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Novel constitutions of ceramic bond the new opportunity of engineering materials via solid-state process attaining enhanced material
characteristics to overcome the drawback of conventional materials used in aquatic applications. The copper-based materials have
great potential to explore high corrosion resistance and good thermal performance in the above applications. The main objectives
of this research are to develop and enhance the characteristics of the copper-based hybrid nanocomposite containing different
weight percentages of alumina and graphite hard ceramics synthesized via solid-state processing (powder metallurgy). The
presence of alumina nanoparticles with a good blending process has to improve the corrosion resistance, and graphite
nanoparticles may limit the weight loss of the sample during potentiodynamic corrosion analysis. The developed composite’s
micro Vickers hardness is evaluated by the E384 standard on ASTM value of 69Hv and is noted by increasing the weight
percentages of alumina nanoparticles. The conduction temperature of actual sintering anticipates the thermogravimetric analysis of
developed composite samples varied from 400°C to 750°C. The thermogravimetric graph illustration curve of the tested sample
found double-step decomposition identified between 427°C and 456°C. The potentiodynamic analyzer is used to evaluate the
corrosion behaviour of the sample and the weight loss equation adopted for finding the theoretical weight loss of the composite.

1. Introduction

Copper is one of the best corrosion-free metals in defense and
aquatic applications. Naturally, it is ductile, has good fluidity,
and exhibits high thermal and electrical conductivity compared
to traditional metals [1]. In addition, copper-based composite
materials can serve extensive performance in the automotive
and electronic industries due to their excellent thermal, tribo-

logical, mechanical, electrical, and corrosion characteristics
[2–5]. The secondary phase materials based on ceramics are
used to create copper composite. It offers the specific desired
characteristics with economic [6, 7]. The drawback behind
the fabrication of copper/ceramic composite is poor bonding
on inferior wetting properties [8, 9]. To solve the above, more
than one suitable secondary phase reinforcement has been
adopted in a similar composite in the form of nano- or
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microparticles called hybrid nanocomposite. Recently, the
growth hybrid composite materials developed with different
matrix materials are incorporated with suitable secondary
phase reinforcement materials that can prevent catastrophic
and scuffing indemnity [10–13]. Many hybrid composites
have been produced for various applications like sports goods,
marine, automotive, structural, aviation, and defense [14–17].
However, the investigation results of increases in the tensile
strength and hardness and a constrained coefficient of friction
show that the composite created with a copper-based matrix
and graphite particles can provide a solid lubricant effect.
One additional ceramic phase, either aluminium oxide or sili-
con carbide, is considered to be a reinforcement [18, 19]. The
above-referred ceramic has been influenced by copper’s inher-
ent conductivity and machinability [20]. The copper matrix
with different secondary phase combinations is evaluated by
a digital-type thermoanalyzer, resulting in better thermal con-
ductivity. The majority of jet engines now have copper/
ceramic combinations with good corrosion resistance [21].
At the earliest, chromium-reinforced coppermatrix composite
coated with carbon nanotubes found a problem with the wet-
ting of secondary reinforcement [22].

The hybrid composite produced by two different ceramic
particles is considered one in nanoscale and micron size via
powder metallurgy. It results in superior strength of composite
[23]. The corrosion behaviour of 1% carbon-reinforced Fe com-
posite was evaluated by 1% of HNO3 solution at 25 hours. It
reveals that the corrosion rate on pure Fe was inversely higher
than Fe/1% carbon composite [24]. The powder metallurgy
route was developed with the waste ground nut of shell ash-
reinforced Cu-WC hybrid composite. The results of the pro-
duced composite containing higher ground shell ash found
increased corrosion resistance [25]. A seawater environment
tested the corrosion performance of copper and its alloy via
an electrochemical corrosion test. It was noticed with high cor-
rosion resistance on both copper and its alloy [26]. The Al-Si
alloy composite developed with alumina nanoparticles found
increased corrosion resistance compared to cast Al-Si alloy.
The corrosion resistance enhancement was mainly attributed
to its Si constitutions with hard ceramic [27]. The mechanical
alloying method was one of the best routes to obtain pore-free
composites [28, 29]. The electrochemical corrosion test of
copper-based composites found increased resistance value due

to the effective blending of metal powder [30]. According to
the recent research literature cited above from a variety of
researchers, the development of a copper matrix composite,
which is attracting more attention from the nanoscience com-
munity, could replace the microparticle size with a nanosize,
improving the matrix’s ability to resist corrosion. As a result,
the current experimental inquiry focuses on heat adsorption,
and the thermogravimetric and potentiodynamic analyses were
used to examine the corrosion resistance behaviour of a copper
hybrid nanocomposite made via powder metallurgy.

2. Materials and Processing Details

2.1. Choice of the Base Matrix. In the present investigation,
pure copper (varied particle size) is considered as the matrix
material, and its properties are mentioned in Table 1. It
consists of 99.5% copper with 0.5% of other constitutions
helping to assist the thermal changes during the melting of
copper [1, 2]. Pure copper facilities have good thermal, elec-
trical, and wear properties [3–5].

2.2. Choice of Reinforcements. The alumina and graphite par-
ticles are considered for reinforcements with a particle size
of 50 nm. Both ceramics are thermally stable at a higher tem-
perature, provide good solid lubricant, resist scratch against
the frictional force, and have good hardness [18, 20, 21]. The
characteristics of nanoalumina and micrographite particles
are tabulated in Table 2.

2.3. Processing Details for Copper Hybrid Nanocomposites. The
constitutions of copper matrix and ceramic reinforcement
details are referred to in Table 3. The required percentages of
copper metal powder and its secondary bonding phase ele-
ments, such as alumina/graphite nanoparticles, are weighted
by a digital weighing machine with the accuracy of ±0.001
grams as shown in Figures 1(a)–1(c).

Table 1: Properties of pure copper.

Properties Density
Vickers
hardness

Tensile
strength

Elongation at
break

Coefficient of thermal
expansion

Thermal
conductivity

Melting
point

Corrosion
rate

Units g/cc Hv MPa % μm/m°C W/m·K °C mm/year

Value 7.76 50 210 60 16.4 385 1083 0.001

Table 2: Properties of ceramics.

Properties Density (g/cc) Hardness (Mohs) Tensile modulus (GPa)
Coefficient of thermal
expansion (μm/m°C)

Thermal conductivity (W/m·K)

Alumina 3.96 9 370 0.6 30

Graphite 2.25 1 4.8 0.6-4.30 24

Table 3: Constitutions of copper hybrid nanocomposites.

Sample no. Copper in % Alumina in % Graphite in %

1 93 2 5

2 93 4 3

3 93 6 1
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Figure 2 represents the overall powder metallurgy pro-
cess. Figure 2(a) shows the process layout for composite fab-
rication. The measured quantity of copper matrix and its
ceramic (alumina/graphite) are blended at 500 rpm for 2
hours via a PM100 ball milling machine configured with a
planetary ball setup, shown in Figure 2(b). The PM100 ball
mill is easy to use for 8 kg mass and 220ml for sample mate-
rial. The blended materials are placed in air-sealed TiC-
coated vessels that hold a few TiC-coated balls at a ratio of
10 : 1. (10: metal powder in grams and 1: number of TiC
balls). It leads to an increase in particle compactness with
uniform and homogenous particle distribution achieved. It
helps to limit the micron size aggregation.

The blended metal powders are filled into circular die sizes
of 50mm in diameter. After that, it is compacted via a univer-
sal compact testingmachine with an applied compressive force
of 20 tons to make circular green pellets. Finally, the com-
pacted green pellets are sintered by an induction furnace at
the temperature of 700°C under a soaking period of 180min.
However, the sintering temperature of green pellets is lower
than the melting point temperature of parent materials.

The mechanical and tribological properties of the sintered
metal samples are improved, and oxidation isminimised when
they are stored in a boiler to debond the moisture contents in
an inert atmosphere [28, 31]. The developed composite sam-
ples are shown in Figure 2(c).

2.4. Experimental Test Details. The micro-Vickers hardness of
advanced hybrid composites (E384) is estimated using the
VM50 model apparatus by the ASTM standard via FIE. The
ASTM-E384 standard prepared hybrid nanocomposite sam-
ples are tested by 70 grams load at 20-second time duration.
The thermal behaviour of the polymer matrix composite is
analyzed by thermogravimetric analysis. A potentiodynamic
analyzer evaluated the corrosion studies of advanced compos-
ites, and the theoretical weight loss of the composite is identi-
fied by equation (1).

3. Results and Discussions

3.1. Micro Vickers Hardness. Figure 3 represents the micro
Vickers hardness value of a copper hybrid nanocomposite
containing alumina and graphite nanoparticles, followed by
the ratio of 2 : 5, 4 : 3, and 6 : 1, respectively. The presence
of 50 nm size alumina particles occupying a significant por-

tion of the copper matrix results in an increased hardness
value of the composite.

The addition of alumina nanoparticles to the copper
matrix causes a rise in Vickers hardness number, which is
measured as microhardness on the copper matrix [32]. It is
revealed from Figure 3 that the Vickers hardness of copper
hybrid nanocomposite linearly increases with an increase
in alumina content, resulting in 58 ± 0:5Hv, 64 ± 0:71Hv,
and 69 ± 0:73. The maximum hardness value of 69 ± 0:73
is observed by sample 3 (6 : 1). It was due to the presence
of complex alumina nanoparticles that resist the indentation
against the applied load. The hardness of sample 3 increased
by 38% compared to cast copper. Similarly, the hardness of
the hybrid composite was increased by 30% with the pres-
ence of Si3N4/ZrO2 [17]. However, the presences of alumina
and graphite nanoparticles in the copper matrix resist the
indentation against the load applied and limit the dislocation
of particle.

3.2. Thermal Performance Studies

3.2.1. Thermogravimetric Analysis on Thermal Adsorption
Properties for Copper Hybrid Nanocomposites.The real sintering
conduction temperature, which ranges from 400°C to 750°C
over a certain time period, is used to evaluate the thermal per-
formance on thermogravimetric analysis for the mass of copper
hybrid nanocomposites including various percentages of
alumina and graphite nanoparticles. This thermogravimetric
estimation offered the physical changes for the composite phase
transitions and decomposition during thermal changes. Sub-
stantial limits calculate the thermal adsorption on the thermal
stability of copper hybrid nanocomposite. However, the insig-
nificant mass loss on copper hybrid nanocomposite is not
traced or shows a nonslope trace [33–35]. The differential tem-
perature analysis (DTA), thermal-gravimetric analysis (TGA),
and combinations of differential thermogravimetric (DTG)
thermograph are used to study the thermal adsorption perfor-
mance curve of copper hybrid nanocomposite samples 1, 2,
and 3. The TGA, DTA, and DTG curves of a copper hybrid
nanocomposite comprising ceramics in the ratios of 4 : 3 and
6 : 1 are shown in Figures 4(b) and 4(c). Sample 1 from
Figure 4(a) represents the decompositions of copper hybrid
nanocomposite containing 2wt% alumina and 5% graphite
nanoparticles lying in the 440°C to 480°C temperature range.
Above 520°C temperature found the increased decomposition
rate due to the dislocation of particles within the matrix. So

(a) (b) (c)

Figure 1: Actual illustrations for (a) copper metal particles, (b) alumina nanoparticles, and (c) graphite nanoparticles.
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the mass loss of the composite is hiked more than 600 micro-
grams. Figures 4(b) and 4(c) show the TGA, DTA, and DTG
curves of copper hybrid nanocomposite containing the ceramic
at ratios 4 : 3 and 6 : 1. Samples 2 and 3 show similar decompo-
sition with minor slope variations due to irreversible ratio of

alumina and graphite nanoparticles in the copper matrix. How-
ever, it is revealed from Figures 4(a)–4(c) that the thermograph
of copper hybrid nanocomposites is accomplished with higher
temperature variations and withstands the working tempera-
ture devoid of structural loss or damage. The entire test samples
of thermal adsorption on hybrid nanocomposite are stable and
show ±42°C adsorption temperature.

The results from Figures 4(a)–4(c) show a similar curve
pattern on TGA, DTA, and DTG thermographs. Moreover,
the content of 93% copper bonded with 6% alumina and
1% graphite shows optimum mass loss results during
thermal adsorption of 5.18mg at 236°C. Further increase in
temperature above 250°C shows the intermediate zone to
minimize the mass loss of 5.21mg between 450°C and
471°C. The minimum mass on the thermal adsorption effect
of copper hybrid nanocomposite was 5.39mg at 723°C. It
was a limited 18.78% mass loss compared to copper ele-
ments. However, the TGA-developed double-step curve on
decomposition was identified between the temperature
ranges of 427°C to 456°C. More than 300 micrograms
increases the mass loss of the composite at the increased

Blending process
(Cu/Al2O3/Gr)

Sintering process
700°C/180 mins

Soaking process
180 mins

Developed composites
copper hybrid nano composite

(a) (b)

(c)

Figure 2: Overall powder metallurgy process: (a) process layout, (b) PM100 model planetary ball milling apparatus, and (c) developed
composite samples.
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Figure 3: Micro Vickers hardness for copper hybrid nanocomposites.
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Figure 4: Continued.
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temperature of 427°C, as noted in Figure 4(b). Similarly, the
composite contained 6wt% alumina, and 1% graphite found
an increased mass loss from 50mg to 95mg on improved
temperature rise of 250°C to 356°C.

3.3. Corrosion Performance. In the present study, copper metal
is considered a cathode polarity and easily permits the electron
to oxidation. A base metal accomplishes the developed com-
posites for aquatic applications. The solution medium of
sodium chloride and sodium hydroxide evaluates the corro-
sion nature of multiceramic-reinforced copper matrix hybrid
nanocomposites. The 1.5% of sodium hydroxide solution is
diluted for 300ml solution. It is held in a glass beaker. The
copper matrix hybrid nanocomposite of corrosion samples is
immersed in the sodium hydroxide solution for 1 day to study
the potentiodynamic analysis. Figures 5(a)–5(c) illustrate the
potentiodynamic analysis on corrosion studies of copper
hybrid nanocomposites containing 2%, 4%, and 6% alumina.

Correspondingly, the graphite nanoparticle incorporated
with alumina is 5%, 3%, and 1%, respectively. The digital
weighing machine with an accuracy of ±0.001 gram is uti-
lized to measure the weight of the composite sample before
(W1) and after (W2) corrosion study. The theoretical weight
loss is calculated by

Weight loss of composite = W2 −W1
W2 : ð1Þ

Figure 5 shows that a copper hybrid nanocomposite with
6% alumina and 1% graphite had the highest resistance to
the development of corrosion. When compared to the anode
pole, the cathode polarisation has greater corrosion resis-
tance. Similarly, the prepared corrosion test samples are
dipped in sea salt water, and the weight loss method esti-
mates its effect on corrosion formation. The test result of
the corrosion study is mentioned in Table 4. It was noted
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Figure 4: (a) Thermal adsorption effect on TGA, DTA, and DTG results for sample 1. (b) Thermal adsorption effect on TGA, DTA, and
DTG results for sample 2. (c) Thermal adsorption effect on TGA, DTA, and DTG results for sample 3.
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Figure 5: (a) Potentiodynamic analysis of corrosion results on sample 1. (b) Potentiodynamic analysis of corrosion results on sample 2. (c)
Potentiodynamic analysis of corrosion results on sample 3.

Table 4: Corrosion test results.

Sample
Sodium hydroxide solution Sea water

Initial weight (g)
pH concentration in g

Initial weight (g) Loss of weight (g)
0.75% 0.50% 0.25%

1 6 0.19 0.15 0.087 3 0.187

2 6 0.15 0.13 0.031 3 0.181

3 6 0.02 0 0 3 0
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from Table 4 that sample 3 found intensive corrosion resis-
tance with zero weight loss. It was due to the combination of
copper/alumina/graphite. The alumina content resists the
corrosion support on the copper matrix, and graphite limits
weight loss.

It is observed from Figure 5(a) that the potentiodynamic
analysis curve for sample 1 is not similar to the actual repre-
sentation. The line of green represents the actual curve
before the corrosion test, and the red curve indicates the
curve for corrosion sample 1. There are few changes found
in the potential curve. Sample 1 is not suitable for the above
applications. It has some minor corrosion-affected areas to
be deflected.

Figure 5(b) represents the potentiodynamic analysis of cor-
rosion results on sample 2 copper hybrid nanocomposites. The
potential pattern for both actual and measured values shows a
similar pattern, but themeasured corrosion value deviates from
the actual value. It has represented some corrosion-affected
places during the evaluation of sodium hydroxide solution for
1 day. It may lead to damage to the copper matrix hybrid nano-
composites. The proof of pH concentration is mentioned in
Table 4.

Figure 5(c) shows the potentiodynamic analysis curve on
corrosion results on sample 3 hybrid nanocomposite. The
actual and measured corrosion curves match similarly with a
few variations. This demonstrates that sample 3’s corrosion
analysis resulted in no material loss. The measured corrosion
value of sample 3 is represented in Table 4 with varied pH
concentrations. The tested samples are shown in Figure 6.

4. Conclusions

The copper-based hybrid nanocomposite is effectively devel-
oped with alumina and graphite nanoparticles through the
powder metallurgy route. The developed hybrid nanocom-
posites are subjected to hardness; thermal adsorption behav-
iour on TGA, DTA, and DTG routes; and corrosion studies.
The following conclusions are made as follows:

(i) The presence of nanoalumina and graphite ceramics
enhances the characteristics of hybrid nanocompos-
ite, and its experimental results are proven

(ii) There is a progressive improvement in hardness,
effective thermal performance, and good corrosion
resistance

(iii) Sample 3 (Cu/6% Al2O3/1% graphite) found a supe-
rior hardness of 69 ± 0:73 and increased 38% of cast
copper material

Sample 1 Sample 2 Sample 3

Figure 6: Corrosion test samples.

(iv) The intermediate thermal stability of the composite
(sample 3) was identified as 5.21mg between 450°C
and 471°C

(v) The corrosion studies found that the increased alu-
mina content in the copper matrix shows an exhibited
corrosion resistance value. There is no significant loss
of composite during the potentiodynamic analysis
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