFeNi
HEAs fabricated at 950 ◦C. The microstructures of the sintered samples a, b, c, and d
show a homogeneous distribution of all the constituent elements that are well-bonded and
connected. Three distinct regions are observed from the microstructure: the first is the dark
area, which is believed to be the Cr-rich BCC; the second is the bright one, which refers to the
Cu rich FCC; and the third is the AlCoCrFeNi matrix FCC. Agglomerations of Cr appeared
due to the milling process. As shown, Al, Co, Fe, and Ni entirely merged with each other,
and an FCC solid solution formed. The solid solution formed in the principal return of
the prior mechanical milling and establishes the alloying process between the different
elements. On the other hand, the Cu and Cr elements did not dissolve to participate in the
formation of high entropy alloys. Based on this result of the microstructure, the completion
of high entropy alloys formation was not achieved with the powder metallurgy technique
under the current conditions. As the Cu element increases, the dominant phases of the
Cux/(AlCoCrFeNi)1 − x alloy switches to the FCC (matrix, Cu rich) phase, and the amount
of the Cr-rich BCC phase decreases. Cr versus Cu’s reduction resulting from negative
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vacancy-formation energies indicates a thermodynamic drive for Cr to segregate [44].
Coating AlCoCrFeNi HEA by copper reduces the surface energy between the surfaces of
the elements and consequently improves the wettability, and excellent adhesion between all
elements of the alloys is achieved. No pores were noticed, which means high densification
for all fabricated alloys.

Figure 4. SEM (BSE) micrographs of the fabricated (a) Al19Co19Cr19Fe19Ni19Cu5, (b) Al18Co18

Cr18Fe18Ni18Cu10, (c) Al17Co17Cr17Fe17Ni17Cu15, (d) Al16Co16Cr16Fe16Ni16Cu20 and (e) Pure pre-
cipitated Cu powder alloys.
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Figure 5. Mapping of the Al16Co16Cr16Fe16Ni16Cu20 powder sample.

Figure 6. SEM-BSE micrographs of the fabricated (a) Al19Co19Cr19Fe19Ni19Cu5, (b) Al18Co18

Cr18Fe18Ni18Cu10, (c) Al17Co17Cr17Fe17Ni17Cu15, and (d) Al16Co16Cr16Fe16Ni16Cu20 samples.
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The SEM-EDX elemental mapping of the four fabricated HEAs samples is shown in
Figure 7. The mapping represents the distribution of each element in the formed piece
with a different color. Six principal components, including Al (red), Co (rose), Cr (green),
Cu (yellow), Fe (blue), and Ni (magenta), were observed. Clear agglomeration of the Cr
element, which prevents the formation of the high entropy alloys, is evident in all samples.
As shown, the Cu element tends to dissolve with the FCC phase that represents the matrix
of all the fabricated pieces.

Figure 7. Mapping chart of the fabricated (a) Al19Co19Cr19Fe19Ni19Cu5, (b) Al18Co18

Cr18Fe18Ni18Cu10, (c) Al17Co17Cr17Fe17Ni17Cu15, and (d) Al16Co16Cr16Fe16Ni16Cu20 samples at
950 ◦C.

3.3. XRD of the Powder and Sintered HEAs

The X-ray diffraction details of the Cux/(AlCoCrFeNi)1 − x HEA powders at room
temperature are shown in Figure 8. The figure reflects the impact of the Cu content on the
chemical composition and crystal structure of the AlCoCrFeNi. It was observed that the
peak intensity of Cu became shinier by increasing its percentage. No new intermetallics
were formed as a result of milling or electroless plating processes. The first peak of Al
and Co completely disappeared, which is consistent with Shivam et al., [45]. Shivam
et al. investigated the influence of milling times at 0, 5, 10, 15, 20, 25, and 30 h on the
crystal structure and chemical composition of AlCoCrFeNi HEA powders. The results
revealed that the first peak of Al dissipated at 10, which is attributed to the lower melting
temperature of Al, indicating the possibility of dissolving in the host lattice of Fe/Cr. They
observed that the Fe structure’s solid solution is formed by increasing the milling time
up to 20 h. Further milling proceeded up to 30 h to become more homogenized solid
solution with more refined grains. Suryanarayana C. et al., [46] revealed that forming a
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solid solution phase might mainly be attributed to the high entropy and stronger bonding
among constituent elements, atomic size difference, and electro-negativities of the atoms.

Figure 8. XRD patterns of the Cux/(AlCoCrFeNi)1 − x powder alloys after milling and Cu coating.

As Shang et al., [47] investigated the effect of different milling times on CoCrFeNiW
HEA powders’ physical properties, they found that the used element’s spectrum was still
visible and evident up to 40 h. This study also demonstrated that the elements’ peaks do
not disappear simultaneously; for example, Cr and Fe’s crystalline peaks go thoroughly
after 40 h, while Co also dissolves after 5 h of milling. From those mentioned above, one can
notice the elements dissolving and transforming into FCC or BCC phases. It is not related
to a specific milling time and does not indicate the ideal milling conditions. Copper oxide
phases (CuO and Cu2O) were not found at the XRD spectrum, proving that the deposited
copper has high purity with all molecule compositions in the electroless bath [48].

The crystal size and lattice strain of the Cux/(AlCoCrFeNi)1 − x powder alloys were
calculated from the X-ray peak broadening using Scherrer’s formula and are presented
in Table 2. The crystallite size was significantly refined as the weight percentage of the
increased Cu. The refining in the particle size by increasing the Cu wt% was attributed to
the precipitation of copper in nanoscale size. Coating the mixed Al, Co, Cr, Fe, and Ni with
a layer of nano Cu particles prevents the green growth between the constituent particles.
So, grain refining takes place. On the other hand, the lattice strain results revealed that the
lattice string increases by increasing the Cu wt% deposited layer. Generally, the reasons for
the increment in the lattice strain can be attributed to the size mismatch effect between the
elements, increasing the grain boundary fraction, and high mechanical deformation [49].

Table 2. Crystal size and lattice strain of the HEAs powder samples.

Wt% Cu Crystal Size (nm) Lattice Strain (%) Full Width at Half
Maximum (FWHM)

5 29.78 0.081 0.32
10 23.17 0.104 0.411
15 22.26 0.109 0.428
20 21.98 0.111 0.434
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The XRD patterns of the HEAs sintered samples are shown in Figure 9. The peaks’
broadening, height, and number changed after the sintering process, where the detected
peaks’ extension became more comprehensive, and their intensities smaller. Some peaks
disappeared during the sintering process. These changes may be attributed to two main
factors, i.e., high lattice strain and refined crystal size. The formation of a solid solution
phase may mainly have participated in the high entropy and stronger bonding among
constituent elements, atomic size difference, and electro-negativities of the atoms [50]. The
X-ray reflects three crystalline structures (Cu-rich FCC 1, Cr-rich BCC, and matrix FCC 2).
The total number of phases in the prepared alloys is well below the maximum number
of equilibrium phases allowed by the Gibbs phase principles [51]. As seen from the XRD
patterns, the Cr fertile BCC phase intensity is much higher than that of both FCC phases.
This may be attributed to Al and Cr’s presence in equal or higher concentrations than the
other elements that stabilize the BCC structure [52]. The Cr fertile BCC phase’s relative
intensity decreased by increasing the Cu content, which suggests that the weight fraction
of the FCC phase increases with Cu reinforcement against the BCC phase [53]. The relative
intensity of both FCC phases becomes more durable and more reliable by increasing the
Cu content up to 20%. This is because the presence of Cu with higher concentrations
supports the formation of the FCC structure [54]. It is primarily due to the purpose of BCC
or FCC lattice crystallography investigated by the average periodic table group number
or average valence electron concentration (VEC). FCC phases are motivated to be more
stable at higher values of VEC (≥8) while BCC phases maintain stability at lower VEC
(≤6.87). The addition of aluminum particles reduces the VEC value [55]. Thus, the alloy
system spontaneously promotes crystal structure transition from FCC to BCC to minimize
the lattice distortion energy.

Figure 9. XRD patterns of the Cux/(AlCoCrFeNi)1 − x sintered at 950 ◦C.

The crystal size and lattice strain parameters of the fabricated Cux/(AlCoCrFeNi)1 − x
alloys are arranged in Table 3. As shown in the table, the crystal size of fabricated HEAs
decreased by increasing the precipitated Cu content, which is similar to the result of powder
alloys. Additionally, the lattice strain increases by increasing the Cu content. The coating
process of the milled AlCoCrFeNi probably affects the atoms’ orders and, consequently,
plans of the new material during the sintering process. So, the lattice strain distortion
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increased by increasing the content of the precipitated Cu layer on the surfaces of the
AlCoCrFeNi HEA particles.

Table 3. Crystal size and lattice strain of the fabricated HEAs samples.

Wt% Cu Crystal Size (nm) Lattice Strain (%) Full Width at Half
Maximum (FWHM)

5 96.64 2.09 1.45

10 90.41 2.23 1.32

15 91.05 2.22 1.33

20 73.24 0.53 5.95

Figure 10 compares the crystallite sizes between the BCC and both FCC phases by the
Scherrer formula. It is significantly noted that the crystallite size of the Cr fertile BCC phase
was increased with an increase in the Cu electroless concentration. The crystallite sizes
of both FCC phases were decreased with an increase in the Cu electroless concentration.
This may be attributed to the increasing in the FCC weight fraction. The effect of Al
addition on the BCC phase of the AlxCoCrCuFeNi HEAs using the Scherrer formula was
investigated [56]. The calculations show that the increase in the Al content participates in
increasing the BBC phase fraction and decreasing the crystallite size.

Figure 10. Crystallite sizes of the BCC and both FCC phases for the sintered samples.

Table 4 represents the chemical composition of the three phases obtained by SEM-EDX
analysis of the fabricated Cux/(AlCoCrFeNi)1 − x HEAs samples. It was observed that the
Al element has the lowest value in the chemical composition of all manufactured alloys.
This may be attributed to the evaporation of Al at the sintering temperature, where it
has the lowest melting temperature [30,57]. It also may be related to its high diffusivity
in the FCC matrix. Moreover, apparently out of Table 4, both Al and Ni have the same
content at Cr-rich BCC due to the segregation attributed to the different mixed enthalpy
between Al, Ni, and Cr [58]. The melting point of elements and mixing enthalpy are two
main influencing factors affecting the alloying rates [57]. In the solid state, the item with a
low melting point has a higher intrinsic diffusion coefficient [59]. At lower temperatures
(<300 ◦C), Cu and Cr are widely immiscible in the solid state and have large positive
enthalpies of mixing [60,61].
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Table 4. Chemical composition of the FCC and BCC phases obtained by SEM-EDX analysis from fabricated samples.

Alloy Region
Mole Fraction/at%

Al Co Cr Fe Ni Cu

Al19Co19Cr19Fe19Ni19Cu5

Nominal (AlCoCrFeNi)95 5
Cr rich BCC 0.55 3.65 88.93 2.12 3.03 1.71
matrix FCC 5.01 30.12 14.41 5.74 26.31 18.40
Cu rich FCC 1.46 10.13 5.80 2.60 15.52 64.49

Al18Co18Cr18Fe18Ni18Cu10

Nominal (AlCoCrFeNi)90 10
Cr rich BCC 0.31 3.78 88.25 3.31 3.27 1.09
matrix FCC 1.74 38.93 6.04 2.60 33.40 17.29
Cu rich FCC 15.94 20.39 3.89 6.05 25.83 27.89

Al17Co17Cr17Fe17Ni17Cu15

Nominal (AlCoCrFeNi)85 15
Cr rich BCC 0.04 3.40 87.89 3.39 2.91 2.37
matrix FCC 1.51 20.42 21.45 23.59 16.90 16.14
Cu rich FCC 0.85 10.13 5.60 5.72 12.01 65.68

Al16Co16Cr16Fe16Ni16Cu20

Nominal (AlCoCrFeNi)80 20
Cr rich BCC 0.14 3.71 87.45 3.88 2.42 2.39
matrix FCC 2.90 21.87 9.63 33.77 16.99 14.84
Cu rich FCC 0.93 6.30 4.67 6.03 9.47 72.60

3.4. Hardness

Figure 11 illustrates the copper content effect on the micro and macro-hardness of
the (AlCoCrFeNi) HEA sintered at 950 ◦C. Although improving the grain boundary of
the FCC phases versus the BCC phase, as shown in Figure 9, the results revealed that
the (AlCoCrFeNi) HEA’s hardness is decreased gradually by increasing the Cu content.
It is evident that the micro and macro hardness has the same trend and are nearly the
same, which means high homogeneity of the new HEA. This gradual reduction in hardness
can be easily described in three points: The first is incorporating more energetic binding
elements, and high melting point elements like Cr in a composite increase Young’s modulus
and the slip resistance [62]. The second is a drop in the BCC phase with increases in the
copper content FCC phase that encourages deform flexibility [27,63]. The third is attributed
to the solid solution strengthening effect and the high work hardening capability for
this composite.

Figure 11. Vickers macro and micro hardness of HEAs fabricated samples at 950 ◦C.
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3.5. Compression Strength

The deformation behavior of the cylindrical fabricated samples at 950 ◦C under a com-
pression force in the form of stress–strain curves is shown in Figure 12. The compressive
strength σmax and total strain ε of all samples are listed in Table 5 to make the comparison
easier. The results show that the compressive strength increases gradually by increasing
the nano-copper content up to 15 wt% then decreased. Moreover, the total strain increases
by increasing the amount of Cu, enhancing the alloys’ flexibility and, consequently, the
toughness. Increasing the strength of the fabricated HEAs samples may be due to the
nano size of the precipitated copper. According to the Hall–Petch equation, there is an
inversely proportional relationship between the material’s strength and grain-size, where
the reduction in grain size leads to an increase in material strength [64,65]. As shown, the
AlCoCrFeNi HEAs strength has increased by increasing the percentage of the nano-copper
particles that precipitated using the electroless coating process up to 15 wt% Cu then
decreased. The increase in the rate of Cu nanoparticles to 20 wt% increases the agglomera-
tions, and consequently, the grain particles that participate in dropping the strength again.
On the other hand, the strain managed to grow because copper’s high ductility improved
its formability. The high strength and high strain of the fabricated materials mean that they
have high absorption capacity (consumes a large amount of energy to deform until fracture).
Additionally, increasing the strength may be due to the superb distribution and excellent
adhesion among the composites’ different constituents, as shown in the microstructure
in Figure 6. The Cux/(AlCoCrFeNi)1 − x HEAs’ high strength is also relevant to the solid
solution and the durable bonding influence among the composite metallic elements [66].
Incorporating Cr with high melting point elements in the BCC phase improves the Young’s
modulus and slip resistance [67]. On the other hand, the good elasticity and large work
hardening capacity can be described by the Cux/(AlCoCrFeNi)1 − x composite phase com-
position. According to the principal structural factor, a structure with a more slippery
system leads to lower lattice friction during dislocation motion and increases the samples’
elasticity [68]. The FCC structure has 48 slip systems against the BCC structure with 12
slip systems [69]. In this study, the composite contains two FCC phase residues and a
single BCC phase. The FCC phases become dominant and hence increases the elasticity
and work hardening effect. Improving the toughness of fabricated alloys by increasing
the Cu’s content is related to the copper’s properties, where it is characterized by high
toughness compared with the other used elements.

Table 5. Compressive strength and strain of the fabricated HEAs samples.

Wt% Cu Compressive Stress (MPa) Strain %

5 400.03 11.53
10 416.34 20.71
15 599.53 30.82
20 535.51 31.29

3.6. Coefficient of Thermal Expansion (CTE)

The CTE of all specimens was estimated from room temperature up to 350 ◦C with a
3 ◦/min heating rate. The effect of the Cu content and heating temperature on the CTE of
the AlCoCrFeNi for all sintered samples is shown in Figure 13. It is increased gradually
by increasing the heating temperature. As the temperature increases, the kinetic energy
of atoms increases, and so the CTE of the heated material does consequently. Another
phenomenon from the results could be observed, which is increasing the CTE of the
sintered samples with increasing Cu content. The Cu0.05/(AlCoCrFeNi)0.95 recorded the
lowest value of CTE 10.37 × 10−6 ◦C−1at 150 ◦C, whereas the Cu0.2/(AlCoCrFeNi)0.8
recorded the highest one 10.95 × 10−6 ◦C−1 at the same temperature. Additionally, Cu
0.05/(AlCoCrFeNi)0.95 recorded the lowest value of CTE 10.71 × 10−6 ◦C−1 at 350 ◦C,
whereas the Cu0.2/(AlCoCrFeNi)0.8 recorded the highest value of 11.46 × 10-6 ◦C−1 at the
same temperature. Increasing the CTE of the AlCoCrFeNi HEA as a result of its coating
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with Cu may be attributed to the high CTE of the Cu (17.6× 10−6) when compared to other
elements, such as Cr (8.0 × 10−6), Co (12.0 × 10−6), Ni (13.0 × 10−6), and Fe (12.0 × 10−6).
This fact means that the Cux/(AlCoCrFeNi)1 − x can be connected with steel items or
deposited as coatings on their surfaces to increase hardening and wear resistance [70,71].

Figure 12. Compressive stress–strain curves of Cux/(AlCoCrFeNi)1 − x HEAs sintered at 950 ◦C.

Figure 13. The coefficient of thermal expansion (CTE) of fabricated HEAs samples at different
temperatures.

So, by increasing the nano Cu percentage, the quality of Cu coating of the different
elements particles increases. This leads to an increase in the overall thermal expansion
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of the prepared alloys. Additionally, increasing the Cu percentage from 5 up to 20 wt%
increases the densification of the samples. This means that no pores are detected, which
causes an increase in the dimensions of the samples by heat.

Lowering the CTE of the PM sheets makes it suitable for many thermal applications
that require thermal stability of materials to keep the shape of the samples without any
deformation affected by the thermal stresses during the working process. This finally leads
to an increase in the lifetime of materials, which is pretty much valuable from an economic
point of view [72].

4. Conclusions

Four compositions (Al19Co19Cr19Fe19Ni19Cu5, Al18Co18Cr18Fe18Ni18Cu10, Al17Co17
Cr17Fe17Ni17Cu15, and Al16Co16Cr16Fe16Ni16Cu20) of high entropy alloys were prepared
by the powder metallurgy process at 900, 950, and 1000 ◦C for 90 min. Based on the results
and their discussion, copper content’s effect can be summarized in the following points.

• The (AlCoCrFeNi)1 − x/Cux HEAs samples that sintered at 950 ◦C achieved the high-
est densification.

• The AlCoCrFeNi sample was not established with the powder metallurgy technique.
• Adding the copper element to the AlCoCrFeNi HEAs enhances its formability by the

powder metallurgy technique.
• The microstructure revealed that the mechanical alloying that preceded the sintering

process achieved a high homogeneity between the different elements of the AlCoCr-
FeNi (HEAs), which made the elements AlCoFeNi compose the FCC matrix. An
agglomeration for the Cr was established and prevented the complete forming of
the HEAs.

• The mapping showed that the Cu element tends to dissolve with the FCC matrix.
• The crystallite size of the HEA powders was significantly refined as the weight per-

centage of Cu increased. On the other hand, the results of the lattice strain revealed
that the lattice strain increased by increasing the Cu wt%.

• The crystal size of fabricated HEAs was decreased by increasing the content of the
precipitated Cu, which is similar to the result of powder alloys. Additionally, the
lattice strain increased by increasing the Cu content.

• The hardness of the manufactured AlCoCrFeNi HEAs decreased gradually by increas-
ing the Cu content.

• The results showed that the compressive strength gradually increased by increasing
the nano-copper content up to 15 wt% then decreased.

• According to the area under the stress–strain curves, the toughness was enhanced
with the copper content.

• Precipitation of the copper in the nano size by the electroless coating process enhances
the strength of the produced HEAs material according to the Hall–Petch equation.

• The CTE gradually increased by increasing the heating temperature and the content
of the Cu wt%.
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Abstract: Friction stir processing (FSP) is a green fabrication technique that has been effectively
adopted in various engineering applications. One of the promising advantages of FSP is its applicabil-
ity in the development of surface composites. In the current work, a new approach for direct friction
stir processing is considered for the surface fabrication of aluminum-based composites reinforced
with micro-sized silicon carbide particles (SiC), eliminating the prolonged preprocessing stages of
preparing the sample and filling the holes of grooves. The proposed design of the FSP tool consists of
two parts: an inner-threaded hollow cylindrical body; and a pin-less hollow shoulder. The design is
examined with respect to three important tool processing parameters: the tilt angle of the tool, the
tool’s dispersing hole, and the tool’s plunge depth. The current study shows that the use of a dispers-
ing hole with a diameter of 6 mm of and a plunge depth of 0.6 mm, in combination with a tilting
angle of 7◦, results in sufficient mixing of the enforcement particles in the aluminum matrix, while
still maintaining uniformity in the thickness of the composite layer. Metallographic examination of
the Al/SiC surface composite demonstrates a uniform distribution of the Si particles and excellent
adherence to the aluminum substrate. Microhardness measurements also show a remarkable increase,
from 38.5 Hv at the base metal to a maximum value of 78 Hv in the processed matrix in the surface
composites layer. The effect of the processing parameters was also studied, and its consequences
with respect to the surface composites are discussed.

Keywords: direct friction stir processing; in situ composites; surface composites

1. Introduction

Wrought aluminum alloys are considered one of the most significant metallic materials
in today’s fabrication and manufacturing production, especially in the transportation indus-
tries [1,2]. In general, many aluminum alloys offer an excellent combination of properties
such as high strength-to-weight ratio, corrosion resistance, good formability, and weld-
ability. However, in specific applications where dynamic loading is imposed, aluminum
alloys’ fatigue performance is considered a significant drawback. Other properties such
as wear resistance are also of concern. Surface treatments such as coating, shot peening
and induction friction stir processing (FSP) have been developed as solid-state processes
capable of enhancing the surface properties of aluminum alloys [3]. The FSP process was
developed based on the principles of friction stir welding (FSW) [3–5]. It involves the use of
a relatively high-speed rotating non-consumable tool, which consists mainly of a shoulder
with/without a pin to process the sheet/plate surface of the metal. During FSP, a localized
heat produced by friction is generated at the interface of the rotating tool and the workpiece,
resulting in metal softening and plasticization; the rotating pin, on the other hand, allows
significant stirring and mixing, leading to severe plastic deformation and thus producing
microstructure refinement in the stirred zone (SZ) [6–10]. The high-speed rotating tool then
traverses along a specified path of interest to process and modify the material’s matrix.
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The microstructural alterations are characterized by equiaxed and ultra-fine grains for
many metals and alloys [4,11]. Such grain refinement by FSP has been shown to enhance
mechanical properties in several Al alloys, including tensile strength, ductility, and creep
and fatigue strength [4,7,12–16]. The processing of other high-temperature materials such
as steels [17] and Ti alloys [18] with FSP has also been reported.

The application of FSP for the development of surface composite matrixes was first
introduced by Mishra et al. [4]. An in situ surface composite was produced by smearing
the aluminum surface with reinforcement SiC particles and methanol and applying FSP to
produce a surface composite layer. Since then, different methods for adding reinforcement
particles have been reported [4,12,19–24]. For example, several studies proposed a new
FSP method for making in situ composites, known as the groove method, by filling the
reinforcement particles into a machined groove in the base material’s top surface using
FSP [25–28]. The groove method can be divided into three different steps: (1) machining
the groove with the desired dimensions, (2) processing with a pin-less tool to pack the
reinforcement particles, and (3) processing the entrap reinforcement particles by a tool
with a pin in the desired processing parameters. The last two steps can be substituted by
placing a thin sheet on the groove of the same materials and then applying the process
using a tool with a pin to process the reinforcement particles entrapped in the groove by
the thin sheet. Another approach for adding reinforcement particles, which eliminates
the need for pin-less tool processing, is drilling several holes in a line or lines and then
packing them with reinforcement particles, followed by processing with a tool with a pin
to develop the surface composites [27,29]. The dimensions and number of grooves and
holes play a vital role in acquiring the second phase’s desired volume fraction [7,9]. All
the previous methods have used a non-consumable tool. However, a consumable rod can
be used [27] with drilled holes placed at different positions along a radial line filled with
reinforcement particles to provide excellent results. The aforementioned methods require
rigorous preparations of the surface or the consumable rod. More recently, Huang et al. [30]
fabricated a surface composite by direct friction stir processing (DFSP) using a hollow tool
without preprocessing to add the reinforcement particles. This design allows the in situ
implementation of reinforcement particles.

Furthermore, the tool’s design in FSW/P plays a critical and decisive role in the
welding and processing, as well as the fabrication, of materials and surface composites.
Different tool designs have been reported in previous studies [4,9,13,31–33]. Types of tools
used for FSW/P are generally categorized into three types, namely, fixed, adjustable, and
self-reacting [10]. The first type is the fixed-pin tool, where the tool is a single piece that
includes the pin and the shoulder. The second type is the flexible tool with an adjustable
pin, which can also be made from another material. The third type is the self-reacting tool,
which is similar to the second type but with the addition of a bottom shoulder, and which
acts as a backing anvil for the processed piece during the process. These three tool types
have been used in FSW/P to weld and process several metallic materials.

The work of Huang et al. [30] proposed an efficient tool design for making in situ
surface composites. The tool design consists of a pin-less hollow shoulder that is tapered
at its lower end. This design was shown to allow the efficient spread and mixing of the
reinforcement particles into the matrix surface during FSP. The shoulder is tapered from
the center of the tool to minimize unnecessary frictional contact between the shoulder and
the metal surface. In this study, a modified design of the FSP tool is proposed for making
aluminum-based surface composites reinforced by SiC particles, based on the concept
of the tool design reported in [30]. The modification includes several alterations to the
tool design, including a two-part design, several hole sizes, and shoulder shape. A new
approach for the fabrication of in situ surface composites by FSP has also been proposed in
this study. It aims to reduce the probabilities of clogging the hole in the shoulder or any
back extrusion during the processing. The role of the new design and technique on the
microstructure and microhardness of the matrix surface are studied.
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2. Materials and Methods
2.1. Tool Design and Processing Approach

In this study, a new design for the tool and a new processing approach are proposed
to carry out the friction stir processing to develop surface composites. A two-part tool is
fabricated where the two parts are the top part of a hollow cylindrical body and the lower
part of a tool head, as schematically illustrated in Figure 1a,b.
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Figure 1. Schematic illustration of the FSP tool and design and processing procedures: (a) upper part,
and (b) lower part of the FSP tool; (c) sectioned views of the tilting of tool head with respect to the
processed aluminum plate; and (d) processing setup. All dimensions are in mm.

The top part consists of a body made from H13 steel with an outer diameter of 25 mm
and a 13.5 mm hollow body with 15 mm of threading at the 30 mm end. The height of
the top portion of the tool is 60 mm; half of the distance is prepared for clamping, and
the other half remaining is used as a casing for the lower part. The lower portion is the
head, containing a shoulder with a hole in its middle instead of a pin. Three different sizes
of holes were used in experiments 2, 4, and 6 mm. The head also contains threading that
fits into the top part of the tool’s body. The upper portion of the lower part consists of a
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15-mm thread with a diameter of 11 mm, and then the head body is 25 mm in diameter and
12 mm in thickness for the lower portion of the lower part, as depicted in Figure 1b. The
total length of the whole body, assembled from the two parts, is 72 mm. Two bolts are also
used to add more stability to the tool during processing by secularly tightening the lower
part’s threaded part and the top part. The tool can be fabricated as one part; however, the
two-part design is easier to manufacture and allows for more extension of the tool; thus,
more powder can be loaded inside the tool from the top part, as illustrated in Figure 1c.
The two-part tool also has many benefits with respect to the flexibility of the tool’s use, as
well as advantages such as the ability to use different materials and designs for the head,
such as the different hole sizes used in this experiment. The new design also facilitates
head/tool body reuse, reduces the materials needed, and reduces the associated costs.

Commercial silicon carbide (SiC) particles with an average size of 20 µm were used as
the reinforcement particles, as shown by the secondary electron image in Figure 2. The SiC
particles were poured into the cavity of the lower part of the tool. The two-part tool was
assembled and clamped into a vertical milling machine to conduct FSP. The processing
was carried out with a constant tool rotating rate of 3000 rpm, using a clockwise rotation
and a 20 mm/min travel speed. The reinforcement SiC particles were fed into the matrix
via gravitational force. A ball bearing of 11 mm in diameter was placed on the top of the
powder inside the hollow tool to facilitate the dispersion of the reinforcement particles into
the metal surface to produce surface composites at the top of the metal matrix. To allow the
use of different hole sizes, the tool was tilted by 7◦, as illustrated in Figure 1c. By doing so,
it was possible for a part of the tool, less than half of shoulder surface, to be in contact with
the workpiece. Offset distances of 6 and 7.5 mm were used between the point of contact
of tool with the workpiece and the center of the tool (Figure 1c). Two main processing
parameters, namely the offset distance and the tilting angle, were evaluated to provide
the best possible combination of plunge depth required to enhance the particle dispersion
processes with minimum back extrusion effect or tool hole blockage by the processed
material. The use of the two offsets of 6 and 7.5 mm, in combination with a tilting angle of
7◦, was shown to result in plunge depths of approximately 0.9 and 0.6 mm, respectively.
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Figure 2. Secondary electron images of the as-received commercial silicon carbide particles in
aggregate state.

2.2. Material and Experimental Procedures

T6 tempered aluminum alloy 1100 plates were purchased in hot extrusion condition.
The chemical composition of the alloy is given in Table 1. The aluminum plates were used
as the base for fabricating the surface composite. The plates were sectioned perpendicular
to the extrusion direction. The dimensions of the FSP plates were 100 × 150 × 6.5 mm, as
schematically illustrated in Figure 1d. Coupons were cut transversely from the middle of
the processed plate for metallographic investigations. A standard metallographic proce-
dure was used to prepare the sample for examination. The cross-section of the coupons
was examined by a metallurgical microscope (AxioImager A1M, ZEISS, Oberkochen, Ger-
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many). Additionally, a field emission scanning electron microscope (FESEM) (JEOL, model:
JSM-7001F, Tokyo, Japan), equipped with an Energy Dispersive X-Ray Spectroscopy (EDS)
detector (Aztec-Energy, Oxford, High Wycombe, UK) was used to examine surface compos-
ite layer development in the FSP zone and to identify the elemental distribution across the
surface composite/matrix interface. The EDS analysis was carried out at an accelerating
voltage of 20 kV and a working distance of 11.5 mm to allow for a sufficient depth of
penetration (1–2 µm). The surface composite’s elemental analysis was acquired from the
top surface to the alloy matrix toward the plate’s bottom, and horizontally at the center of
the processed zone.

Table 1. Chemical composition of the 1100 aluminum plate used in the study.

Composition (wt.%)

Si Fe Mn Cu Ti Cr Zn Al

Al 1100 0.140 0.250 0.001 0.051 0.019 0.001 0.002 Bal.

Vickers microhardness measurements of the polished samples were conducted. In-
dentations were carried out using an Innovatest Falcon 500 Hardness Tester (Innovatest,
Maastricht, The Netherlands) with a load of 100 gf and a dwell time of 20 seconds. Micro-
hardness measurements were taken along two lines from the top surface toward the bottom
of the samples. The first line is vertical in the middle of the SZ from the upper surface
toward the bottom, and the indentations were carried out with increments of 0.1 mm in the
processed area and 0.25 mm in the alloy matrix for a total distance of 3 mm. The other line
is a horizontal line on the processed area at a distance 150 µm away from the top surface of
the SZ, with increments of 0.5 mm, as schematically illustrated in Figure 3.
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Figure 3. Schematic illustration of the microhardness measurements vertical and horizontal lines.

3. Results and Discussion
3.1. Processing of the Surface Composite

As a result of the two-part tool’s flexibility, different hole sizes of the lower part
of the tool (2, 4, and 6 mm) were used to examine particle dispersion efficiency. Visual
examination showed that there was a noticeable change in the dispersion characteristics
with increasing the hole size. Apparently, there was a flow discontinuity of the enforcement
particles into the workpiece when processing with a 2-mm hole size since there was a
blockage of the tool hole by a large amount of the SiC particles, as shown in Figure 4b.
This discontinuity can most likely be attributed to the small size of the hole used and the
enforcement particles adhesion characteristics. The blockage might be assisted by the high
rotational speed, which might enhance the material flow due to the presence of significant
centrifugal forces. Therefore, the workpiece processed by the tool with a 2-mm hole size
showed no signs of reinforcement particles for plunge depths of either 0.6 or 0.9 mm.
In addition, the use of a tool with a 4-mm hole size resulted in flow irregularity of the
enforcement particles into the workpiece. This led to the non-uniform distribution of the
enforcement particles in the upper region of the matrix. On the other hand, processing with
a 6-mm hole size was shown to promote a continuous flow of the enforcement particles into
the workpiece. This resulted in uninterrupted feeding of SiC particles into the aluminum
matrix. However, there were back-extruded pieces of aluminum formed in the hole when
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using a tool with hole sizes of 4 and 6 mm, as shown in Figure 5. This was particularly
evident with an offset distance of 6 mm, i.e., a plunge depth of 0.9 mm. The occurrence of
back extrusion is believed to occur due to the buildup of friction-stirred material into the
hole by the forging action of the tool. The easy access to the hole due to the short distance
between the processed material and the hole opening aids in back extrusion, as do the
softness and the quantity of the materials, as a result of tool rotation and plunge depth.
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In general, the processing and tool design parameters, such as the dispersion mecha-
nism, the tool hole’s size, the tilting angle, and the offset distance, were shown to signifi-
cantly contribute in the blockage of tool hole and back extrusion buildups. Besides that, the
characteristics and size of the SiC enforcement particles might have an effect on the flow
and dispersion of enforcement particles. However, only one enforcement particle type and
size were used, and consequently, the current study was focused on the critical processing
parameters that significantly control the flow and dispersion of the SiC particles, i.e., hole
size and plunge depth; both parameters were shown to affect the SiC particle blockage in
the tool hole and the buildup of the back-extruded material during processing. Therefore,
to avoid excessive amounts of back-extruded aluminum, a balance is required between the
processed area and the offset distance between the tool’s hole and the processed workpiece
surface. This was achieved by adopting a tool design with a 6-mm hole size, using an offset
distance of 7.5 mm, resulting in a plunge depth of 0.6 mm. This was shown to provide
the best processing parameters for the development of a surface composite layer in the
current study.

Figure 6a shows the aluminum matrix’s processed area reinforced with SiC particles as
a surface composite at the upper surface using a tool with a 6-mm hole size and a 0.6-mm
plunge depth. A well-distinguished layer of surface composites of Al/SiC was shown to
develop, with no evidence of porosity in the processed zone, illustrating a good mixture
and adherence to the aluminum substrate. However, as previously mentioned, using a
tool with a hole size of 4 or 6 mm combined with a plunge depth of 0.9 mm resulted in
limited dispersion of the Si particles into the aluminum matrix and non-uniform surface
composite layer, as illustrated in Figure 6b. This is due to the enforcement particle flow’s
irregularity, and more aluminum material is back extruded rather than being mixed with
the SiC particles. The high rotational speed and the tilting degree hence plunge depth, aids
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in developing the required forging and frictional forces that produce the heat required for
plasticization and the implementation of reinforcement particles into the matrix’s upper
surface, especially when enough enforcement particles are available. The reinforcement
particles are stirred and bonded to the upper part of the SZ during FSP. Although the
presence of SiC is expected to cause wear to the H13 tool, the H13 tool was visually
inspected, and there is no evidence of tool wear. This can be attributed to the soft nature
of the processed material examined in the current study, i.e., aluminum alloy 1100. This
is also supported by the fact that the FSP tool used in this study had no pin, and thus the
friction stirring action occurred at a shallow depth, resulting in a maximum thickness of
300 µm at the center of the processed zone.
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Figure 6. Panoramic image of the cross-section of the processed samples showing the composite
surface using: (a) a tool with a hole size of 6 mm and a plunge depth of 0.6 mm; and (b) a tool with a
hole size of 6 mm and a plunge depth of 0.9 mm.

In addition, the results show that some variation in the thickness of the developed
surface composite layer had occurred. Although the surface composite approximately
covered the main width of the shoulder, which is around 21 mm, the thickness of the
processed layer varied slightly, reaching a maximum thickness of 300 µm at the center of
the processed zone, i.e., near the hole, and minimum thickness of approximately 50 µm
near the edge of the tool shoulder. The maximum thickness at the center of the processed
zone was most likely achieved due to the high quantity of enforcement particles dispersed
at the center during the processing. Some layer depth uniformity can be noticed around
the center of the tool, which can be attributed to the high rotational speed of 3000 rpm and
the moderate forging force generated from the tool’s shoulder with a tilting angle of 7◦

and plunge depth of 0.6 mm. On the other hand, the workpiece processed with a plunge
depth of 0.9 mm exhibited a large variation in thickness along the width of the processed
zone. Unlike for the 0.6-mm plunge depth, the center of the processed zone (near the hole)
exhibited the minimum thickness. This is a direct indication that back extrusion adversely
inhibits the dispersion process at this center region. Additionally, the surface irregularities
(inclinations) of the composite are evident, which suggests that the increase in the plunge
depth was unnecessary to process the soft aluminum matrix.

The dispersion uniformity of the reinforcement particles generally depends on several
factors, such as the vertical pressure on the base metal, number of passes, tool rotational
direction, travel speed of the rotating tool, and the traverse tool speed. The vertical pressure
on the base metal is reported [34] to develop a better forging and improve material flow
and particles dispersion. Additionally, the increase in the number of passes plays a role
in developing a better uniformity of the distributed second phase particles in addition to
eliminating the porosity and developing refined microstructure [17,21,34,35]. Furthermore,
significant homogeneity in the dispersion of SiC particles into the composite matrix has
been reported [36] to occur as a result of changing the tool rotational direction between
passes. Other factors such as the travel speed of the rotating tool and the traverse tool
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speed have various effects depending on the heating cycles developed during processing,
as a result of deformation processes similar to extrusion and forging [20,35,37].

3.2. Elemental Analysis of the Surface Composite

Only the samples developed using the tool with a hole size of 6 mm, a tilting angle of 7◦

and a plunge depth of 0.6 mm were studied. Figure 7 presents the EDS elemental mapping of
the surface composite region, illustrating the distribution of major elements in the processed
zone (Al, Si, C, and O). No noticeable Fe content was detected in the cross-section of the surface
composite. The processed area was mainly a mixture of aluminum matrix and dispersed
microsized SiC particles, as well as some other oxides. The dispersed microsized SiC particles
can be seen to be uniformly distributed in the aluminum matrix. The presence of oxygen is
evidence for the possible formation of silicon or carbon oxides during FSP. Small pockets of
oxygen are also present. Moreover, the concentration of silicon seems to be well distributed
throughout the processed zone, indicating a sufficient dispersion of SiC particles in the matrix
and a lack of clustering or agglomerations of SiC particles.
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Figure 7. EDS elemental mapping of the surface composite.

The through-thickness distribution of the silicon content is further examined in
Figure 8. The spatial elemental concentration, presented in terms of counts per second,
indicates that the aluminum content is uniform, and is rich within the base metal through
to the composite/matrix interface. In the processed zone, the SiC content increases with
lower aluminum content, which indicates good dispersion of SiC particles. On the other
hand, the Si content is almost zero in the base metal, and increases toward the composite’s
outer layer. Other elements, such as oxygen and carbon, show a negligible change in
content through the thickness.

The variation in silicon throughout the width of the processed zone was also exam-
ined, as presented in Figure 9. To eliminate the presence of foreign particles, the EDS
measurements were carried out roughly 100 µm beneath the top layer of the processed
zone. The results show that silicon and aluminum are randomly present. The EDS spectrum
generally indicates a larger number of counts for aluminum compared to silicon content
for all points along the line of measurements. However, at a measurement distance of
approximately 110 µm, there is a large peak of silicon content presenting higher counts
than those for aluminum. The higher silicon content might be a result of the clustering of
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SiC particles. Other Si peaks are also shown in the spectrum, indicating small regions of
SiC clusters throughout the processed zone. The presence of silicon is evident from the line
of measurements, which indicates sufficient dispersion of SiC particles.
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3.3. Microhardness

The widthwise microhardness profile of the processed zone, along with the average
microhardness of the as-received 1100 aluminum, are shown in Figure 10 for three processing
conditions. The microhardness indentations were measured at 150 µm below the top surface
of the SZ. The average microhardness of the as-received 1100 aluminum was 38.5 Hv. In the
case of FSP with negligible SiC dispersion, the results show a reduction in the hardness below
the base metal value for all points measured in the processed zone. This indicates that the
as-received aluminum, which was initially in cold-worked condition, was exposed to high
frictional heat during FSP, resulting in a drop in hardness in the heat-treatable 1100 aluminum
alloy. For the workpiece processed using a plunge depth of 0.6 mm, the surface composite’s
microhardness was, remarkably, higher than the base metal due to the dispersion-strengthening
mechanism attained as a result of the presence of the reinforcement SiC particles in the
processed zone [4,35,38,39]. High hardness values, approaching 76 Hv, were recorded near the
center of the processed zone, which is consistent with the OM and EDS results, supporting the
production of excellent SiC dispersion in the thick composite layer at the center of the processed
zone. The increase of hardness extends roughly 5 mm from the center of the processed zone.
Beyond 5 mm, a reduction in the hardness was shown to occur, reaching a minimum of
approximately 24 Hv at the composite/matrix interface, which is lower than the hardness
recorded for the as-received aluminum (38.5 Hv). The reduction in hardness demonstrates that
the dispersion of SiC particles into the aluminum matrix became less effective as the distance
from the tool center increases. Over such large distances, the hardness is strongly governed by
the aluminum matrix.

 
Figure 10. Vickers microhardness profile of a horizontal line at the upper layer of the sample. 
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Figure 10. Vickers microhardness profile of a horizontal line at the upper layer of the sample.

In addition, the hardness profile of the workpiece processed using a plunge depth
of 0.6 mm was not symmetrical. The hardness was slightly higher on the retreating side.
Additionally, the decrease in hardness below the base metal value was less present on the
retreating side. Such non-symmetrical behavior can mostly be attributed to the temperature
increase in the advancing side in comparison to the retreating side during processing, as
reported by [40,41]. The hardness profile recorded for the workpiece processed with a
plunge depth of 0.6 mm was reported by Sharma et al. [26], indicating steep fluctuations
in the hardness values from the center towards the composite/matrix interface. The
fluctuations in hardness are strongly related to the SiC agglomeration and formation of
clusters/bands of and/or the number of dispersed particles. The volume fraction of SiC
particles is expected to influence the microhardness in the processed zone. As the volume
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percent of the SiC particles increases, the microhardness eventually increases. This was
reported by Mishra et al. [4], where the microhardness of the surface composites increased
by more than 50 Hv when the vol.% of SiC particles was increased from 13% to 27%. The
measured microhardness values for the workpiece processed using a plunge depth of 0.6
mm were generally in good agreement with the results of the semi-quantitative elemental
mapping presented in Figures 8 and 9.

Figure 11 presents the through-thickness hardness profile at the center of the three
cases examined in Figure 10. For the workpiece processed by FSP without particle disper-
sion, there is a decline in the hardness below the as-received value, reaching a minimum
of 28 Hv at approximately 0.4 mm below the top surface. The hardness values gradually
increase at increasing depth, reaching the hardness of the as-received material at a depth of
3 mm. For the workpiece by a plunge depth of 0.6 mm, the dispersion of SiC particles at the
top surface resulted in an increase in hardness to 76 Hv and a decrease at greater depths,
dropping to approximately 45 Hv at the composite/matrix interface (0.5 mm from the top
surface). The remarkable increase in the microhardness at the outer processed surface is
most likely attributable to the presence of the reinforcement SiC particles, as demonstrated
by the ESD mapping presented in Figures 8 and 9. In addition, a further reduction in
hardness to 35 Hv was recorded at depths greater than the composite/matrix interface
(between 0.5 and 1 mm). However, the hardness gradually increased to the hardness
of the as-received material at a depth of 1 mm. Compared to the workpiece processed
using FSP without SiC dispersion, the decrease in hardness in the aluminum matrix region
next to the composite/matrix interface was less severe for the workpiece processed using
SiC dispersion via FSP. This indicates that the amount of frictional heat absorbed by the
aluminum matrix was greater for the workpiece processed by FSP without SiC dispersion,
and thus the reduction in hardness was not only stronger, but also occurred at a greater
depth below the processed surface. It can also be deduced that dispersion of SiC on the top
surface of the workpiece acted as a lubricant, reducing the transition of frictional heat in the
aluminum matrix due to FSP, and thus producing less loss in hardness in the base metal.

The plunge depth was shown to strongly affect the development of uniform thickness
of the composite layer, as well as the uniformity of SiC particle dispersion and hardness
development. For a given angle of tilt (◦7), the increase in plunge depth resulted in an increase
in the contact area between the shoulder and the workpiece. This eventually promoted greater
depth in the composite layer, considering that the back-extrusion force was not sufficiently
high to cause matrix plastic flow into the tool hole. However, the increase in plunge depth
could have a deteriorating effect on the matrix microhardness due to the high amount of
heat generated during processing, as previously reported by Rathee et al. [42]. However,
the reduction in matrix microhardness was shown to be small when the plunge depth was
carefully chosen at a value of 0.6 mm, as also demonstrated in Figure 11.
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Figure 11. Vickers microhardness through-thickness profile of the FSP aluminum alloy.
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4. Conclusions

A new approach and tool design for direct friction stir processing to eliminate the step
of preplacing reinforcement particles into the base metal was proposed for developing a
surface composite layer on 1100 aluminum alloy. The FSP tool consists of a two-part hollow
body, i.e., a hollow shank and a shoulder. The new processing approach requires less than
half of the tool shoulder to contact the surface, allowing the dispersion of reinforcement
particles onto the workpiece’s surface through the hole and mitigating the blockage of
the hole during processing. Three different sizes of hole were used, but the 6-mm hole
was the optimum. The high rotational speed rate, a tilting angle of 7◦ for the tool, and
a moderate plunge depth produced the heat required for plasticization, leading to the
application of reinforcement particles. These tool design and processing approaches were
shown to effectively disperse the microsized SiC particles into the aluminum matrix during
FSP, reaching a uniform distribution of SiC particles in the SZ at the top surface of the base
metal with no porosity. The Al/SiC surface composite layer has a thickness ranging from
50 µm, near the edge of the processed area, to about 300 µm, at the center of the processed
area. The microhardness increased remarkably from 38.5 Hv at the base to about 80 Hv at
the composite’s top layer.
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