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Abstract

Large amounts of aluminium end up as machining swarf disposed of in landfills, reducing the amount
of aluminium used for the actual manufacturing, and increasing the cost of the final product, thus
ultimately contributing to environmental pollution. Finding a way to remove the aluminium oxide layer
that is formed in the surface of the swarf, is the main challenge faced during the recycling process of this
material. This paper aims at presenting a short review of the challenges and the methods employed for
swarf recycling.
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Aluminium swarf is a waste by-product obtained through the machining of aluminium
billets, ingots and castings, when components are manufactured. This waste product has a
large surface area to volume ratio, making it. readily oxidised and it is very often mixed with
lubricants and cutting fluids used in prior processes. In some cases, this can also include
debris from the cutting tools, contaminating the waste stream making it increasingly difficult
to recycle. More than 40,000 tons of swarf is generated every year by only one of the three
major auto producers [1]. With disposal costs as high as $150 per ton, the amount of material
is seen as a major cost to the industry [1]. This costly scrap is an untapped source of raw
material, which to date finds very limited use.

The UK government [2] in its annual report states that 54% of aluminium waste until
now is recycled and sustainable business sources [3] urge the British government to ensure
that nearly 100% of aluminium should be recycled, which in return should save £50 million
in material and energy, and cut 2Mt CO2 emissions profitably and without significant capital
investment [4].
To date aluminium swarf is generally disposed of by the manufacturing companies and with
the increase demand for aluminium which expected to be to 60% in 2020 [5] swarf disposed
it is expected to increase. This process has been facilitated with the commercialization of
briquette compacting machines by companies, such as Lubriserv [6] and Ruf, each of whom
sold more than 4,500 machines in the last 20 years. There is no published data to indicate
the number of companies that have swapped free loose swarf for compacted swarf; however,
the conditions such as ease in handling and transportation, using small amount of cooling
lubricants and fast clean and clear area during machining, indicate that it is more efficient for
companies to buy a continuous swarf compacting machine [6,7].

Consequently, large recyclers add a limited number of briquettes (up to 5% of the charge)
[8] to large melts, thereby partially recycling them, whilst also taking care to avoid altering the
overall composition of the melt through contamination. However, more can be done to increase
the amount of recycled swarf, possibly even commending in-house methods developed by the
manufacturers, to directly regain raw material lost during component production. The main
challenges [9-11] identified during recycling which needs addressing in order to increase the
amount of recycled aluminium swarf are:
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A.
A large amount of material loss as dross during melting,
due to the significant surface area that is oxidised in contact
with air;

B.
The aluminium oxide layer which hinders wetting
preventing bonding between pure metal grains, hence oxide
films remain entrapped in the aluminium; and

C.
The very low density of swarf that is added to the melt
does not allow complete mixing. However, solid state methods
[12-22], which would avoid the high losses of metal through
dross, are particularly difficult to upscale because of: (i) the
large pressure they need for small amount of material; (ii) a
continuous process is difficult to achieve; (iii) the control of the
defects that might occur due to inconsistent or contaminated
feedstock during machining is complex; and, (iv)some extrusion
methods require the repetition of several cycles in order to
obtain a recycled material within specification.

Aluminium Oxide layer

In contact with air, aluminium forms a very hard aluminium
oxide passivation layer, which prevents any other changes in the
bulk aluminium occurring [23]. The oxide layer is normally around
10 nanometres [24]. The oxide layer forms on the swarf as soon as
it is produced, exacerbated by their high area/volume ratio, thus
increasing the difficulties for their recyclability. Hence, a detailed
understanding of the characteristics of the oxides in the swarf is
essential to improve the recyclability of this material.
Different sizes and shapes of chips affect the amount of oxides
in the swarf. Small chips introduce more oxides in the material that
would be recycled [13,25]. Another factor is the high temperature
experienced during their creation which could come as result of the
swarf’s heat treatment process [26], the machining process [27]
and the intense local heating during extrusion [17,28].

When recycling aluminium swarf, the aluminium oxide layer
creates a considerable problem, limiting the bonding of aluminium
metal between adjacent swarfs. Various researchers [9,27,29,30]
have reported that if the aluminium oxide layer is broken and
dispersed in the matrix, then the recycled material displays an
increased yield strength, tensile strength and microhardness,
as a composite made of aluminium and alumina particulate is
formed. However, they also observed that the plastic properties
of this recycled aluminium composite decreased significantly.
However, other authors [18], observed that oxides stimulate cavity
nucleation, thus generating premature fractures which reduces the
elongation of the material as the oxide content increases. Moreover,
they noted that the concentration of oxides has minor effects on
the mechanical properties of the recycled materials [13,31], in
contradiction with what previously presented. Overall, in terms of
bonding between the swarf flakes, the oxide layer is always seen
as a barrier, both the liquid and solid methods for recycling swarf.

Manufacturing Methods

Chemical, liquid and solid state (extrusion) methods are the
3 main methods used to treat swarf to bring them in suitable
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conditions to be recycled into other materials such as aluminium
powders, foams, cast billets and extrudates. The treatment process
is different in each of these methods and it is explained below.

Chemical methods

Chemical methods consist of treating the machining swarf
with chemicals, such as sodium hydroxide or hydrochloric acid.
During this treatment, the aluminium oxide layer reacts with the
acid/hydroxide and thus exposes the pure aluminium. which then
oxidises, however this fresh oxide layer is uniform making swarf
suitable for powder production. The aluminium swarf is then used
to produce loose powder, which can be used in fingerprinting, in the
die industry [32,33], or pre-compacted powder [34]. In addition to
powder metallurgy, these powders could be also used to produce
foams [26,35].

Liquid methods

Since the early stages of machining products from metals, swarf
was produced. To help its recovery, they were introduced into melts
of virgin metal, in order to form cast billets. However, few issues
were observed. The material had very low density, hence floating
on the melt, which reduced its recovery rate significantly to ∼4550%. Researchers [36,37] have tried to find solutions to this, e.g.
by building ad hoc melting furnaces which reduce the contact
between the swarf with the atmosphere, allowing the ingress of the
material from the deepest part of the furnace [37]. Alternatively,
an induction furnace was used to improve melt circulation in
a protective atmosphere to minimise further oxidation [38].
However, an extra processing step was required before melting,
which involved extruding the swarf to increase the density and
prevent floating [19].

Solid state

Extrusion uses severe plastic deformation to break the oxide
layer and expose fresh aluminium. This fresh aluminium of adjacent
swarf bonds with each other forming high density compacts
[39,40]. In order to get a very compact and high density billet it
is important to increase the plastic deformation during processing,
which could be done by using a porthole die, complex geometries
die, ECAP with porthole die, using friction back stir extrusion
[14,18,41-45]. Another way to facilitate the extrusion process it to
add a reinforcing material which produces a good diffusion bond
between phases while both phases are similar size [46].
These methods even though used suitable strategies to recycle
swarf due to challenges mentioned above are not used industrially,
where the only used method is the use of small volumes of swarf
in large melts in large recycler facilities. New methods easily up
scalable, with modular capabilities for the on-site compacting
systems could be a game-changing technology to minimize the
problem of swarf overflow.

Summary

It is vital for the sustainability of aluminium sourcing and the
manufacturing economy to make use of the large amount of swarf
Copyright © Anguilano L
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produced during machining processes. It is the aluminium oxide
layer that is the main barrier that prevents the recycling of this
waste stream. Engineering manufacturing research has attempted
to overcome this problem by trying to remove it (as dross) in the
liquid state; or clean it prior to re-use in the chemical methods;
or break it using large shear deformation in solid-state methods;
or insert a new reinforcing material that would improve bonding
between adjacent swarf in composite manufacturing methods.
There is an urgent need for increasing the amount of recycled
materials, however all the recycling methods currently employed
face serious challenges.
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