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In this work, aluminium is combined with carbon nanomaterials to en-
hance the mechanical properties of aluminium-—carbon alloys, using pow-
der-metallurgy technology. The powders are mixed in specific weight rati-
os and varying reinforcement concentrations, with aluminium serving as
the base material and carbon nanomaterials as the reinforcement. These
powders are pressed into moulds with a diameter of 10 mm, producing six
samples of aluminium-—carbon-alloy compacts. The mechanical properties
of the prepared samples, such as hardness, porosity, and density, are
studied. The best hardness value achieved is of 82.5 g/mm?. As observed,
porosity increases with the reinforcement content after the second sample,
while reinforcement content inversely affects both bulk and apparent den-
sities, decreasing them as the reinforcement content is increased.

Y mamiit po6ori amoMiHii GyJio IMOegHAHO 3 BYIJIEleBUMU HaHOMAaTepidramMu
IJIS TIOJIIIIIIIEHHA MeXaHIYHMX BJIACTUBOCTEN aJIIOMiHilIOBO-BYTIJIEI[eBUX CTO-
OiB 3a HOMOMOTOI0 TeXHOJIOTil mopomikoBoi meranyprii. Ilopomku aminryBa-
JIU y NeBHUX BaroBUX CIIiBBiZHOINEHHAX i 3 PiSHOIO KOHIIEHTpPAIli€l0 apMy-
BaHHA, NIPUYOMY AQJUIOMIiHIN CJIYKUB OCHOBHUM MAaTepifasoM, a BYyIJIeIleBi
HaHoOMAaTepiAaaum — apmarypoio. Ili mopomkm mpecyBanum y GopMu AissMeT-
pom y 10 MM, OZep:KyIOuM IIIiCThL 3pPasKiB KOMIIAKTHHX 3aroTiBOK 3i cToIry
aJIOMiHiI—ByTJIellb. ByJio gociimkeHO MeXaHiUHiI BJIACTHUBOCTI IIiAroTOBIIE-
HUX 3pas3KiB, TaKi AK TBepmicTh, mMOpuUCTicTh i rycTmHa. Hanrinime mocAarmy-
Te 3HAUYEHHS TBEPAOCTH cTaHOBMIO 32,5 r/Mm2. Byio BifsHaueHO, IO IOPH-
cTicTh 30idbIyBasiacAd 3i 30iJbIIIEHHAM BMiCTy apMaTypu IIicJas APYroro
3pas3Ka, TOAl AK BMIiCT apMaTypd BILINBAB oOepHEHO AK Ha 00 €éMHY, Tak i
Ha BUAUMY I'YCTHUHY, 3MEHIITYIOUM iX 3i 30iJbIlIeHHAM BMiCTy apMaTypHu.
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1. INTRODUCTION

Composite materials are composed of two or more materials com-
bined together. One of these materials is called the matrix, which
typically has a lower density, such as aluminium or titanium. The
other is the reinforcement, which may consist of particles, fila-
ments, or fibres. Composite materials exhibit superior mechanical
properties and higher performance compared to individual materials
used alone [1]. This makes them suitable for a wide range of engi-
neering applications, including automotive, machinery, military
tools, shipbuilding, aerospace, and more [2, 3]. These materials are
characterized by their lightweight, high strength [4, 5], thermal
stability, thermal conductivity, hardness, and low thermal-
expansion coefficient [6, 7].

Various metals, such as copper, magnesium, aluminium, and ti-
tanium, are commonly used as matrix materials in metal-matrix
composites (MMCs) [8]. Among these, aluminium-based MMCs are
the most widely used [9] due to their high hardness, excellent
damping capabilities, outstanding thermal management properties,
lightweight nature, and good corrosion resistance [10]. Aluminium-
based MMCs find applications in diverse fields such as lightweight
designs (e.g., in automotive, aerospace, railways, marine industries,
and aircraft), high-temperature components (e.g., pistons, cylinders,
bearings, and connecting rods), electronic and thermal management
packaging, and electrical and thermal transport systems [11].

Both micro- and nanoscale reinforcement materials are utilized in
various applications. Common examples of microscale reinforce-
ments include AIN, Al,O;, SiC, ZrO,, Si;N,, TiB,, and Y,0;. Similar-
ly, nanoscale reinforcements include carbon nanomaterials, SiC na-
noparticles, ZrO, nanoparticles, and fullerenes [12]. Microscale rein-
forcements in aluminium-based materials improve the mechanical
properties of composites. However, further enhancement in
strength can be achieved by reducing the reinforcement size to the
nanoscale. Nanoscale reinforcements interact more effectively at the
interface with the matrix material. When aluminium is reinforced
with nanomaterials, it results in significant improvements in prop-
erties such as ultimate tensile strength, yield strength, and Young’s
modulus [13].

Aluminium-matrix composites (AMCs) are produced, using vari-
ous manufacturing processes such as powder metallurgy, spark
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Fig. 1. Aluminium powder. Fig. 2. Nanocarbon powder.

-

plasma sintering (SPS), stir casting, friction stir processing, and
severe plastic deformation [14].

Powder metallurgy is a simple and cost-effective method that has
proven effective in uniformly dispersing reinforcements within the
aluminium matrix, as well as enhancing the mechanical properties
of the composite [15].

2. PRACTICAL ASPECTS
2.1. Raw Materials

Aluminium powder: a 100-g aluminium powder with a purity of
(99.1%), sourced from Thomas Baker (India), as shown in Fig. 1.
Carbon nanomaterial: a 50-g carbon nanomaterial with a purity of
(99.5%), obtained from (Avonchem UK), as shown in Fig. 2.

2.2. Procedure: Preparation of the Mixture

The mixture proportions were calculated based on the volumetric
ratio of each component, considering the density difference between
aluminium and carbon nanomaterials. A Sartorius analytical balance
(Japan-made) with an accuracy of 0.0001 g was used for weighing,
as shown in Fig. 3.

A 2-g sample was prepared for each compact as shown in Fig. 4
and distributed as detailed in Table 1.

2.3. Mixing Process

The measured quantities were placed in an agate mortar as shown in
Fig. 5 and thoroughly mixed to achieve a homogeneous blend.
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Fig. 3. A sensitive balance for meas-  Fig. 4. Compressed after pressing.
uring masses of samples.

TABLE 1. The compresses and the percentage of each element in them.

m, g
Samples Al C
1 2 0.0
2 1.9 0.1
3 1.8 0.2
4 1.7 0.3
5 1.6 0.4
6 1.5 0.5

3. COMPACTION

The samples were formed by pressing the mixture, using uniaxial
pressing at a force of 8 tons for 5 min. A hardened steel die as
shown in Fig. 6 was used for this purpose.

4. TESTING METHODS
4.1. Hardness Testing

The Vickers microhardness test was conducted in a French
METKON hardness device located at Tikrit University, College of
Engineering, and shown in Fig. 7, which consists of an implantation
tool, which is a pointed microscopic head in the shape of a square-
base diamond pyramid, the levels of which intersect at the top at an
angle of 136°, where the piston is fixed under this tool. A load of
500 g is applied for a time of 5 sec. The Vickers hardness number is
calculated by measuring the lengths of the two diameters, d, d,,
and their average value, d,,, and applying the following relationship
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Fig. 5. An agate mortar for grinding. Fig. 6. Solid steel mould.

Fig. 7. Vickers hardness meter.

[16]:
_ 2Psin(1367/2) Sm(;l% /2) _ 1.854d£, (1)

av av

HV

where HV is Vickers hardness, P is applied pressure [N], d,, is av-
erage diameter of the mark. The hardness was taken at different
areas such as the edges and the centre to obtain an approximate
value for the hardness rate in units of [g/mm?].

4.2, Apparent and Bulk Densities

The compacts were immersed in distilled water at room temperature
for 24 hours. After immersion, they were removed, and any remain-
ing surface water was wiped off. The saturated weight (W,) was
recorded. The samples were then suspended and submerged in dis-
tilled water, using a sensitive suspension balance located in the Col-
lege of Education, University of Tikrit, to measure the suspended
weight (W,). Using the dry weight (W,) and suspended weight (W),
the apparent density (p,) and bulk density (p,) were calculated, us-
ing the following formulas [17, 18]:
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where p, is apparent density [g/cm?®], p, is water density of 1000
g/cm?, W, is dry weight of the sample [g], W, is suspended weight
of the sample [g], p, is bulk density [g/cm®], W, is saturated weight
of the sample [g].

4.3. Apparent and True Porosity

Porosity was evaluated using the Archimedes principle. The dry
weight (W,) was recorded, followed by immersion in distilled water
for 24 hours to measure the saturated weight (W,). The samples
were then suspended in distilled water to measure the suspended
weight (W)). Apparent porosity (A.P.) and true porosity (7.P.) were
calculated as follows [19]:

W, - W,

s i

A.P. = -100%, (4)

T.P. =P "Pv 100%. (5)
P

5. RESULTS AND DISCUSSION
5.1. Vickers Hardness

The hardness values for the compacted samples with varying carbon
nanomaterial content are shown in Table 2 and Fig. 8 The highest
Vickers hardness value of 32.5 g/mm?® was achieved by sample 2
with a carbon content of 0.1 g. Hardness decreases as the carbon
content increases beyond 0.1 g, with the lowest wvalue of 20.1
g/mm? observed for sample 6 (with 0.5 g carbon content). This de-
crease in hardness is attributed to the reduced base-material con-
tent, the formation of new phases during mixing and compaction,
and increased interfacial surface area due to added reinforcement.

5.2. Apparent and True Porosity

Table 3 shows the nanocarbon content and the apparent and true
porosity values for the compressed samples. The lowest porosity
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TABLE 2. Hardness values and carbon content in the samples.

No. of samples Content of C, g Hardness, g/mm?
1 0 25.2
2 0.1 32.5
3 0.2 26.9
4 0.3 23.9
5 0.4 21.8
6 0.5 20.1
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Fig. 8. Hardness curve as a function of carbon content in the samples.

value is for the second sample, as the proportion of reinforced
nanocarbon constituted 0.1 g of the compressed mass. We also no-
tice an increase in the apparent and true porosity values with the
increase in the reinforcement content. The highest porosity value
was for the sixth sample.

Figure 9 shows the apparent and true porosity curves as a func-
tion of the change in the reinforcement content in the compressed
samples. We also notice that the true porosity is slightly higher
than the apparent porosity. The clear increase in the ratio of the
true and apparent porosities is attributed to the improvement of the
adhesion between the base metal and the reinforcement particles.

5.3. Apparent and Bulk Density

Table 4 shows the nanocarbon content and the apparent density and
bulk density values of the compressed samples. The highest density
value is for the second sample. We also notice that the density val-
ues decrease with increasing the reinforcement content. The lowest
density value was for the sixth sample.

Figure 10 shows the apparent density and bulk density curves as
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TABLE 3. Porosity values and carbon content in the samples.

No. of samples

Content of C, % | Apparent porosity

True porosity

1 0 2.31 2.51
2 0.1 0.71 0.79
3 0.2 2.22 2.59
4 0.3 4.02 4.49
5 0.4 5.55 5.95
6 0.5 6.87 7.21
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Fig. 9. Porosity curves as functions of carbon content in the samples.

functions of the change in reinforcement content in the compressed
samples. We also notice that the apparent density is slightly higher
than the bulk density, and the density curves change in an opposite
manner to the change in the porosity curves.

6. CONCLUSIONS

This study showed that the mechanical properties of aluminium can
be changed by adding nanocarbon as a reinforcement material at
ratios of 0.1 g from the previous ratio to obtain six samples using
the powder-metallurgy method.

It was found that the hardness increases, when sample is rein-
forced with a small percentage of carbon, and then begins to de-
crease with the increase of the reinforcement material, while the
apparent porosity and true porosity increase at the lowest percent-
age of reinforcement and then begin to increase with the increase of
the reinforcement-material content.

It was also found that the apparent density and volume density
curves behave in the opposite direction to the porosity curves.
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TABLE 4. Density values and carbon content in the samples.

No. of samples Content of C, % | Apparent density | Bulk density

1 0 2.48 2.45
2 0.1 2.84 2.79
3 0.2 2.55 2.51
4 0.3 2.29 2.25
5 0.4 2.08 2.04
6 0.5 1.91 1.85
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Fig. 10. Density curves as functions of carbon content in the samples.
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