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Abstract:

Aluminium matrix composite has been increasingly developed due to the
impressive performances demonstrated, mechanically and physically. The related
properties were enhanced with the addition of reinforcing materials and this tailor-
made composite can be used in the area of automotive, aerospace and military. In
this study, the matrix composite was developed directly from aluminium chips
without remelting through a series of hot press forging operations. This process
involved heating the aluminium chip mixtures with 1 to 8 wt% chromium content
above the recrystallization temperature. Then, the uniaxial force was subsequently
applied onto the composite. For performance measures, the hot pressed
composites were tested for the ultimate tensile strength (UTS) and elongation to
failure (ETF). The composite with 2 wt % of chromium exhibits significant
improvement compared to other samples, with the UTS and ETF reached to
215.37 MPa and 30.65% respectively. This sample exceeds the minimum stress
and strain of stock aluminium AA6061-T4. Furthermore, the addition of chromium
beyond 2 wt % would generally cause reduction of the mechanical properties of the
composite.
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INTRODUCTION

Over the last decade, composite materials have been
the leading material of choice in the modern
technological era. This is apparently due to the
performance enhancement of the aluminium matrix
material with reinforcing materials. The aluminium
matrix composite demonstrates excellent physical and
mechanical properties, at the same time having a low
density, high toughness, and corrosion resistance [1].
The comprehensive improvements led to the utilization
of aluminium matrix composites in automotive,
electronics, aerospace, and military industries [2,3].
However, the aluminium matrix composite's high
production cost becomes the downside of this material,
where the primary usage is confined to military
applications [4].

Aluminium chips can be potentially used as the matrix
in the aluminium matrix composite, which further
reduces the overall process's production cost.
Furthermore, it provides an alternative way to direct
recycling of aluminium scraps [5,6]. Past studies on the
solid-state recycling of aluminium chips using the hot-
pressed forging technique showed favorable physical
and mechanical properties [7]. The chips were heated
above the recrystallization temperature  for
consolidation, which gradually developed a strong
bonding due to uniformly fine oxide particle dispersions
[8]. Besides, a sufficient soaking time must be allowed
to completely re-dissolve the second phase [9].

Previous studies show that the amount of reinforced
materials plays a vital role in the composite's resulting
physical and mechanical properties [10]. Lajis et al. [11]
concluded that the ultimate tensile strength (UTS) and
elongation to failure (ETF) of hot-pressed composite
increase as the amount of alumina increases to 2 wt %.
On top of that, several researchers also found similar
trends, where the UTS and ETF increased as the
alumina content increases up to 10 wt % in composite
produced by the powder metallurgy [12,13].

This work focuses on the effect of chromium addition in
the aluminium alloys AA6061 chips based matrix
composite. Hot forging was used as the primary
process to produce the aluminium matrix composite.
Significant reduction of porosity has been observed on
the developed composite. The performances were
analyzed merely on the UTS and ETF of the
composite. The results obtained were compared with
the standard's theoretical data, and the expected
properties were supposed to be closed to an existing
monolithic stock aluminium alloy.
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MATERIALS AND METHODS

Chromium powder (99% purity, Dongguan Zhiding
Electronics Technology Co. Ltd, China) with the particle
size ranging from 70 - 80 nm and the as-cast
aluminium alloy AA6061 (99% purity) were used as
reinfforced and matrix materials, respectively. The
amounts of chromium powder were varied to 1, 2, 4, 6,
and 8 wt%. The as-cast aluminium AA6061 was
examined to confirm the standard specified for
aluminium and aluminium-alloy sheet and plate [14].
The minimum UTS of alloy 6061- T4 is 205 MPa with a
minimum ETF of 18%.

The chips were derived through the high-speed milling
process by the Sodick-MC430L machine. The
machining parameters selected are shown in Table 1.
The resulting chips were then cleaned with acetone
(C3H60) in an ultrasonic bath for 30 minutes [15].
Figure 1 shows the dried chips after taken out from the
drying oven set at 60°C for 30 minutes.

Table 1: Milling Parameters Selected [16]
Parameter Value
Cutting S peed, V (m/min) 110
Feed, f (mm/tooth) 0.05
Depth of cut, doc (mm) 1.0

Figure 1: Aluminium chips.

The cleaned aluminium chips were then mixed with the
chromium powder following the reinforcing content of 1,
2, 4, 6, and 8 wt%, while the remaining constituent was
the aluminium chips as the matrix. The mixing process
takes 1 hour at 50 rpm in the three-dimensional mixer
(planetary movement). The mixture of aluminium chips
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and chromium were then poured into the mould and
heated up in the hot forging machine. When the
furnace's temperature reaches 530°C, the temperature
was maintained for 1 hour. This is required to
homogenize the temperature throughout the mould and
the mixture inside. Then a 35 tonnes uniaxial force was
applied perpendicularly onto the mixture for 120
minutes [17]. The hot-pressed composite was then
removed and quenched directly in the water bath at
60°C for 5 seconds, which can be denoted as T1-
temper. This newly developed composite is supposed
to be comparable theoretically with the stock aluminium
alloy AA6061-T4. This is because both materials
experienced a similar solution heat treatment and
natural aging until the stable condition [18,19]. The
graphical representation of the hot press forging and
heat treatment progression is depicted in Figure 2.

Homogenising Hot Press Forging

The dimensions of the mould for the hot press forging
followed ASTM-E8, common standards for specimen
preparation in tensile test [20] as shown in Figure 3.
The samples produced were subsequently pulled to fail
to determine the mechanical properties of UTS and
ETF. The Universal Testing machine was used to carry
out all tensile tests throughout the study with a constant
1.00 mm/min speed.

RESULTS AND DISCUSSION

The addition of 2 wt % of Cr results in the highest
obtainable UTS of 215.37 MPa compared to other
developed composites. The UTS of 2 wt % of Cr
surpasses the minimum UTS of stock aluminium
AA6061-T4, as shown in Figure 4. The fundamental
behind the improvement is that the matrix aluminium
was held firmly by the reinforced particle of Cr and it is
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Figure 3: ASTM-E8 standard’s specimen (in mm).
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Figure 4: Results of UTS with the increase of chromium
content.

further prevents dislocation movement of the aluminium
chips through dispersion strengthening mechanism
[9,11,21]. The addition of more Cr constituents in
composite leads to the reduction of UTS performance.
The reinforced particles are seen to agglomerate by
increasing their content in the composite quickly. The
mixing process became inefficient and unable to

spread out the Cr powder throughout the mixture
homogeneously. Inhomogeneous mixing of the matrix
composite with the reinforced material forms a weak
interfacial bonding and leads to higher porosity,
resulting in a composite with low UTS performance
[12,22]. The microstructure of the hot-pressed
specimen is shown in Figure 5.

The ETF behaviour is shown in Figure 6 exhibits a
similar trend as in the UTS of the composite. Initially,
the ETF of the composite increases from 24.81% to
30.65%, with the increase of chromium content from 1
% to 2 %, as shown in Figure 6. With the presence of
appropriate chromium content in the composite, the
pores and voids in the aluminium matrix are reduced
considerably [23]. On top of that, strong mating surface
bonds between chip-to-chip and chip-to-powder
regions are primarily obtained from the hot pressing
operation. Therefore, the composite's overall porosity is
reduced [22].

Further increment of chromium in the composite from
2% to 4% decreases the ETF to 24.11%. The ETF

Figure 5:
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Microstructure of hot pressed aluminium chips with Cr at a) 1%, b) 2%, ¢) 4%, d) 6% and e) 8%.
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continues to decrease to 11.53% for composite with
6% chromium. The reduction of ETF starts to reach a
plateau at 6%, where the further addition of chromium
will not significantly affect the ETF of the composite.
This phenomenon occurs as clustering of excess
chromium in the composite began to form, when the
chromium's addition beyond the optimal of 2%. These
clusters cause the weaker region's formation
throughout the composite [11], thus reducing the ETF
of the composite.
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Figure 6: Variations in ETF as a result of chromium content
increment.

From Figure 7, the stress-strain behaviour with varying
amounts of chromium content exhibits similar trends.
The minimum boundary for AA6061-T4 is at 205 MPa
for minimum stress and minimum strain at 18%.

Aluminium composite of 2% chromium surpasses the
minimum boundary of the standard AA6061-T4 with
true stress barely passing the minimum. While the
chromium content of 1, 2, and 4% greatly surpass the
minimum elongation point. There is a significant
improvement in the composites' stress-strain behaviour
at 2%, which is denoted as the highest and optimal
chromium content in this study [24]. However, further
addition of chromium leads to the declination for the
final stress-strain of the composites. The addition of the
chromium beyond the optimal causes the concentration
of the reinforcing phase in the composite, thereby
enhancing the local stresses from plastic deformation
restriction. Furthermore, the reinforcing phase's
clustering reduces the inter-particle distance of the
voids and crack in the composite, which in turn reduces
the overall ductility [25].

CONCLUSION

. Fabrication of chromium reinforced aluminium
chip matrix composite through hot pressed
forging has been achieved. The composites
exhibit a significant improvement in terms of UTS
and ETF. Through this study, the following
conclusions have been drawn. The chromium
amount strongly influences the mechanical
properties of the composite in the composite,
where the optimal amount of chromium stands at
2 wt%. Further addition of chromium resulted in
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Figure 7: The effect of chromium content on the stress-strain behaviour of the composite.
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deteriorating in the mechanical properties due to
inhomogeneous distribution and clustering of the
reinforcing phase

. 2 wt % of chromium reinforced aluminium matrix
composite has surpassed the minimum standard
of aluminium AA6061-T4, in terms of UTS and
ETF. Therefore, fabrication of composite with
recycled aluminium chips through hot press
forging proves to be an alternative to composite
production and secondary aluminium production
resources that can be further explored.
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