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ABSTRACT

Metal loss is an unavoidable consequence of the large scale
melting of aluminium and its alloys. The objective of such
processing must be to minimise losses, both from an economic

viewpoint and to ensure optimum quality of cast and wrought
products. Aluminium losses during melting and casting are
primarily due to the formation of dross, a mixture of oxide and
melt. Many of the commercially important aluminium alloys contain
appreciable levels of magnesium (up to 54) which can result in
enhanced oxidation rates that give rise to particular problems

in recycling.

Results are presented from a study aimed at reducing melt loss

through a knowledge of the mechanism by which dross is formed.
Work has centred on an understanding of the early stages in oxide
scale growth, a study of growth kinetics and subsequent breakdown

of these initial scales to form dross.

In humid atmospheres, the'amorphous'oxide covering both
aluminium and aluminium-magnesium at 750°C provides a highly
effective barrier protecting the molten metal. In the absence of
water vapour, oxide crystal development in aluminiummagnesium
alloys is dominated by magnesium, and is extremely rapid in
comparison with pure aluminium. Despite the different oxides
formed, the manner of crystal formation at the"amorphous'
oxide~melt interface at 750°C on both aluminium and

aluminiummagnesium is comparable.

Nucleation and growth of crystals in the 'amorphous' film
generates high stresses which result in failure of the surface
oxide. Scanning electron microscopy has shown that the localised

failure of this protective oxide film results in exudations forming

on the melt surface, the size and number of which increase with
exposure time. These exudations would appear to be the onset of

dross formation.



Parallel studies of the wetting characteristics of aluminium
to alumina have shown that the reported non-wetting is due to the
presence of the thin alumina film on the melt surface. Once
broken, wetting of the alumina takes place and accounts for the
exudation of molten metal through the surface oxide and hence dross

formation.
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INTRODUCTION

The economic incentive to recycle aluminium alloys has
resulted in a considerable expansion of the secondary aluminium
industry [4]. Scrap for recycling takes many forms but often has a
large surface area to volume ratio (e.g. swarf, turnings, lacquered
scrap). This geometry, together with the high reactivity of the
aluminium alloys, 1s responsible for the oxidation problems
encountered during melting. Metal loss due to oxidation can be
considerable, especially with aluminfummagnesium alloys, due to
the formation of dross, a mixture of oxide and entrapped liquid
metal {153]}. The magnitude of the problem depends on the alloy
composition, physical form of the charge and exposure time in a
given environment [24]. For aluminium alloys a metal loss value of
2% is typical for good foundry practice whereas for certain Al-Mg
alloys losses may be higher than 10%. Although engineering
solutions are being investigated [277] and developed to reduce melt
losses, little is understood with regard to the mechanisms of melt

Incorporation within oxide envelopes and hence dross formation.

To address this problem, fundamental information on the
interaction between the melt and furnace environment is required.
In particular, the influence of contaminants such as water vapour
and the effect of fluorides derived from the use of fluxes require
investigation. To this end, a programme to study the oxidation
behaviour of commercial purity liquid aluminium and a number of

aluminiummagnesium alloys has been carried out to identify the

mechanism of dross formation on these metals.



CHAPTER 1 INDUSTRIAL IMPORTANCE OF ALUMINIUM ALLOYS

Aluminium is one of the most diverse and versatile metals.
One of its many attractions is the high strength to weight
advantage and where weight reduction is important aluminfum finds
many applications. Alloy development enhances the useful properties
of aluminium and after steel, aluminium has become the most widely

used metal. Since the discovery 100 years ago of an economical
process for producing aluminium from its oxide, annual production

has grown to over 16 million tonnes [1,2,3]. These figures are
displayed in Table 1.1.

Until recently, there has been a high growth rate demand for
aluminium. World consumption of primary aluminium to 1973 had an
annual growth rate of 10Z [5] with a growth rate of 1.6%Z per annum
thereafter. Some of the growth was supplied from recycled material
[4] however this reduction in demand seems to have arisen due to

other inter-related factors such as different market demands

combined with a world economic recession.

The aluminium industry, along with those of steel and copper,
1s under competition from developing nations. In 1970 the six
largest primary producing companies (Alcan, Alcoa, Kaiser, Reynolds,
Pechiney and Alusuisse) held over 70% of the world market share [5].
This currently stands at 33% and is expected to fall to 25% in the
next few years [4]. Competition has become necessary to meet
increased demands for bauxite. For example, 7.1 million tonnes of
bauxite was worked in 1950, the demand in 1987 however was over 93
million tonnes [4,5]. Some of the largest producers of alumina and
primary aluminium, the USA, USSR and Japan are heavily dependent on
imported bauxite. As a result, major shifts in smelter location
have occurred causing the industry great difficulties. Planned
increases in capacity in Australia, Brazil and Canada will
accelerate the shift of primary aluminium production that has been
taking place over the last decade away from industrialised countries

in the Northern hemisphere towards those in which major bauxite

mines are located [4].




The consumption of primary and secondary aluminium by end use
is 1llustrated in Figure 1l.1. More than 502 of aluminium is produced

as rolled products ranging from foil, sheet and flat strip, having
wide application in building, transport, domestic appliances and
containers, to plates used by alrcraft manufacturers. Significantly
thicker plates (50mm) are required for many items of industrial
plant, storage tanks and ships [6]. Some 15% of all aluminium is
sold in the form of extruded section and tube which is in demand for
building construction, transport, and as wire and cable where, since
1964, aluminium has had a price advantage over copper as the

conducting material for electrical transmission {1,7].

Figure 1.1 demonstrates a dramatic change in consumption in the
UK, over a ten year period, from 1976 to 1986. The relatively low
melting point of aluminjum alloys (in comparison with other metals),
makes it particularly suitable for die casting. Aluminium alloys
have been standard for cylinder heads and gear boxes for a long
time {1]). However, while production of semi manufactured forms has
been maintained, the home demand for foundry ingot and hence for

castings has gone down sharply. This is a direct result of the
reduced production of motor vehicles in the UK,since transport

applications count for 654 of all aluminium castings [8]."

Comparison of aluminium consumption in the UK in 1976 in Figure
1.1, shows similarities with the consumption in developing countries
in 1986 where current demand is principally for basic materials
particularly for construction and for improved communications.
Although there is still a significant domestic market for basic
materials the emphasis, and growing market reflected in UK and world
consumption in 1986 is in speciality materials [4]. Trends reflect
a variety of maturity and innovation, such as expansion in rolled
products in engineering from specialised lithographic sheet. Change
in investment from new commercial, industrial and residential
projects to renovation, including double glazing, secondary and
replacement windows has benefitted building applications.
Containers for frozen and take away foods have provided a strong

growth market for foil.



Aluminium penetration in the beverage can market area is illustrated
by the dramatic growth in packaging. This includes more permanent

packaging such as beer barrels and high pressure gas cylinders [6].

‘World consumption of primary aluminium, given in Table 1.2, has
been checked by economic recessions. Prior to the OPEC oil crisis
in 1973, the rate of growth was over 10%Z per annum. From 1973 to
1986, although the total world consumption of primary and secondary
aluminfum has grown at a rate of 2.5% per annum, the contribution
from primary metal has decreased annually to 1.6% over the same
period [4]. This represents considerable growth and dependence on

recovering aluminium scrap.

l.1 THE INCENTIVE FOR RECYCLING AND DEVELOPMENT OF THE SECONDARY
INDUSTRY

The statistics in Table 1.1 emphasise the major role the
secondary industry plays in ingot production and thus the importance
of recycling. The rate of growth in the production and consumption
of secondary aluminium derived from obsolete and scrap articles rose
54 per annum from 1973 to 1986 [4], more than twice that of primary
aluminium over the same period. 1In 1986, secondary metal
consunption was over 5 million tonnes. 1In addition, a considerable
tonnage of aluminium scrap is recycled within the primary industry
as inmhouse scrap and is not recorded in statistics. In 1985, over
one quarter of the total ingot production in Europe was produced
from secondary material whilst in the UK one third of all ingots was
produced from secondary metal. This larger proportion is due to the
fact that the UK is an extensive exporter of secondary ingot into
Europe, USA and the Far East., The UK secondary industry has
countered the reduced home demand for foundry ingot by increasing
its exports. For example, in 1984 the UK exported 42000 tonnes of
secondary ingot from a world export tonnage total of 94000 tonnes
[8]. The data further show (Table 1.3) that secondary recovery is

expected to represent an increasing fraction of the total aluminium

comsumption throughout the next decade [2].



The secondary aluminium industry has developed out of necessity
for several inter-related reasons. Firstly, in the present economic
situation there is a requirement to reduce energy consumption.
Typically primary production of aluminium requires 58 GJ of electric
energy per tonne of metal [8,9]. Other sources estimate from 86 to
288 GJ/tonne [7,10,11,12] for the production of molten aluminium and
1100 GJ/tonne [13] for the entire production process from bauxite
extraction to molten aluminium. Since the start of the energy crisis
the UK aluminium industry has put considerable effort into reducing
the energy consumed during primary production [6]. Data collected

by the E.E.A. Energy Committee show that in the last ten years

energy consumption in the primary smelting process has fallen from
63.4 to 57.6 GJ/tonne. This level is still high when compared with
some other competitive metals. For example, the energy required to
produce one tonne of primary aluminium is five times higher than
that required for one tonne of copper or zinc and eleven times

higher than for one tonne of cast iron [8].

Estimates from various sources for the energy required to
produce one tonne of secondary aluminium vary from 3 GJ/tonne [12]
to 14-21 GJ/tonne [10,7] for the entire melting process. This is a
considerable energy saving representing approximately 5% of that
required to produce the same mass of primary ingot. Thus over
twenty tonnes of recycled aluminium can be produced with the energy

required to produce one tonne of primary metal. Claims of energy
savings of 954 using recycled material [14] can often be misleading
for in practice, material is blended to make up charges. For
example, beverage cans are made from a blend of primary material
such as ordinary commercial forms of primary ingot, either pure or
alloyed to dilute the melt, and the remainder scrap. At present

cans are not manufactured from 100%Z secondary aluminium [14].

There is also a need to conserve available metal to limit the
drain on bauxite reserves, particularly in countries without
domestic supplies. Further, there is considerable pressure from

environmentalists to use obsolete components and scrap to reduce the



demand on dumps and unsightly litter such as beverage cans. While
consumption of primary aluminium has increased threefold in the last
twenty years, this is not yet fully reflected in the supply of scrap
available for recycling. It is probable that present mine dumps,
scrap yards and even municiple tips may be looked upon in future as

man made mines for minerals and metals if waste recycling operates

at a lower cost than mining natural deposits [15].

In addition to the above, the industry recycles aluminium in an
attempt to maintain its competitive position in many markets and so
aid primary metal production. Energy costs in secondary metal tend
to be more manageable and often controllable within the industry
itself unlike primary metal production, which has considerable
dependancy on current fuel and energy costs. A dependence on high
cost fossil fuel has been reduced in favour of low cost fossil fuel
(such as flare gas or brown coal) and hydroelectricity. The
availability of hydroelectricity however, as a secure source of
cheap power for smelters is under threat in many locations [4].
Access to cheap and available power has become the most important
factor that determines the world competitive position of a primary
aluminium producer [16]. Some of the newer producers have their

power costs subsidised by the government which tends to distort the

true economic situation {5].

Aluminium faces much competition with other materials such as
steel, glass, copper, polymers, and composites in very different

markets. Product prices are essentially governed in the market
place. As the sale value of all aluminium products is dictated by
competitive pressures from other materials in specific product and
market areas; the availability of secondary metal is important to
producers to protect their profitability. By increasing the share
of secondary metal used to 332 by 1990 [4] the industry is well
maintained to increase the use of recycled material further in case
power for the primary plants 1s not competitively priced. This
approach has limitations in that it is possible to reduce smelting

below maximum production but once cold,



the smelters can take between 6 months to a year to return to full
production [27]. Thus it is important to ensure that in future a
favourable balance is maintained between primary and secondary

consumption to help the aluminium industry remain competitive.

1.2 THE FUTURE

The aluminium markets are just approaching maturity, and

there is time to develop new technologies and expand into new

markets.

Utilisation of the material property of superplasticity in
fabricating sheet metal components is viewed as a technological
breakthrough. The need for superplastic aluminium alloys in the
ajlrcraft industry has been well documented [18,19] eliminating
expensive manufacturing steps when complex components can be
fabricated to the desired configuration from a single sheet. Some

superplastic alloys, notably SUPRAL, have found wide application in

diverse markets such as medicine, communication, architecture,

transport, electronics, and even the leisure industry [27].

There 1s a growing awareness of aluminium as a potential powder
metallurgy base metal. Powder metallurgy offers many advantages
over conventional ingot manufacture, particularly in the area of
alloy strengthening mechanisms. A significant increase in strength
can be achieved by incorporating a dispersion of fine intermetallic
or non metallic particles. Such dispersoid phases can be produced
by mechanical alloying [1] and rapid solidification [20]. Non
metallic additions are found in metal matrix composites for which
aluminium and its alloys are considered among some of the best
candidates for the matrix [27]. Successful development of these
technologies 1s necessary to preserve the competitive position of

aluminium.



In specific markets, aluminium has great potential,
particularly in packaging and in the transport industry. Contailners
and packaging is the single largest market for aluminium in the USA

and has almost reached the saturation limit at around 95%Z of the

beverage can market; 98% of the market is forecast for 1990 [4].

Outside the USA, as effective recycling schemes are introduced

improved recovery is anticipated. Aluminium food cans make up only

5% of the market at present. Thus introduction of new can designs,
easy open convenience cans and a liquid nitrogen packaging process
could initiate growth in this area [4]. Although there 1is
considerable competition from other forms of food packaging,.
especially plastics and paper based cartons, the outlook for

aluminium packaged convenience foods is favourable.

All sectors of the transportation industry have generally

recovered from the period of recession in the early 1980's. Moves

towards improved fuel economy means that low density materials are
increasingly adopted. If new Al-Li alloys, improved aluminium
alloys and aluminium matrix composites are successful in holding off
severe competition from carbon fibre reinforced composites and
titanium alloys, aluminium will continue to remain the predominant
material for use in aircraft (70-80% of the structural weight [20]).
In addition, ongoing research and development of an all aluminium
car body [27] and aluminium-air batteries to power electric vehicles
[27] will ensure aluminium remains highly competitive in the

transport industry.

It is anticipated that greater capacity will be required to
meet the increased consumption forecast for the year 2000 (as shown
in Table 1.3) and a programme of new smelter constructions is in
operation [4]. Meanwhile it is necessary to look to ways of gaining
the capital for expansion as there is no guarantee of the price of
aluminium remaining firm [5]. Alternative processes for converting
alumina to primary aluminium that consume less energy are sought.

Currently no commercial alternative to the conventional Hall-Heroult

aluminium reduction cell exists and is not anticipated before the



year 2000 [4]. Thus in the interim the most likely area to gain
capital is in energy reduction. Here improved foundry practice;
good housekeeping and scheduling operations, better scrap control

and improved melting procedure offer possible solutions. The most

underestimated area is that of metal loss.

The quantity of metal lost in any form (i.e. 'metal oxidised or
otherwise lost in melting') is considered by The Department of

Industry and Energy to be equivalent to an energy loss of 32
GJ/tonne [7]. This is similar to that used in the extraction of
aluminium and is a substantial amount of energy. The Department
estimates that a potential saving of £4.2 million is possible from
minimising these losses. Other sources estimate the cost of metal
losses in the UK as £6 million [24]. At an assumed metal price of
£1000/tonne every 1% reduction that can be made is considerable for

an industry remelting over 5 million tonnes of aluminium per annum.

Losses are difficult to define but metal can be lost in three

forms. Metal is lost as scrap, as items that are not recovered at
the end of their service life. Secondly, metal is oxidised during
exposure to an oxidising atmosphere during melting. Thirdly metal
is lost as finely divided and trapped melt within oxide envelopes in
dross. The following sections will examine in detail the loss of
metal in the secondary industry, as oxide and as dross, The next
chapter considers the secondary industry, scrap reclamation, present

foundry melting procedures and parameters attributing to such metal

loss.



10

CHAPTER 2 THE SECONDARY ALUMINIUM INDUSTRY

The importance of the secondary industry has been emphasised in
the previous chapter. This section aims to review it in more
detail.

The secondary industry has developed using aluminium scrap as
its raw materials. A simplified idea of the passage of aluminium
material 1s illustrated in the flow chart of Figure 2.1. However
the distinction between a primary and secondary source has become
blurred as nearly all primary producers are now involved in large
scale reclamation [17]. A number of secondary smelters (ten in the
UK, five of these linked with major primary producers) produce metal

to primary specifications [18].

2.1 SCRAP RECLAMATION

There are typically three distinct stages in the use of aluminium:

1. Transformation of primary metal into semi-manufactured forms.

¥

2. Further processing of these semi-manufactured forms into

servicable articles.
3. Use and final discarding of these articles.

Each stage produces scrap, which is recycled to an extent

determined at any time by its economic viability. Sources of
secondary aluminium are process scrap from the fabrication of

semi-manufactured products, scrap from its conversion into

manufactured products (new scrap) and from obsolete or old scrap.

Process scrap is generated within the primary industry and
remelted in-house, thus little of it enters the secondary industry

and may or may not be included in statistics. New scrap may be fed
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back and treated as process scrap if produced in large quantities at
one location of known composition, relatively free from

contamination.

New scrap originating from product manufacture (such as

cuttings, swarf turnings and process waste) 1s usually produced in
separate establishments remote from the smelters. The material
consists of a complex mixture of alloys of different composition.

The ease of recovering new scrap is highlighted by its recycling
rate, almost 100%, the only losses being a small amount of metal

lost in low grade drosses [8].

01d scrap, discarded aluminium items, is derived from a variety
of end users each with a different level of contamination. Sources

range from scrapped aircraft to milk bottle tops. End users are

widely scattered, most with no direct incentive to see that the
metal they scrap is returned for re-use, hence the collection

industry has become established by selling aluminium to secondary

smelters.

This collection industry may be divided into four different

levels:

b

1. The charity collector.

2. The small scale professional operation which sells products

to metal dealers.

3, Metal dealers with their own yards. Scrap sorted by type may

be processed in simple melting equipment on site or sold to

the scrap merchant.

4. The scrap merchant may have large yards, but the metal

may be sold by the merchant to the secondary smelter and

directly transported.
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Efforts are now being made to increase the efficiency of this

collection system. In 19/0 the input to the secondary smelter was
made up of three parts new scrap to one part old scrap, suggesting
that over 704 of all products manufactured are never recovered [8].
Now with increased effort expended in collecting all nature of
discarded aluminium items, the average recycling rate of old scrap
in Europe is approximately 354 [8]. This is higher than that in the
USA if the beverage can market is excluded, as Table 1.1 shows. The
potential of old scrap as a source of aluminium is still very large

and will become an important metal supply'source in the future.

The life cycle of aluminium articles varies from an extremely
short period as in the case of beverage cans (9 weeks), to 40
years in electrical transmission and in building applications.
Transport has a life cycle closer to 10 years thus a weighted
average life of an article in use is approximately 20 years [13].
It is suggested that for articles with a service life of several

years a much higher fraction for recovery is achieved, possibly 40z
[27]

No useful data seems to exist whereby actual recovery rates for

each end user category can be determined. Efforts have been made to
predict regions where old scrap is currently not reclaimed, with the
aim of seeking out opportunities for scrap recycling and energy

savings [23].

2.2. THE VALUE OF SCRAP

The recovery of scrap must be economically viable, a
limitiation recognised for example, in recovering low density scrap.
The cost of the material plus the cost of treatment cannot exceed
the value of the final product. Scrap value of aluminium on a
welght basis is currently seven times that of ferrous metals [28].

The value of various types and grades of aluminium scrap depends on

the physical form, composition, metallic recovery and purity.
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Higher purity scrap 1s used in the manufacture of the more expensive
alloys. They command a premium price over less pure, less desirable
grades. Grades of primary aluminium and commercial grades of scrap
that can be obtained are illustrated in Figure 2.2. Skim generated
in melting aluminium is worth about 25%Z (per unit of aluminium) of
the value of standard primary metal, whilst extremely pure aluminium
(99.9942) 1s worth 100 times the standard primary aluminium price.

On average the value of aluminium is degraded only 6% for each
doubling of impurity content. The steepness of the middle portion
of the curve of Figure 2.2 is affected by supply and demand for the
metal [28].

The potential for scrap recovery in the United States is due
principally to increased recycling efforts primarily in aluminium
beverage cans and secondly, the impending increased aluminium
recovery from scrap cars. These two markets have little in common
except for the high rate of recycling which accounts for most of the
recycled metal in the USA. The next section looks closer at these

developing areas.

2.3 THE ALUMINIUM BEVERAGE CONTAINER

Aluminium i1s extremely popular as a beverage contalner due to
such favourable properties as corrosion resistance, thermal
conductivity, low density and good formability. Further, cans are a
good source of secondary aluminium as, other than the ink used to
identify the manufacturers name and logo, the cans contain only

aluminium alloy.

The all aluminium can has replaced the original convenience
package of a steel can with an easy open aluminium 1lid because it
of fered better taste preservation and thus longer shelf life.
Continued use and growth of this all aluminium container usage 1s a
result of three distinct efforts. Firstly a recycling drive (1970)

arising from public concern of litter from discarded cans, saw the
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founding of recycling centres and collection points. The image
presented by good marketing of the aluminium can as a valuable
resource and not as litter scrap increased can sales six fold, along
with continued growth of the recycling industry. Secondly, at a 25%
recycling rate the aluminium can is more energy efficient than the
bimetallic can and with 60Z recovery it becomes competitive with the
returnable glass bottle [{12]. Thus as can recycling increases the
total energy required to maintain a beverage can system decreases
rapidly [21]. Thirdly, aluminium cans in 1987 are around 50Z%
lighter than those in the mid 1960's. Use of thinner gauge

aluminium and shape modifications requires less material [4].

In the USA in 1986 957 of the beverage can market was
aluminium, in comparison with 40% of the UK market (5 x 109 cans);
The remaining 60%Z is tinplate [4). Aluminium cans have not captured
as large a share of the beverage container market as the USA mainly
due to government intervention [4]. In July 1987 however, the
European Aluminium Association launched a campaign to promote
aluminium beverage cans throughout Europe and to help companies
establish essential recycling programmes. The European beer market
is also a target for aluminium can makers [4]. This should ensure a

good source of aluminium is present in future scrap bins.

A certain amount of pure metal is required for dilution to
bring the elements present in can scrap into compositional limits.

The aluminium can itself is two piece and there is an almost
universal use of AA3004 alloy (1Z Mg) for body stock and AA5182
alloy (4.5% Mg) for end stock [27]. On remelting, the resulting
theoretical magnesium level 1is approximately 2.0%Z. Prior alloy
separation of body and end stock avoids the requirement for large
quantities of pure aluminium for diluting the melt. For example,
thermomechanical separation [22] yields two metal streams which are

remelted separately resulting in usable 5182 alloy in addition to
3004 alloy.
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As the volume of new metal required decreases, compositional
requirements get tighter hence contamination levels must be lower,
and dirt and contaminants need to be removed before melting. Hence,
a 1imit of recyclability is determined by the amount of iron and
silicon contamination (the level increases with the number of
cycles) which becomes the controlling factor as the body and 1lid
alloys become more compatible with respect to magnesium and
manganese [23]. Thus the continued success of the can depends

increasingly on the success of recycling and developing melting

technology.

2.4 ALUMINIUM IN CARS

The sharp increase in oil prices of 1973/4 and 1979 resulted in
a trend to lighter (and in the USA, smaller), more economical cars
[4]. Significant welght savings are possible by replacing the
traditional mild steel and cast iron components with aluminium.
Other advantages are improved fuel economy and performance due to
the lighter weight, plus corrosion resistance and beneficial thermal
properties for some applications. Currently, the major uses of
wrought aluminium alloys in cars are in radiators, suspension
components, bumpers and body pannelling [25]. Major weight
reductions and greater power to weight ratios are achieved from cast
aluminium alloy cylinder blocks and heads. Other applications are
gear boxes, castings, wheels, pistons, driveshafts, exhaust

manifolds and aluminium chassis [4].

Substantially higher quantities of aluminium are now designed
into cars. In 1965, 2% of 1723kg American vehicle was aluminium.

By 1987, even with a 33% overall weight reduction, the aluminium
content increased to 5% [4]. British cars tend to be smaller than

the American counterparts but show a similar trend of increased

aluminium usage (4% in 1987) [4].
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A number of car manufacturers in cooperation with aluminium
producers are actively involved in research and development of an
all aluminium car body, using both new and conventional fabrication
techniques and designs [4,27]. At present production is restricted
to specialist sport cars, providing a structure with significant
scrap value at the end of its lifetime. Thus with projected
increases of aluminium alloys in car manufacture, aluminium could

become the material with the highest aggregate value [l14].

Car scrap will be available whether the UK retains a viable
motor vehicle industry, as countries exporting cars such as Japan
must always be prepared to buy in more raw materials, such as
aluminium, since their cars are scrapped out of the country. From a
recycling point of view cars are an important source of both wrought
and cast aluminium. Over 304 of wrought and 80% cast aluminium used
in cars is recovered [26]. Recycling of cast aluminium has been at
this level for many years as it i1s more easily identified, heavier
and can be removed before shredding. The level of recovery of cast
aluminium may even be higher as castings in good order are cleaned
and often offered for sale as reconditioned parts {8]. It is
forseen that methods and practices in the auto salvage industry will
develop to recover more of the growing potential supply of

aluminium.

2.5 PREPARATION OF SCRAP FOR THE SMELTER

Aluminium may be hand picked from scrap, but is generally
removed by other means. The ferrous material can be extracted from
shredded scrap fragments by elecfromagnetic separators, magnets, air
classifiers, heavy media separators (based on density [28]), and by
differences in friction coefficients. Such methods are not suitable

when dissimilar metals are mechanically joined, welded, soldered or

plated to one another.
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Other methods for separating involve melting material in a
sloping hearth or rotary furnace. An Alcoa process takes advantage
of difference in melting ranges for the two alloys in beverage
containers, since 5182 alloy melts approximately 90°C below 3004
alloy. The process also depends on the specific way in which
melting in the 5182 alloy is highly localised at grain boundaries.
When several of the grain boundaries are melted, the ends become

weak and gentle tumbling is enough to cause fragmentation. As the

body components remain unaltered, both alloys are then separated by
size [22].

Investigations have been carried out into selective melting
techniques with fused salt and controlled atmospheres [26]. The
aluminium rich fractions extracted (at 590-633°C and 800°C) may be
of variable composition, usually 80-85% aluminium [28].

2.6 THE SECONDARY SMELTER

The secondary smelter essentially converts lower value
contaminated and obsolete scrap forms into foundry ingots and

castings for general engineering purposes according to the British
Standards specification BS 1490.

On reaching the secondary smelter, scrap is examined to ensure
it meets the description under which it was sold. A classification
system exists to describe scrap, although the United States and
European systems differ. Scrap is then assigned to a particular
intake group or if mixed scrap, will be separated into types and

grades. As many as 150 codes of scrap materials may be received

130].

The average composition of mixed scrap will change, differing
from suitable foundry casting alloy compositions as wrought alloy
applications in goods increase. The probable alloy components

expected in future scrap stocks can be estimated by considering
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predominant alloys usually used in production, particularly sheet
metal alloys which are currently the highest tonnage of aluminium

semi manufactured material produced.

The principle commercial wrought alloys are based on additions
of five main elements (Zn, Mg, Cu, Mn, Si). These are used in
various combinations for age hardening, casting and work hardening.
Al-Mn and Al-Mg are work hardening alloys of two basic types. Al-Mn
alloys obtain a modest increase in strength from forming a fine
dispersion of intermetallic phase particles. In Al-Mg based alloys
the magnesium remains in solid solution and is considerably more
effective than manganese as a hardener (0.08%Mg = 1.25% Mn). 1In
addition, manganese has a limit of effectiveness at 1.5%2 [31]. All
alloying elements will increase work hardening, but these two

systems are extensively used as they both remain stable during

processing.

Both classes of alloy are used as sheet metal in transport,
chemical storage tanks and equipment, and for appliances in domestic
and industrial use. Al-Mn alloys find applications in building and
construction as corregated sheeting, residential siding and mobile
homes, where moderate strength and good corrosion resistance is
required. Al-Mg alloys possess good welding characteristics and so
are used for high strength welded structures such as pressure
vessels. They show excellent corrosion resistance especially to
marine conditions and are widely used for drilling rigs, stressed
marine craft fittings, launches and lifeboats. Combinations of
Al-Mg-Mn are sucessfully used in aluminium alloy beverage containers

where additional requirements for good ductility exist [32].

Scrap of known composition will become more commonplace with
the increased returns of beverage cans. Standard body (3004) and
end (5182) sheet alloys for beverage containers have been recorded
in Table 2.1. Furthermore, a future food can alloy is likely to be
compatible with present can alloys, based on systems that contain

magnesium and manganese as the principle alloying elements [22].
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Estimates of two future car scrap alloys [21] and sheet aluminium
alloys used in transport for panels, trim and structural members
[25] have been tabulated in Table 2.1, along with alloy mixes used
in fabricating plants [33]. It is difficult to envisage the content
of scrap bins when using mainly estimates of binary alloys, but it
is likely that the mixture of elements (as shown in Table 2.1) will
predominantly vary in magnesium content (0.5-4.57%2) with or without
(less likely) manganese (1.0%Z) plus a nominal quantity of iron and
silicon (1.0%Z) which increases with recycling. This is for short
life time, high recovery material. Alloys used in aerospace possess
high copper and zinc additions but have long product life times and
hence make up only a small proportion of the total aluminium used in

all industries.

A

A major alloy making considerable impact in the aerospace
industry is aluminiumlithium (Al-Li). The addition of lithium to
aluminium dramatically decreases the density and increases the
elastic modulus, thus Al-Li alloys are of benefit in applications
where weight savings are of major importance. Indeed, a broad
objective for the aerospace industry is to establish low density
Al-Li alloys as the material of choice for all aluminium alloy
structures in new designs, where most studies predict an 8-12%
reduction in the weight of the affected structure [20]. Further
attractions of Al-Li alloys concern their ability to undergo
superplastic forming [19]. In possessing mechanical properties
similar to current alloys widely used, designers do not have to
rethink their design approach. The amount of material generally
purchased 1s 2-10 times that used in the final aerospace structure
hence Al-Li scrap costs may be significantly reduced by recycling
[40,34]. For these reasons production and development of Al-Li

alloys is currently under intense activity [35].

Clearly, scrap aluminium arises in many different forms.
Typical scrap arisings in the aluminium industry can be categorised

as old castings, sheet cuttings both pure and alloyed, turnings,

millings, swarf and foundry dross and sweepings. The form of the




20

charge, in particular the surface area to volume ratio, is of
concern. In secondary melting the scrap often has a high surface
area to volume ratio, as with foil, swarf and turnings. Small
fragments are not easily charged in a furnace and so are usually
baled for efficient transport and melting. Sheet scrap can be dealt

with in the same manner [13].

The scrap is not only coated with a surface oxide which
thickens when heated but also with surface contaminants such as
oil, grease, paint, lacquer, paper and moisture. This 1is
particularly prevelant thin materials such as foll and beverage
cans. There is a need to consider the level of contamination.
Swarf and turnings are heavily contaminated with cutting fluids and
oil. Debris from the cutting tools themselves may also contain
paper, oily rags and other litter. Cutting fluids and oils may be
recovered by centrifuging the small metal chips and reused. Dirt,
heavy oxide and embedded sand can be removed by abrasive blasting.
The metal is passed through a swarf drier where it is pulverised
before being fed into a rotating kiln, or separate furnace, to be
heated to around 450°C under a controlled air flow to drive off oil
and moisture. Environmental legal requirements limit treating some

forms of coated scrap because of fumes [30].

Thus the scrap is graded according to composition, cleaned,
dried and baled, the next step being to allocate the scrap to a heat
of the desired composition. Alcan [27] recommends that the amount
of scrap allocated to each charge should be such that each charge or
heat contains approximately the same proportion of scrap. The ratio
of scrap to new ingot (primary metal) depends to some extent on the
quality requirements, such as aircraft alloys, and on the control
facilities for reprocessing. Thus the furnace charge may be made up
of direct scrap returns, pigs of known compositions from a secondary

smelter (typically 85-90% aluminium), molten metal if available and
perhaps primary metal with alloying elements [28,33]. This

procedure 1s carefully supervised and the task may be assisted

greatly by micro computers [27].
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2.7 PRODUCTS OF THE SECONDARY INDUSTRY

At present most of the output of secondary smelting goes to the
foundry industry, whose processes and products can best tolerate.the
higher levels of impurity inherent in bulk recycling and which finds
remelting of ingots of controlled composition very convenient. 97%
of the saleable output of the secondary aluminium industry in the UK
goes into foundry castings alloys [3], and may be sold either in

ingot form or as liquid metal transported in insulated containers.

Foundry casting alloys are produced to compostions listed in BS
1490, this specification covers 20 different alloys but 804 of the
tonnage 1s accounted for by some 6 or 7 [3]. Table 2.2 has been
{ncluded to illustrate the most common types of alloys produced
(particularly LM2 and LM24). In the USA the main alloys produced by
the secondary smelter fall into groups defined for the UK. The most
widely used alloy of the general purpose casting alloys 1s type 380
with the composition listed. The remaining 3% goes into deoxidants

for the steel industry [l].

Having reviewed the procedures for preparing scrap metal for
remelting and charging into a furnace, the next section outlines and

compares the types of furnace available for use with aluminium and

aluminium alloys.

2.8 FURNACES FOR MELTING ALUMINIUM AND ALUMINIUM ALLOYS [36].

Furnaces for melting aluminium and aluminium alloys in the
foundry may be broadly classified into three types; direct

fuel-fired,indirect fuel-fired and electrically heated furnaces.
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2.81 Direct heating furnaces {24,37]

The direct fuel-fired furnace is exemplified by the
reverberatory furnace. There are two fundamental designs, wet and
dry hearth. In the latter the charge is on a sloping hearth above
the level of molten metal. Melt drains from the hearth into a
holding basin leaving higher melting material, such as iron, on the
hearth.

Electric reverberatory furnaces have heating elements in the
furnace roof directly above the melt. Gas or oll fired reverberatory
furnaces may have burners that can use either fuel to take advantage
of changes in availability and cost of fuel. 1In these fuel fired
furnaces, combustion products are in direct contact with the melt
surface and heat transfer is by a combination of convection and

radiation.

In recent years, new developments have concentrated on lowering
the running costs for continuously melting and holding large amounts

of aluminium.

2.811 Indirect heating furnaces

In an indirect heating furnace, a barrier of some sort prevents
contact of the hot combustion gases with the metal to be melted.
Thus, only at the very top of the crucible is the charge exposed to
the products of combustion. Crucible or pot furnaces are typical of
the indirect fuel fired furnaces and may be stationary, made to 1lift
or tilt. They are used in aluminium foundries for melting and
holding because of the ease with which melts can be transferred and
changed. Electric resistance crucible furnaces have low running

costs and are operated most economically for holding rather than

melting [40].
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Most electric furnace melting of aluminium and aluminium alloys
is carried out in medium frequency induction furnaces of the channel
(core) and coreless types. The strong alternating magnetic field in
induction furnaces produces electric currents in any conducting
metal placed in such a field [37]. The flow of current generates
sufficient heat to melt the charge and melting is usually rapid and

efficient. All induction furnaces produce electromagnetic stirring

action or turbulence which promotes uniformity in temperature and
composition of molten metal. Dross forms on the melt surface and
builds up on a refractory lining due to the double toroidal stirring
pattern [37].

Medium frequency furnaces are operated most economically when
melting at their maximum rate. They are completely emptied after
each melt enabling different grades or different metals to be
produced in successive melts, thus melting a wide range of
materials. A molten heel is not necessarily required. Hence,

induction furnaces are best for melting rather than holding. [38,39]

Due to their initial cost and relatively small capacity, high
frequency induction furnaces are limited almost entirely to use in
speciality foundries. An advantage of high frequency furnaces is
that they can be used to melt metal fines and chips without
initially charging with thicker material. The size of charge pleces

is affected by frequency and for melting by lower frequency, the

initial charge must consist of thicker metal.

2.81i1 Comparison of furnaces

The previous section has outlined a general description of
furnace types available for melting and holding aluminium. To
select a furnace however, requires careful consideration and
comparison of many factors highlighted in this section. The choice,
for example, between fuel fired and electric furnaces not only

depends on economic considerations such as capital investment, fuel
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prices, fuel consumption and efficiency, melt rates and melt losses,
but on other factors. Local conditions such as availability and
transport of fuel, materials and workers may influence the selection
procedure. Existing facilities, requirements of performance
efficiency, standards of quality, cleanliness and safety regulations

may also have a bearing on the choice.

In order to achieve a qualitative comparison, furnace

performance figures have been compiled in Table 2.3. This data
comes from many sources and may not be directly comparable. For
example, iIn production conditions, the melting rates of new furnaces
would not exceed 754 of the figure given by the manufacturer. 01d
fuel fired furnaces are often under 104 efficient and so their true
melting rates can be half the theoretical maximum, due to refractory
erosion, poor insulation and inadequate burner maintenance.

Draughts around the furnace and covers off or doors open will
increase heat losses and reduce melting rates. Additionally these
considerations are not independent, e.g. furnace capacity determines
power input and thus melting rates and efficiencies. Hence these
factors must be taken into account when examining the furnace

performance figures.

The last decade (1970 -1980) has seen a phenomenal increase in
oil prices which has, in turn, led to a price increase of other
energy forms. Table 2.4 gives the relative changes in cost per

KJ of heat available for both fossil fuels and electric energy [9]-

1970 1973 1979 1980 1982 Increase

over 10yr
(%)
COAL 24 32 98 127 - 530
FUEL OIL 21 29 149 221 275 338
NAT. GAS 43 29 129 166 284 1000
ELEC. 186 205 583 657 929 312
Table 2.4: Relative prices of energy per KJ of

heat (in pence) [9].
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The increases in a decgde are staggering and although the cost
of electric melting now competes on a cost basis with melting in
fuel fired furnaces, the high capital investment required for an
electric furnace is a disadvantage and the tendency is to use
electric furnaces for speclalist applications. Generally, electric
powered furnaces have high energy efficiencies [38]. In fuel fired
furnaces the energy used is rarely less than four times and can be

ten times that theoretically required to melt the metal [/]. Table

2.3 records comparative thermal efficiencies for electric furnaces,
derived by estimating an average efficiency of 33% for converting

mainly coal and oil into electric energy per KJ.

Table 2.3 shows that induction furnaces have the highest
efficiency of any method of melting and the more metal melted over a
melting cycle, the higher this becomes [38]. As the charge heats
the rate of heating increases, and solid metal is at a high
temperature for only a short time before it melts. Thus melting
losses are relatively low. With fuel fired furnaces the heating
rate is proportional to the temperature difference between fuel and
the charge. Hence, solid metal may be at a high temperature for a
long period resulting in high melting losses. Coreless induction
furnaces are inherently less efficient than channel furnaces, which
possess a better natural power factor. Channel furnaces can build up
oxide in the melting channel [36], thus where conditions other than

energy efficiency prevail coreless induction furnaces are normally
installed [11].

One of the major benefits of electric energy is the degree of

control which is possible over many important parameters and for
melting and holding there is a marked trend away from fuel fired
furnaces to electric furnaces. The principle advantage being the
perfect control of the furnace atmosphere, arising from the absence
of combustion products. The electric furnace atmosphere is free

from the hostile gaseous environment experienced in fuel fired

furnaces [l11]. The rates of oxidation of aluminium alloys are said
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to be increased in the presence of these contaminants.
Significantly therefore, the highest melt loss percentages reported
in Table 2.3 notably arise in fuel fired furnaces.

Only oil and gas are used today in reverberatory furnaces for
melting and holding aluminium and its alloys. Heavy 'Bunker C' oil
1s used primarily for melting,and light oils are used for holding
metal. Natural gas and producer gas are also used depending on
availibility and/or cost. Natural gas, predominantly methane, has
superceeded the previously used town gas. Large users are supplied
on an interruptable basis often necessitating the use of dual fuel
burners [36]. Table 2.5 shows the composition of these fuels.
Burning 'Bunker C' o0il generally produces some sulphur dioxide (802)
as this fuel contains up to about 3%Z sulphur. The supply of oxygen
to the burners usually comes from air so nitrogen (N2) 1s a major

component of the furnace atmosphere. Thus complete combustion of

SO0,, N., and H,O.

mos t fuels results in the formation of CO 9

2° 72 72

Complete combustion is achieved when the furnace operates with
a slight excess of oxygen or air [33]. The presence of CO and
hydrogen (H2), and a lower concentration of CO2 in the waste gas
than the stoichiometric ratio (shown in Figure 2.4) demonstrates
incomplete combustion [27]. Apart from excess air fed in at the
burner, air enters via open doors or badly fitting doors, covers and
bad brickwork. Some furnaces therefore, operate with a hearth level
water pressure of OPa to prevent this air ingress [41]. Regardless
of burner settings, coplous quantities of water vapour are always
present in the furnace during the melt [33]. Gas cylinders of argon
and nitrogen contain traces of water vapour which exert a vapour
pressure. This is normally small but as the cylinder becomes nearly
exhausted, the vapour pressure of the water becomes a significant

fraction of the argon pressure and the ratio of water to argon

increases accordingly [42].
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2.9 MELTING PRACTICE

Direct charging of large scrap forms into a furnace creates a
chilling effect which causes alloying elements to precipitate as
sludge. Light gauge scrap such as beverage can scrap with low bulk
density [44] tends to float on the molten metal surface and heavy
oxidation losses result from prolonged exposure to the environment.
The preferred way is to submerge scrap rapidly into the molten metal
by manual or mechanical plunging into the open well of a furnace,
often with long booms attached to fork 1lift trucks [30]. An air or
nitrogen lance placed below the metal surface, creates a fountain of
bubbles which draws in the scrap. Devices for mechanical stirring
are utilised such as vortex generators [{25], shrouded auger melting
systems [45] drawing the charge into a circulating pool of molten
metal. Similarly, electromagnetic forces in induction furnaces [39]

and the linear induction motor [44) generate molten metal movement.

Foundry experience shows that metal losses are greater with
metal of high surface area to volume ratios [36]. Figure 2.3 gives
values of metal loss on melting from pigs (0.8-2.0%) to large size
scrap (1.0-3.0%), baled sheet (1.5-4.0%), and baled foil
(2.0-10.0%) [24]. Current melting procedures recognise the
importance of high surface area to volume ratios and aim to minimise
metal loss from avoidable oxidation. Hence, furnaces are operated
with a molten heel of metal to permit submergence of light gauge
scrap which is charged first. Finely divided scrap, saw cuttings
and foil scrap may be melted by incremental charging, continuously
stirred into the molten heel. Finally heavy scrap is placed on the
top of the furnace charge, ideally loaded from preheating ovens.
After the charge has been loaded, the furnace doors are closed and

the burners set at the maximum rate for melting down.

The melting rate and time spent in the furnace has an effect on
the amount of oxidation that takes place [33]. This is observed
when subjecting solid aluminium and aluminium alloys to thermal

treatment. The effect of holding temperature on the oxidation rate
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of an Al-Mg alloy is shown in Figure 2.5. [36]. Thus to reduce
oxidation rapid melting and minimum holding time is preferable. The
oxide is also thickened when heating aluminium billets to
temperatures below the melting point for the purpose of hot working
(350-540°C), solution heat treatment (400-560°C), annealing
(250-400°C), and for ageing and/or tempering (100-200°C). Indeed
any thermal treatment to which material may be subject to
appreciably thickens the oxide film [36].

When the charge has become molten the temperature is moderated
by keeping the furnace temperature just slightly above the
solidification point of the metal. Some foundries keep the furnace
temperature at 650 to 680'C over weekends. This practice may cause
sludge to form, but the sludge can be dissolved by heating to just
below 800°C for a couple of hours before normal operation is

resumed.

Oxides of aluminium and aluminium alloys form quickly on the
surface of a molten bath, making a tenacious skin that reduces
further oxidation provided the surface is not disturbed. If the

surface is interrupted or broken the metal loss will increase. Such

behaviour is exhibited when melting contaminated stock.

The presence of volatile matter such as cutting oils, rolling
lubricants and paints was found to increase the melting loss to a
level far in excess of the weight of the contaminant [29]. 1In tests
comparing submerged and exposed melting of bare and coated scrap,
the highest metal loss due to oxidation results from submerged
melting of coated scrap. It is thought that when melting submerged
coated stock volatiles released from coatings below the melt surface
percolate the metal generating large quantities of wet dross
exposing new melt for oxidation. When coatings were removed prior
to melting or voltatiles burn off above the molten metal, the scrap

remelts with the same ease as bare scrap [29,33].
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Ideally therefore, coatings should be removed from scrap prior
to charging. Developments have been made in the form of preheating
areas for removing such residues. New types of melting furnaces
Incorporate washing equipment for oily alumimium and preheat
material in the exhaust system, thus utilising waste heat. The
shaft furnace preheats and decoats material in the shaft allowing
molten aluminium to run down a sloping hearth into the main bath.
Preheating also shortens actual melting time in comparison to a cold
start. If a preheat or decoating cycle is impractical to operate,
the coated scrap should be charged last and placed on top of the
scrap plle to allow the coatings to burn off prior to melting. This
is not i1deal as In tests an 8.2%Z melt loss was recorded for bare

scrap melted in exposed conditions in comparison with bare scrap
submerge melted (4.2%) [39].

After melt down has been completed the molten pool is stirred
at the appropriate temperature, Alcan use 700-710°C or 720-730°C
depending on the main alloy composition [27]. Dross is worked up to

the surface by stirring. Stirring is also necessary to aid melting

large solids to prevent a steep temperature gradient developing and
to prevent segregation in alloys because of the density of some
alloying components. However, to minimise oxidation excessive
stirring must be avoided. Any disruption of the surface film from
turbulence during pouring molten metal or charging the furnace will
lead to a continuous build up of further oxide formation. Even

oxide sticking to a pouring ladle returned to the melt may act as a

centre for nucleation.

An indication of melt losses involved in foundry practice are
given in an example of sources of melt losses in an ingot foundry

using oil fired pot furnaces [46].

Melting and pouring pot cleanings 0.36%

Splashings 0.47%
Metallic dross (furnace skimmings) 0.30%
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Ladle skimmings 0.57%
Unexplained oxidation losses 0.5 - 1.7%
Metal loss owing to pot faillures 0.28%
Total 3.68%

Precautions can be taken to avoid excessive turbulence and
contamination when transferring metal by withdrawing or charging

below the melt surface using a furnace side well instead of the main

bath, minimising the disturbance in order to reduce oxide formation.

Melting units are often accompanied by holding units. Fuel is
conserved by transferring metal from a high heat input melter to a
low heat input holding furnace where homogenisation, final
composition and temperature adjustment for casting (pure aluminium
700-750°C) and where further treatment (such as degassing or
fluxing) may be carried out. Such holding furnaces may be
reverberatory or low and medium frequency induction furnaces.

Alternatively one furnace may provide both melting and holding

functions.

A recent study [24] confirmed that electric induction furnaces,
often used for melting scrap in the secondary industry, give the
lowest melt losses over the complete range of materials for all
furnace types. The results illustrated in Figure 2.3 are consistent
with observations of oxidation minimised by a combination of rapid
melting in an environment free from hostile gases and a uniform

molten bath temperature as found in induction furnaces but not, to

the same extent, in fuel fired furnmaces. The savings in metal loss
by using induction furnaces rather than fuel fired equivalents (2 to
3%Z [24]) 1is considered sufficient to compensate for the higher
capital investment and running costs required. However electric
furnaces are not economically competitive at present for melting
ingots or heavy scrap, heavily contaminated scrap where release of
volatiles disturb the surface, and very large volumes of light gauge

scrap which are difficult to submerge rapidly [47]. In these cases
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melt losses are equivalent to those of fuel fired furnaces and in
such marginal cases significant savings are difficult to predict

with any certainty.

Popular fuel fired furnaces used for melting scrap are
reverberatory furnaces with an internal circulation system. Rotary
salt flux furnaces are used for heavily contaminated or light gauge
material, although the removal of dross and spent flux can be a
problem. Dry hearth and sloping hearth furnaces are found most
efficient for sows and for high density contaminated scrap.

Moisture and other volatiles are slowly discharged avoiding problems
associated with submerged melting, and higher melting contaminants
remain on the hearth [44]. The best gas and oil fired competitor of

electric furnaces at present is the shaft furnace [29].

2.10 CLEANING THE MELT

This next section looks at impurities and various methods for

achieving a clean melt.

The principle contaminants of aluminium and aluminium alloys
are oxides, hydrogen and iron. Oxide enters the molten bath from a
number of sources. Apart from oxide formation on the melt surface,
oxide enters the melt on the surface of charged material. The scrap

may be anodised and oxide may enter the melt from stirring tools.

Hydrogen 1s the only gas that dissolves to any significant
extent in molten aluminium alloys [31]. This is usually

insignificant in the solid but the amount dissolved increases
sharply as the metal temperature increases above the melting point
as Figure 2.6 shows. Atomic hydrogen enters liquid aluminium
rapidly by a surface reaction with water vapour and only leaves very
slowly by release as molecular hydrogen into the atmosphere [48]
hence considerable porosity can occur in cast metal. Submerged

alumina films may act as nucleation sites.
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Molten aluminium dissolves iron from crucibles [36], other
contaminants may arise from stirring rods, skimmers and ladles
although these are only in contact with the melt for a short time.
The melt thus contains non metallic impurities and inclusions such

as oxides, carbides, nitrides and sulphides.

Much research has been carried out into ways of removing such
impurities and common methods of cleansing the melt are fluxing,
degassing and filtration. Fluxing and degassing are methods used
extensively, combined degassing and fluxing systems are now
available and additional in line systems incorporating filtration

devices are becoming more common.

2.10a Filtration

Filtration systems which are used in foundry applications are
processes in which filtration is accomplished by passing molten
aluminium through various media such as steel wool, perforated
plate, woven fibreglass [49], a packed bed of refractory particles
such as tubular alumina balls and flakes coated with flux [50] and
foamed ceramics [49,51,52). Foamed ceramics are found to be the
most effective in removing both oxide films and intermetallics. The
open pore structure gives rise to very little restriction of flow
and they apbear to operate by retaining the inclusions by surface
tension on the pore walls rather than mechanical sieving. Levels of

dissolved hydrogen may remain unaffected, but from analysis the foam
filters reduce the metallic aluminium content of dross from 51% with

conventional treatment to 294 [53].

Historically chlorine compounds have been used extensively for
fluxing and degassing. However with the industry turning away from
such materials for reasons of environmental control, conventional
powder fluxes are often used [53]. Various types of fluxes are

available for aluminium and aluminium alloys and can be classified
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according to the purpose for which they are used. Reductions in
metal loss arising from oxidation can be achieved partly by covering
up the melt with a mixture of alkali chlorides and protecting it
from the oxidising environment of the furnace (passive fluxes).
Alternatively active fluxes such as the more reactive fluorides
(NaF, CaF2 or cryolite Na3AlF6) can be added to molten metal which
refine the melt by dissolving and removing oxide suspensions either
chemically or mechanically bringing them into dross by enveloping
the particles. Thin flux films have been observed to penetrate

oxide-metal boundaries [24].

The apparent effect of fluoride 1s to accelerate the
transformation of eta alumina to a highly crystalline film of
corundum [48). Stephenson [48] attributes this rapid transformation
to the increase in localised temperature from the strongly
exothermic process of adding fluoride to a transition alumina. The
presence of fluorides was believed to increase the flux-metal
interfacial energy encouraging better separation of metal from the
flux [24]). The oxides and flux separate from the metal to form a
dry, powdery floating dross that can be skimmed. Al-Mg alloys are

especially liable to oxidation, consequently fluxes are normally
mixtures of various fluorides and chlorides (mainly anhydrous MgClz)

but free of sodium as this has an embrittling effect [36].

2.10c Degassing

Despite the availability of a large number of suitable fluxes,
a clean melt may not be obtained. Some fluxes are hygroscopic and
introduce hydrogen to the melt. Removal of hydrogen by degassing is
a mechanical action. Hydrogen does not combine with degassing

agents which include chlorine gas, nitrogen-chlorine mixtures and

hexachloroethane [36].
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Attempts to improve melt quality and reduce the lengthy, labour
intensive and haphazard process of fluxing and degassing has
resulted in many technical developments of automatically controlled
processes [42]. Metal treatment processes which are fumeless and
can be applied in a continuous manner outside the holding furnace
have considerable and environmental advantages and are of great
importance. Of the possible processes meeting such criteria, the

Alcoa 469 and FILD processes are particularly prevelant [4la]. The

Alcoa 469 process is fumeless inline chlorination method for
removing hydrogen, inclusions and trace elements such as sodium.

The FILD process from the British Aluminium Company is described as
a fumeless in-line degassing and cleaning process involving
treatment of metal with nitrogen under a salt flux cover followed by
passage through a bed of flux coated alumina balls. Both processes
give comparable technical results and are standard molten metal
treatments. In the most recent flux injection process development
nitrogen gas (15 litres Nz/min) acts as a carrier for the flux [42].
The flux-gas mixture is injected below the molten metal surface
through a lance combining fluxing and degassing in a single
operation [54]. It is claimed that not only is the melt of a
consistently better quality thereby reducing scrap rates, but the
casting properties are improved, treatment costs and melt losses are
lower as a result. The metallic aluminium content of dross is 35%

after treatment in comparison with 70% from conventional operations and
957 with no treatment at all [34].

In current foundry practice the molten metal i1s stirred and
sampled for laboratory analysis. Final adjustments to alloying
elements are performed at the end of the operation. These processes
depend very much on proper sampling and good, rapid analysis of the
components of the metal. Flux 1s added, the dross taken off
allowing excess liquid metal to drain back into the furnace and the
metal degassed. The metal is maintained at the correct temperature
until laboratory release is obtained, when the metal may be cast

into ingots, pigs (15-25Kg) or sows (450-550Kg) or delivered
directly as molten metal [35].
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CHAPTER 3 — FORMATION AND STRUCTURE OF ALUMINIUM OXIDE

In the previous chapters the relative ease with which oxide
forms on any heat treated, but in particular, molten aluminium alloy
has been highlighted. This chapter aims to review the current

knowledge of the formation and growth of this surface oxide.

The presence of a thin surface film.of'Y--AIZO3 during the
initial stages of oxide development protects the metal from further
extensive oxidation over a wide range of conditions and provides a
barrier between the metal substrate and the environment [55}. This
initial oxidation process i.e., formation of an 'amorphous' layer and
subsequent crystal nucleation is considered in the opening sections
of this Chapter 3.1. The second section (3.2.) expands on the
alternative crystal structures which may form such as gamma or eta
alumina. The oxide structure is related to the levels of hydration
in the crystal lattice and is thus reflected in the alumina
properties. This aspect is reinforced by an appreciation of the

A1203-water system. Finally, literature pertaining to the formation

of oxide on aluminium at temperatures above and below the melting
point is reviewed, and the behaviour compared with binary aluminium

alloys containing manganese (Mn) or magnesium (Mg).

3.1 CHARACTERISTICS OF *AMORPHOUS' AND CRYSTALLINE ALUMINA

At low temperatures and during the initial stages of oxidation,

aluminium and certain aluminium alloys develop a thin protective

oxide film described as an 'amorphous' layer.

Strictly speaking the term 'amorphous' means without structure.
Although the structure is not well known [56,57,58] the existence of
some structure is inferred from diffraction patterns where four
strong but diffuse lines are exhibited corresponding to the cubic
spinel 'Y_A1203. [59,60] Pryor [60] reports observing a short range

ordered oxide with an estimated density of about Bg.cﬁ_B.
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Similarities have been established between the characteristically
duplex surface films which develop on aluminium and aluminium alloys
at high temperatures, consisting of both crystalline and 'amorphous’
oxides. In-situ studies have emphasised the importance of the
‘amorphous' film in its control of the early stages of crystalline
oxide formation at high temperatures [61,62]. The purpose of this
section is to review the level of understanding related to the

development of the 'amorphous' oxide layer and hence arrive at the

structure.

3.1.1. The 'amorphous' oxide film on aluminium

The challenge of using alumina in novel engineering applications
and new technology has refined ultra-high vacuum techniques and
instrumentation thus advancing studies of clean aluminium surfaces.
Such techniques have established that oxygen 1s dissociatively

absorbed on aluminium with a reported energy gain of lr821<J..b*I.«c>1-1

(5eV) [63]. Interaction of oxygen with the aluminium (III) crystal

face proceeds via a multistage process according to Cocke et al [56].
Oxygen atoms chemisorb from an oxygen precursor into threefold
surface sites, as shown in the general scheme of Figure 3.1.
Following initial oxygen absorption, dissociation and immediate
incorporation occur at defect sites. The atomic precursor state

[Ol(p) migrates to adsorption sites. These adsorption sites [Ol(ad)

are in equilibrium with the incorporated states [0](1nc)' [02](p) and
[0](p) are physisorbed states. The dashed arrow in Figure 3.1,
represents possible reaction directly from physisorbed oxygen to the
'amorphous' oxide, with higher exposures, higher temperatures and

other crystal planes.

It is suggested that a disordered chemisorbed phase forms on
aluminium (110) face whilst an 'amorphous' oxide forms immediately on
the aluminium (100) face [56]). Crowell et al [64] report that

alumina begins to form when a critical number of oxygen atoms cluster
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together after prolonged oxygen exposure or temperature increase.
Formation of oxide islands following initial oxygen exposure of the
aluminium (111) face has been indicated by ellipsometry, XPS, EELS
and LEED measurements [55,63,65]. Thus, although the exact
'amorphous' structure is not yet established, some type of
chemisorbed state such as an ordered oxygen overlayer with (1 x 1)

symmetry up to approximate monolayer coverage is likely to exist on
all the simple faces [56,63].

Further growth follows non linear rate laws [55,66] forming a
continuous 'amorphous' oxide layer of terminal thickness (2-4nm from
room temperature to 350°C [57,59,67]) according to the modified
Caberra-Mott theory [68] for low temperature oxidation. This modified
theory allows simultaneous cation and anion migration. The driving
force behind this is the space charge resulting from cation excess
and anion deficit at the metal-oxide interface and anion excess and
cation deficit at the oxide-air interface [68]. Other researchers
have reported a metal rich region near the metal-oxide interface
extending into the oxide [68,69,72].

Structural possibilities have been considered for the defect
structure of 'amorphous' alumina. Greenberg and Wright [68] favour
an F' centre structure; a deficiency of oxygen ions with two
electrons trapped in the vicinity of each oxygen ion vacancy. Pryor
[60] compared the high dielectric constant of crystalline 'Y-A1203
developed on pure aluminium with reduced values found in crystalline

Y -A.].ZO3 formed on Al-Cu alloys. This behaviour was explained in
terms of a cation vacancy reduction by copper and leads Pryor to
favour the 'amorphous' alumina structure with an excess of aluminium
ions contained in otherwise vacant cation sites. Electrical
neutrality is maintained by three electrons trapped in the vicinity
of each excess aluminium ion. A small number of aluminium ions

captured on anion sites leads to the poor long range order of these

thin films [60].
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Like Pryor, other researchers are of the opinion that the
structure of 'amorphous' alumina may be obtained from closer study of
its crystalline form. For example, El-Mashri and Forty [58] propose
a model of A1406 molecular units arranged in sheets, which when
stacked give a mixture of octahedral and tetrahedral sites occupied
by A13+'1ons. The 'amorphous' state is said to be a result of

distortions of the Al-0 bonds with accompanying distortions of the

sheet structure.

Recent findings indicate that the 'amorphous' to crystalline
transition involves a substantial movement of A13+'ions from
tetrahedral (92%Z) to octahedral sites, either directly or by
re~organisation of the oxide ions [56,71]. It has been suggested
[71] that the transition involves an intermediate modification (Y '),
a regular face-centred cubic oxygen lattice containing interstitial
A13+ ions statistically distributed on 307 tetrahedral, 70%
octahedral sites. Partial re-arrangement of the cations in (y')

produces the defect spinel structure characterising Y-Alzo3 [56].

Little is known of the electronic or geometric structure of
defects or of how such defects influence catalytic reactivity. The
defect structures act as potential binding sites for active species
thus dominating the surface properties of these transition aluminas

[56,57,72]. Research work carried out on catalytic behaviour of

aluminas infers that during the 'amorphous' to crystalline

transformation removal of vacancy type defects is observed
[56,57,71]. 'Amorphous' alumina exhibits a higher concentration of
various chemical defects than crystalline alumina and whilst gamma

and eta are predominant forms of alumina used in heterogeneous

catalysis, au-A1203 is catalytically inert [56,57,71].

In this work, 'amorphous' alumina is shown to be stablised by
water vapour (section 9.1.4 and 9.2.3b). Hydroxyl ions are also a
necessary component of the defect structure of crystalline gamma and
eta alumina [72] (sections 3.1.2 and 3.2). 1Indeed the number of

hydroxyl ions is said to be equal to the number of cation vacancies

(73].
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In summary, this review has emphasised the lack of fundamental
understanding of the nature of this commonly occuring thin
'amorphous' oxide film. At present it is the authors opinion that
the 'amorphous' film may be best thought of as an 'excess metal' type

structure with some short range order.

_“”“__

The crystalline form nucleated within the 'amorphous' oxide
during the oxidation of aluminium has been identified as one of two
different transition aluminas, gamma alumina [61,74,75,76] or eta
alumina [77,78,79]. The prefix N is often designated Y , hence some
confusion often occurs. These transition aluminas possess a cubic
close-packed oxygen lattice with essentially the same defect spinel
structure. The spinel unit cell consists of 32 oxygen atoms with 21
aluminium atoms and 2 vacant sites (instead of 24imeta1 atoms)
distributed among the positions of fourfold and sixfold oxygen
co-ordination. The spinel structure is tetragonally deformed with
hydroxyl ions occupying octahedral sites. Transition aluminas differ
mainly in the degree of random distribution of aluminium ions between
octahedral and tetrahedral sites. John et al. [80], using solid
state nuclear magnetic resonance, found 35 % 4% of the aluminium ions
in eta on tetrahedral sites, but 25 * 47 occupied in gamma, rather
than the 8 of 24 available. Thus gamma and eta alumina differ mainly
in their structural disorder [57]. However both gamma and eta
alumina have similar X-ray diffraction patterns and consequently are
difficult to distinguish.

Maciver et al [72] looked at the surface chemistry of eta and
gamma alumina. Some differences were observed, although not all eta
or all gamma aluminas are necessarily the same in all respects.

The basic surface chemistry of alumina is, to a significant degree, a
function of the structure of the alumina [8l1]. For example, gamma
alumina retains a great deal more molecular water on its surface at

room temperature than eta alumina [72]. This may be directly related
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to the distribution of surface hydroxide groups. The strength of
binding between two surface hydroxyl groups may be critically

dependent on the average distance between them. The place of these

transition aluminas in the A1203—H20 system will now be considered.

3.2. The Al1,0,-H,0 Systenm

The nomenclature 1is frequently confusing in connection with the
vast numbers of possible aluminas that can be identified. The Alcoa
system of nomenclature (as described by Wefers [57]) is used here to
describe the Al1,0,-H

2°3 2
trihydroxides, aluminium oxide-hydroxides and aluminium oxides. The

O system. This system is composed of aluminium
nomenclature is illustrated in Table 3.1.

The structure of a specific alumina depends to a large extent on
the state of hydroxylation. Water may be considered as a stabilising
factor, removal of which may render the structure unstable and
facilitate its transformation into other forms. Thus from these
trihydroxide and oxide-hydroxide precursors transition aluminas are
formed and ultimately, Ot.-A1203 (corundum). Figure 3.2 1s a
representation of phase relations in the A1203-H20 system developed

by Wefers [57] using data of Neuhaus and Heide and also Kennedy
(82,83]

Comprehensive reviews of the A1203—H20 system are available
[56,57,81]. However, a generalised preparative sequence for the
thermal conversion of aluminium trihydroxide to anhydrous aluminium
oxide is used here to illustrate the current understanding of alumina
characteristics, and of structural and chemical principles common to

these forms of aluminium oxide and hydroxides.




42

3.2.1. Thermal Conversion of Aluminium Trihydroxide to Anhydrous

___—__———m-“

Aluminium Oxide

Aluminium trihydroxides have common crystalline forms of
bayerite, gibbsite and nordstrandite. These structures differ only
in the stacking sequence of a common structural element, the
(A12(OH)6) double layer; a hexagonal close packed hydroxyl lattice
with aluminium ions occupying two thirds of the octahedral

interstices [57]. Only relatively weak forces operate between

layers.

Although rarely found in nature, bayerite has the highest
density of the trihydroxides and is the stable hydroxide phase in the

alumina-water system. Gibbsite and nordstrandite are naturally
occurring trihydroxides however neither can be prepared free of
impurities. Several authors [84,85] believe that alkali metal ions

are necessary to stabilise the gibbsite structure.

Depending on the chemical and structural composition of the
starting material the sequence of thermal decomposition may differ.
A general scheme of the decomposition sequence is illustrated in

Figure 3.3. [57].

Figure 3.2 shows that when phases are in equilibrium, diaspore
and boehmite are produced as the aluminium trihydroxide becomes
dehydrated. Bayerite transforms to Al10(OH) at approximately 100°C.
At low temperatures (below 300-320°C) and low pressures boehmite 1is
kinetically favoured [82]. Preparation of diaspore requires more
extreme conditions, such as above 300°C and 2 x 107 Pa pressure.
Diaspore is found to be the only stable oxide-hydroxide modification
[83], boehmite is considered metastable [82]. With further

dehydration conversion to the stable condensed oxide phase

G-A1203 corundum takes place.
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In the course of thermal transformation to anhydrous
d-aluminium oxide a number of distinct structural forms are
jdentified; partially hydrated aluminium oxides known as transition
aluminas. Under non-equilibrium conditions at least seven transition
aluminas may be encountered. Forms of transition aluminas have been
assigned Greek letters as they have been discovered; namely chi,
delta, eta, gamma, iota, kappa and theta. Two of the forms, gamma

and eta, have been discussed earlier in this chapter (Section
3.1.2).

The literature however, is frequently confusing. Wefers {[57]
acknowledges that a number of modifications appear that are generally
summarised as the gamma form. It should be emphasised that although
{ndividual forms may be recognised, the transition aluminas are but
transitional stages in a continuous solid state reordering process.
Generally the structures can be grouped into low and high temperature

types:

a. Low temperature forms such as chi, eta and gamma occur at
temperatures between 250 and 800°C. Diffusion rates are low
despite pores which may be 5-20 oxygen ions in diameter.
Structural reordering is short range and favours the spinel type
of structure. Rho may be included in this group as a low

temperature form, although the structure is amorphous. [57]

b. High temperature transition aluminas are formed above 800°C.
Significant sintering occurs producing a very low level of
hydration with long range reordering. Delta, kappa, and theta
represent varying degrees of structural transition from the

spinel type to a hexagonal close packed lattice.

The series of transformations are summarised in Figure 3.3.
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During the conversion of gibbsite to corundum by heating, the
trihydroxide undergoes a series of structural changes although the
original crystal habit is retained [86]. The loss of water and

increase in density (2.42 to 3.98cﬁ73) of the heated trihydroxide 1is
presented graphically in Figure 3.4.

The loss of hydroxyl ions at temperatures of around 300°C

coincides with the opening of cracks and fissures (less than 2nm

wide) in the heated gibbsite. The network of submicroscopic cracks
and crevices creates a large internal surface area. As the
temperature increases (above 400°C) the fissures develop into major
partings (lum at 800°C). Above 700°C, three dimensional sintering
takes place, lamellae increase in thickness by fusion. A coarsening
of crystals and pores (100-200nm) is found [57,86].

The rate of heating, atmospheric water vapour pressure, purity
(the influence of impurities or additives) and particle size of the
starting material are all parameters which affect transition
temperatures and rates of growth. For example, measurements of the
boehmite to Y-A1203 transition temperature vary between 280°C to
470°C according to the degree of crystallinity [57]. Alwitt [87]
suggested that boehmite with poor crystallinity would decompose at a
correspondingly lower temperature such as 350°C than if highly
crystalline (450°C), hence the importance of the degree of
crystallinity of these films should be acknowledged.

Alkali metal ions can increase the temperatures of transition
considerably [82,85]. The presence of alkall and alkaline earth

fluorides and chlorides in the vapour state are observed to increase
the rate of crystal growth of Y-alumina [88]), of ®-alumina [57] and
facilitates the conversion of Y- to 0 =-alumina. A few fluorides
react exothermically with aluminium increasing thermal activity and
rates of reaction. Thus the presence of fluorine catalyses
crystalline growth due to an increased surface temperature. The

mineralising effect of fluorine or chlorine has not yet been

explained.
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Noda and Isihara [88] obtained hexagonal platelets rather than
granular polyhedrons when Y -A1203 was heated with sodium or
potassium chloride and fluoride, or calcium and magnesium fluoride.
Wefers also reports that the presence of fluorine in the furnace
atmosphere encourages the appearance of randomly oriented hexagonal

platelets [57].

The terminal product from dehydration of any form of alumina
above 1200°C is a-A1203, the only thermodynamically stable oxide of
aluminium. Corundum is the most well defined crystalline oxide
modification crystallising in the hexagonal rhombohedral system.
Hexagonal tabular and prismatic crystal habits are most common.
Oxygen ions are hexagonally close-packed, with two~thirds of the
octahedral interstices (between oxygen layers) occupied by the

smaller A13+ ions.

This corundum structure is maintained up to the melting point at
2050°C [57,86,89]). At high temperatures A1202, Al,0, Al0, and AlO
have been spectroscopically identified. Only A120 (1100-1500°C) and

A10 (1500-1600°C) species have been confirmed as suboxides from

vapour pressure studies [90] and high temperature X-ray
identification [89].

In reviewing the formation of @ -alumina by dehydroxylation of
hydrated aluminium oxide precursors, the importance of structural
order and how this is manifested in oxide properties has been
highlighted. The overall structure however, may differ greatly from
that of the surface. Those properties arising from atomic and
electronic arrangement of the surface and the mechanical performance
of these oxides will be considered in Chapter 4. Firstly however,
oxide formation by direct oxidation of the metal will be considered,
below and above the melting point. Finally, the behaviour of
aluminium is compared with that of aluminium binary alloys of

manganese and later, magnesium in small and large concentrations.
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3.3 OXIDATION OF ALUMINIUM

3.3.1. Oxidation of solid aluminium

It is well established that overall kinetics for the oxidation
of pure aluminium in dry oxygen are temperature-dependent 6 , 16,77,
78,91]. A review of data from various investigators reveals that
rates of reaction may be generally divided into temperature regimes:
At low temperatures (to 300°C) inverse logarithmic kinetics are
followed [92], above this (300°C-425°C), logarithmic [93,94] and
parabolic [91,95] kinetics are reported. At high temperatures (above
425°C) oxidation rates become more complex and less reproducible
[77,78,95] as Figure 3.5 shows. A general trend shown by weight
change~time curves in this region is for paralinear kinetics
(initially parabolic changing to linear) which develop to non-linear
rates with time E§§3é5)97], schematically shown in Figure 3.6.

The observed reaction rates have been given varied
interpretations in terms of growth mechanisms. The initial behaviour
is consistent with the formation and continued growth of 'amorphous'
alumina on the metal surface. The 'amorphous' surface layer thickens
with increasing temperature 350-400°C [56!6ﬂ:74] following inverse
logarithmic, logarithmic and parabolic kinetics. The general
concensus is that when temperatures exceed 425°C [57,60;3;)

transition from the parabolic (or logarithmic) to a lineaf time
function coincides with the formation of a crystalline transition

alumina, gamma or eta form.

Observations by Bianconi et al [98] and Wefers [84] support a
recrystallisation mechanism. However, Doherty and Davis [99] used
electron microscopy of stripped oxide films to show that crystals
nucleate at the metal-oxide interface and penetrate down into the
metal, as illustrated schematically in Figure 3.6. Other researchers

suggest that gamma (y) or eta (n) alumina [77,78,?9] crystals

nucleate as a new phase beneath the contlnuous 'amorphous' oxide film

[61,66,71,99].
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TEM examinations by Timsit et al [100] reveal a sharp
metal-oxide interface. Step heights were not greater than two

interplanar spacings and no evidence of a transition zone or suboxide

was found.

The nucleation sites of crystalline Y-AIZO3 have not been
identified although attempts have been made [74,7/6]. Hart and Maurin
[55] conclude from observation on pure aluminium at 440°C in steam
(41 MPa) that growth of hexagonal-shaped oxide crystallites and
platelets is encouraged by conditions of considerable compression or
tension in the substrate. Platelets appeared concentrated near
physical defects in the surfaces such as pits, gas blisters and grain
boundaries. These features were observed on stripped, randomly

oriented polycrystalline films [55].

Thin aluminium films, prepared by evaporation, have been
oxidised at 350-500°C in oxygen (1 x 10-3Pa) in an electron
microscope [74]. ‘'Amorphous' and crystalline oxides form
simultaneously within the grains. Growth of hexagonal plates is
favoured at higher temperatures in comparison with needle-like

crystals. Grain boundaries were not considered to be active

nucleation centres [74].

From studies of the orientation of Y —alumina formation
Czanderna [101] concluded that oxide growth on polycrystalline
aluminium substrate occurred in an apparently random fashion with no
strong orientation relationship to the substrate. The same author
however, showed that single crystal substrate yielded oxides highly
oriented with respect to the substrate. Doherty and Davis [99] found
that the (111) plane and [110] direction of new crystals of
Y-A1203 was coincident with the corresponding plane and direction of
the aluminium substrate. Table 3.2. shows the similar relationships

identified by Hart and Maurin [79] and Scamans and Butler [61].
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TABLE 3.2

OBSERVED ORIENTATION RELATIONSHIPS BETWEEN ALUMINIUM
AND CRYSTALLINE Y-Al

293

Plane ' Hart & Maurin

Scamans & Butler [61]

(110)[110] ,, i (110)[110],_ (110)[110],, 4 (110)[110]0x‘

(110)[100],,r (100)[100],

(110)[100],, 4 (100)[100],

(111)[110],,§ (110)[110]

Shinohara {103] has correlated the rate of aluminium oxidation
with orientation by the sequence [111] > [100] >{100} > {112}.

Pryor [60] suggests that crystals grow rapidly into the metal to
a fixed and temperature-dependent depth, as schematically illustrated
in Figure 3.7. Radial growth occurs at a constant rate until the
crystals coalese [60,99]. Crystal expansion or partial
recrystallisation and formation of interfaces within the 'amorphous’

oxide generates flaws or channels penetrating through the 'amorphous'’
oxide to the surface {79]), as Figure 3.6 shows. Growth of these
interfacial crystallites is thought to be controlled by oxygen,
supplied from the atmosphere, transported via flaws and pathways
through the 'amorphous' layer to the metal-oxide interface. 1In

support, Pryor [60] reports that on removal of oxygen (10_4 Pa)
crystal lateral growth ceases. Similarly, Dignam and Fawcett [104]

£ind that in the absence of oxygen or aluminium metal oxide crystal

growth does not occur until temperatures exceed 1000°C.



- 49

The observed linear growth rates are consistent with a phase
boundary reaction between oxygen and metal. Lateral growth of
transition alumina crystallites eventually results in a continuous
layer of thick crystalline oxide which limits oxygen transport to
grain boundary diffusion or lattice diffusion only. Being diffusion

controlled both these processes follow non-linear rate laws.

While this model can explain paralinear behaviour, weight gain
curves published by other investigators [66,76,77,79,99,104) for long
exposure times above 450°C are described roughly as sigmodal in
shape. That is, the oxidation period is low initially, with time,

the reaction rate rapidly rises until sharply decreasing.

Beck at al [/7/6] recognised the importance of the duplex nature
of oxide films in the observation of these sigmoidal kinetics.
Formation rates of both 'amorphous' and crystalline oxide were
considered as mutually independent processes occurring simultaneously
[66,76,104]. An electron opacity technique [76] was used to measure
the 'amorphous' film thickness. Parabolic kinetics with a high

degree of conformity were found, the weight of 'amorphous' oxide (Wa)

given by:
Wa = (klt + C) 3.1
The crystal growth of Y -Al1,0 was mathematically expressed

2 3 (We)
in the form of expanding cylinders which grew laterally at a constant

rate until impingement, accordingly a sigmoidal function was derived:

W= p3[l - exp(-mv>Qt?)] 3.2

and therefore, assuming nucleation occurs immediately, the total
weight gain (Wt\ is given by a combination of equations 3.1 and 3.2:

2

2
Wt = Wc +-Wa = pd[l - exp(-TvtT)] + (Klt + C) 3.3
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It is clear from a review of the availlable literature that the
solid state oxidation behaviour of aluminium is extremely sensitive
to experimental conditions. Data are often conflicting due to

differing surface treatments, degree of exposure, different pressures

and environments.

3.3.1.(a) Effects of Surface Finish

Cochran and Sleppy [7/7] compared the average weight gain at the
maximum oxidation rate of mechanically polished samples
(30-40 g.cﬁ_z) [78,91,95] with those chemically polished
(3-5 g.cmf_2 of figure 3.5) [77,79,96]. The higher mass gain of oxide
on mechanically polished samples was attributed to greater surface

roughnesse.

Gulbransen and Wysong [95], also Aziz and Goddard [105] report
that unpolished aluminium surfaces gained much less weight than
mechanically polished surfaces. Lewis and Plumb [106] were among the
first to consider the effects of surface preparation on the surface
roughness of aluminium. After special polishing procedures a
roughness as high as 25 times the geometric area was determined.
Cochran and Sleppy [7/7] compared the results of Blackburn and
Gulbransen [96] (chemically polished specimens) with Smeltzer [91]

and calculated the machined specimens of Smeltzer to have a surface

roughness of 8~10. Figure 3.8 shows that as the relative surface

roughness decreases the gain in oxide weight decreases [77].

No mention 1s made of other effects of surface preparation on
the oxidation behaviour of aluminium. For example, the oxide film
formed on chemically polished samples may become saturated with
contaminants from the polishing solutions. This may cause large

variations and nonreproducible oxidation rates [102].
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3.3.1.(b) Effect of Contamination

In a study of the oxidation behaviour of binary Al-Cu and Al-Zn
alloys Brock and Pryor [107] found that increasing the copper
(0.1-47%) or zinc (0.1-1.0%) content causes a reduction in crystal
nucleation density and an increase in the radial growth rate, at
temperatures between 475-575°C. The behaviour is attributed to the

number of defects in the resulting oxide. However, varying the

concentration of zinc has no effect on the rate of formation of
'amorphous' oxide between the crystals, unlike the effect of copper
which shows increased oxidation at this stage [l107]. The reason for

this difference is not known.

The influence of water vapour on the oxidation behaviour of
aluminium has been considered by several workers. The kinetics of
aluminium oxidised in the presence of moisture were unaltered by
additions of oxygen and hydrogen [96], or nitrogen [77]. The rate of
oxidation in moist oxygen was similar to that in dry oxygen [91]. At
temperatures below 550°C, Hunter and Fowle [79] found oxidation rates
decreased due to water vapour. Other investigators however, report
that the presence of water vapour during oxidation (above 550°C)

results in increased rates for both single and polycrystalline
aluminium [77,96].

Although the kinetic data may be conflicting, an observation

consistently reported is the appearance and formation of hydrogen

blisters on aluminium oxidised in the presence of water vapour.

These small cavities and large blisters are found predominantly on

grain boundaries or lines parallel to the rolling direction

but are absent on samples oxidised in dry oxygen [96]. It is
reported that a small quantity of fluoride vapour in the air inhibits
high temperature blistering of solid aluminium and is effective above
527°C [108]. Oxidation studies have been concerned with the
mechanism of blister formation [77,96] rather than the surface film

itself which may control the transport of hydrogen to the metal

substrate [68].
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It is postulated [109] that hydrogen (as protons) from the
surface reaction 1s transported under the potential and
proton—-concentration gradient to the oxide-metal interface. Protons
then re-combine either at the oxide-metal interface or at cathodic
sites such as inclusions and pores. The latter process is more
applicable to high-temperature reactions where diffusion rates of
hydrogen in the metal are rapid. Increased oxidation weight gainé
due to hydrogen permeation would only be expected if fresh surfaces
were exposed by the blistering reaction. Formation and permeation of
hydrogen is thought to be dependent on the type of oxide formed.
Winter and Gruhl [110] correlated enhanced permeation of hydrogen
into pure aluminium with transformation of A10(OH) to N“—A1203.
Stephenson [48] has shown that the hydrogen content of liquid
aluminium reaches a maximum peak after 10-20 minutes before falling.
Overall, during oxidation, there is a continuous decline in hydrogen
content from its initial value. Thus when interpreting the kinetics
and mechanism of hydrogen entry the degree of hydration of the

lattice structure should be taken into account. This is reviewed in

more detail in Section 3.2.

In summary, the mechanism of oxidation of high purity aluminium
varies considerably with temperature. From room temperature to
around 300-350°C the oxidation behaviour is best described in terms
of an logarithmic law [94]. From 350 to 425°C the oxide film
thickens according to a parabolic law [91,95]. The oxidation product

is a thin, uniform 'amorphous' oxide, which may be considered as

ﬁr-AlZOB with very poorly developed long range order [60]. Above
425°C the oxidation product is duplex in nature consisting of both
'amorphous' and crystalline Y or n'—A1203. The crystals of Y or
nﬁ-Alzo3 nucleate randomly and grow roughly cylindrically to a
constant thickness at a given temperature. The crystals grow into
the metal from the 'amorphous' oxide-metal interface by inward

diffusion of oxygen through the overlying amorphous film. The
‘amorphous’ oxide film existing between the crystals of y or N-Al,O;

grows with parabolic kinetics throughout the temperature range. The

crystals grow laterally until they touch and form an essentially
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complete layer over the metal surface [60,76]. The 'amorphous' oxide
existing above the crystalline phase grows at a lower rate because of
the additional resistance to cation diffusion conferred by the
underlying crystalline phase [60]. As a result, at temperatures upto
the melting point the kinetics become more complex. Thus, although
trends have been established, the influence of parameters such as
surface roughness [77,106] the presence of water vapour [77,79,91]

and fluorine on the onset of rapid oxidation is, at best, only

estimated. The mechanism of aluminium oxidation or more

significantly the means of 1ts control is unclear.

3.3.2. Oxidation of Molten Aluminium

As a result of the higher temperatures involved considerably
more oxidation is expected to form on molten aluminium than develops
on the solid metal. Despite this however, very little work has been
carried out on the oxidation of molten aluminium. Further difficulty

arises from poor records of oxidising atmospheres and metal purity.

Thiele [111] records that oxidation of molten aluminium at 800°C
is greater than at 700°C however, the kinetics are hard to describe
by a single equation. Thiele [111] carried out his work on a low

sensitivity ( #0.1lmg) balance and long time periods (8-170h) were
followed. Consequently no details of the initial oxidation behaviour

was determined.

From studies of molten aluminium oxidation in dry oxygen, Sleppy

[112] postulated that as the temperature increases a change in
oxidation mechanism results, associated with the transition from
logarithmic rates (660-700°C) to parabolic kinetics (750°C).
Aluminium preoxidised for lh at 600°C was found to exhibit parabolic

behaviour at all temperatures.

Plewa and Kolny [97]) investigated the oxidation kinetics of
molten aluminium foll at 800-1200°C. Sudden changes of increasing

and decreasing oxidation rates were interpreted in terms of periodic

breaking of the oxide film, preceded by steady periods of diffusion
controlled scale build up.
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In contrast with the solid, literature on the oxidation of
liquid aluminium describes rapid almost immediate development of

Y'-A1203 crystals, between temperatures of 650 to 720°C [59,113,

114). Sleppy [112] identified N -alumina at 660-690°C.

Richards and Meussner [115] observed the growth of G -A.1203
colonies on the Y’-A1203 surface film of an aluminium melt in air.
These 0¢-A1203 colonies nucleated and grew after "a short period at
880°C". It was also observed that the nucleation and rate of growth
of the u-A.1203 colonies were very temperature dependent. Thiele

N

[111] obtained data for the time at which a-—A1203 first appeared on

the melt surface, as the temperature increases from 700°C (24 hrs)
and 800°C (8hrs) to 1000°C (15 mins).

The process of Q -A1203 crystal growth occurs by nucleation at
the metal-oxide phase boundary according to Sturm and Winterhager
[116] and not by recrystallisation of bulk oxides as suggested by
Thiele [111]. Onset of G'-A1203 nucleation is attributed to the
incubation period preceeding rapid oxidation. Thiele [11l1]
maintains that above 800°C the oxide on molten aluminium (all
0 ~alumina) is non protective. The layer of ¢ -alumina crystals is
sald to be less effective in inhibiting reaction than Y -alumina

resulting in faster oxidation rates [117]. Derbyshire and Cooper
[118] support this view.

3.3.2(a) Influence of contamination

The effect of various elements on the oxidation of aluminium was
investigated by several researchers. Results are described below and
1llustrated for Thiele [l111] in Figures 3.9 and 3.10, and for
Ginsberg and Data [120] in Figure 3.1l1. |

The scatter in results from three grades of pure aluminium was
attributed by Thiele [111] to the presence of (0.0013%2-0.24%Z) sodium,
increasing oxidation at 700° and 800°C. Similarly, Sharova [119]
obtained a 4-5 fold increase over 30 mins oxidation at 750°C with

additions of 0.02-0.057%Z sodium.
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Lithium and calcium are other elements known to increase

oxidation of molten aluminium trace additions. Ginsberg and Datta

[120] found that 0.2% lithium in aluminium at 690°C resulted in the
formation of L120.A1203 and some U~ﬁA1203 after Shrs in air. Calcium
additions of 0.05-1.487% increased oxidation over the temperature
range 700-800°C, SCaO.Alzo3 was identified [111,119]. However,
Ginsberg and Datta found that upto 2.65% calcium in aluminium did not
increase the oxidation of agitated metal at 690°C in air. The skim
consisted of 50&0.3A1203 and aL-A1203. Additions of iron, silicon,
(1.5~12.5%) [119,120] copper (1-7%) [11,120] and zinc (1-7%)
[111,120] had little effect on molten aluminium oxidation. Above
900°C, aluminium oxidation increased with zinc additions due

to disturbance of the alumina film by zinc vapour [117]. Thiele
observed that 0.33% beryllium decreased aluminium oxidation at 800°C.

The surface was found to consist entirely of beryllia.

The effect on molten aluminium by manganese and magnesium

additions are described in Sections 3.4 and 3.5 respectively.

The oxidation rate of pure aluminium is substantially increased
in environments containing low levels of sulphur dioxide [/7]. This
has been attributed to stabilisation of “Y-A1203 crystals and
formation of hydrogen disulphide which disrupts the surface oxide

film.

It is generally reported in the literature that beyond the
effect of fluorine the composition of the atmosphere does not greatly
fnfluence oxidation. In direct contrast to the findings of solid
aluminium oxidation, Thiele [111] observed that aluminium oxidised
more rapidly in dry air, or in dry oxygen than in humid air.
Investigations carried out by Talbot and Stephenson [121] support the
trend of increased oxidation with decreasing humidity. A hazy

explanation provided by Thiele concerned an interaction between steam

and sodium impurity (0.0013%) in the aluminium metal.
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The formation of hydrogen blisters during molten aluminium
oxidation has been discussed earlier, linked particularly with water
vapour. Of particular interest however, is work by Talbot [122] on

liquid aluminium in humid atmospheres concerning the appearance of

oxide growths on the lower oxide surface of the oxide-metal

interface. Talbot suggests the oxide morphology 1s influenced by
water vapour. It should be noted that such oxide growths are

distinct from hydrogen blisters although it is often difficult to
distinguish between such oxide growths and areas thickened by metal

which remain following partial removal of ‘aluminium with bromine/

methanol solution.

In summary, the oxide nature is described by rapid development
of Yor 1 -A1203 crystals in an amorphous film [59,112]. As the
temperature increases nucleation and growth of & -alumina increases.
A non protective scale results, influenced by impurities and water
vapour [121], which encourage new oxide such as beryllia or which

influence the alumina scale properties.

Much work is needed to present a coherent theory. The concept

of a diffusion controlled oxidation mechanism at high temperatures
has stringent limitations as no account is taken of variations in the

crystalline structure of the oxide film. Similarities are found in

the oxidation behaviour of pure aluminium to some alloy systems such

as Al-Zn and Al-Cu [107]. The influence of alloy additions of
manganese and magnesium on the oxidation behaviour of aluminium will

further aid the understanding of oxidation behaviour of pure

aluminium.

3.4 OXIDATION OF ALUMINIUM-MANGANESE ALLOYS

Manganese is used to enhance the beneficial properties of
aluminium. This aspect is reviewed in the discussion of secondary

smelter operations (section 2.6). In view of the anticipated

increase in manganese in scrap stocks the oxidation behaviour of this
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element should be examined. Although little is known in connection
with oxidation of these alloys, dramatic effects of enhanced

oxidation due to manganese additions are not anticipated.

According to available literature, Thiele [1l1l1] observed that at
700°C in air, addition of 2% manganese to pure aluminium had little
effect on oxidation. Figure 3.10 however, shows increased oxidation

occurred after ten hours at 800°C. Additions of 0.5 - 4% manganese
at 750°C [119] and 1 - 7% manganese at 690°C [120] to molten

aluminium did not increase oxidation over a 5-6 hour period.

3.5 OXIDATION OF ALUMINIUM-MAGNESIUM ALLOYS

Widespread application of aluminiummagnesium (Al-Mg) alloys as
a structural material for storage vessels, industrial and domestic
appliances is common place. More attention to the diversity of
applications and properties of the material is given in section 2.6
on secondary smelter operations. Although additions of magnesium to
aluminium are beneficial from the aspect of structure and mechanical
properties, oxidation resistance in both liquid and solid state
material is significantly reduced. This is manifested clearly in all

stages of alloy production, fabrication and recovery.

Rapid oxidation of these alloys is characterised by the
formation of dark surface films composed of magnesium oxide [59,123]
and severe metal blistering in humid enviromments [124]. The problem
is particularly acute with Al-Mg alloy melts where removal of these

surface films before further processing results in significant loss

of expensive metal.

The need to control the excessive surface reactivity of Al-Mg
alloys in processing 1is illustrated by the many investigations of
high temperature oxidation carried out over the past fifty years.
Despite this, negligible work has been carried out characterising

oxidation mechanisms of molten Al-Mg alloy.
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The authors own work has revealed that the oxidation behaviour

of molten Al-Mg alloy is strongly influenced by oxide development on

the solid metal. Hence, in order to better understand the mechanisms
of Al-Mg oxidation available literature is used in the following
sections to characterise the kinetics and morphology of both solid
and molten Al-Mg alloys.

3.5.1. OXIDATION OF SOLID ALUMINIUM-MAGNESIUM

3.5.1(a) Kinetics Of Solid Aluminium-Magnesium Alloy Oxidation

Smeltzer [125] observed accelerated oxidation rates of
metallographically polished Al-37% Mg alloy in dry oxygen as a
function of temperature. The oxidation rates above 350°C, as shown
in Figure 3.12, approximated to parabolic followed by linear kinetics
(known as paralinear [126]. Faster oxidation rates and higher weight

gains were achieved than with high purity aluminium [91].

Cochran and Sleppy [77] found that the rate of oxidation of
chemically polished A1-2.35% Mg at temperatures of 450-640°C in dry
oxygen and moist air did not conform to any recognised oxidation law,
but was more parabolic than linear. In comparison with Smeltzer's
work, Cochran and Sleppy found weight gains were reduced 10 fold at
550°C. The difference was attributed to surface roughness. It was
estimated that Smeltzer's metallographically polished specimens
possessed surface areas 8;10 times greater than the chemically
polished surfaces used by Cochran and Sleppy [77]. Cochran and
Sleppy attribute the smaller differences in weight gains at lower
temperatures to variations in alloy composition. No specific mention

however, is made of variations in the magnesium concentration between

these materials [77,125].
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Field [102] observed that electropolished Al-4.2Z Mg alloy
rapidly oxidised at 400-575°C in dry 207% oxygen/argon. The overall
oxidation kinetics are a strong function of temperature. At 400°C,
logarithmic type kinetics are found, linear at 480°C, paralinear at
520°C and pseudo-parabolic at 575°C. Despite low surface roughness
levels however, weight gains obtained by Field are substantially
greater than those obtained by Cochran and Sleppy [/7]). The major

factor between the results of these authors is thought to be the
variation in magnesium concentration, 4.2% and 2.35% respectively.

Associated weight gains are shown in Figure 3.13.

Magnesium levels of 0.03%Z lead to a degree of passivation,
inhibiting oxidation [61,127]. At high magnesium concentrations
(10-20%) in the initial oxidation period there is combustion of

magnesium and a resultant increase in specimen temperature [59,124].

Smeltzer [125] measured oxidation weight gains and vacuum
evaporation losses of an Al-3%Z Mg alloy and pure magnesium. A
comparison of the oxidation rates of magnesium and the alloy showed

them to be nearly equal. At the same temperature, at high vacuum

(10 torr), the ratio of magnesium evaporation from the metal or
alloy was found to be greater than the oxidation weight gains of
either pure magnesium or the alloy. It was concluded that the rate
limiting step was not magnesium diffusion within the alloy substrate.
Thus the surface oxide acts as a 'barrier' to magnesium evaporation
[125]. Cochran and Sleppy [77] also observed that samples losing

magnesium by evaporation showed less oxidation than ones with no

magnesium loss. It was suggested that a trace of water vapour

(10-5mm Mg) prevented magnesium evaporation.

Hine and Guminski [123] investigated the oxidation behaviour of
machined Al-3.6%ZMg specimens in humid and dry enviromments. At
temperatures between 450-530°C a parabolic law is followed. An
initial period of negligible weight gain (plateau state) was extended
for about 90 hours in undried air (0.5 - 1.5%4 KPa) in comparison with
2 hours in dry air (<0.001 KPa) before the onset of an increased
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oxidation rate which continued to the limit of the experiment. The
overall effect was that total oxidation over the first 200 hours was
considerably less in undried air than in dry air. No explanation was
given however, for why an increased oxidation rate should occur in
dry air. Accurate data were not obtained for the first 24 hours,
hence no detailed analysis of the initial stages of oxidation can be
made. Chemically treated Al-1.8ZMg was used by Lee et al [128] in
oxidation studies in wet and dry air at 500-575°C. As ﬁith Hine and
Guminski, a longer induction period is recorded in wet air. However,
once linear oxidation occurred the oxidation rate was faster in wet

air than in dry air.

Investigators [77,123] agree that rapid ogidation in humid
atmospheres is due to rupture of hydrogen induced surface blisters.
Rupture of these blisters exposes new metal, hence the oxidation rate
becomes governed by the rate of metal exposure. Cochran and Sleppy
[77] found that by reducing the hydrogen level from 2.8ml1/100g to
0.8m1/100g after treatment with 1M solution HCl, the same kinetics
in humid atmospheres were obtained with dry oxygen. This treatment
however would similarly precondition the surface oxide with the
aqueous solution or chlorine ions. Cycling specimens in wet and dry
air at 525°C resulted in linear oxidation rates and periods of no

mass gain respectively leading Lee et al [128] to conclude that

oxides formed in wet and dry air differ.

An informative paper by Grauer and Schmoker [129] emphasised the
initial reaction stages of Al-Mg alloy oxidation in oxygen at

elevated temperatures. Electropolished samples containing 4.6%,
1.55%Z and 0.15%2 Mg, were oxidised at temperatures of 300-500°C. As

expected, the alloy with the greatest concentration of magnesium
oxidised faster forming more oxide for a given temperature. The
authors divide the resultant weight-time curves into three regions:
an initial logarithmic rise, an adjacent S-shape region and final
section of steady weight gain (1.55%Z Mg) or linear kinetics (4.62Mg).

At elevated temperatures the logarithmic and S-shape region shorten

appearing approximately parabolic.
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The S-shape characteristic is more clearly marked in ajir than in
pure oxygen, suggesting that oxidation is more rapid in pure oxygen
than in air. The authors suggest that the oxidation kinetics depend
on the partial pressure of oxygen, the oxidation rate increasing with
decreasing oxygen pressure. This aspect was not followed up by
Grauer and Schmoker, but is in contrast to findings by Heine and
Guminski {123]. From their investigations, Heine and Guminski
conclude that despite similar kinetic results of Al-Mg alloy
oxidation in dry argon, and dry air or oxygen, the rate is

independent of oxygen partial pressure up'to level of 30ppm oxygen.

3.5.1b Morphology Of Oxide on Solid Aluminium-Magnesium alloy

Kinetic data alone 1s not sufficient to obtain a clear picture
of the oxidation behaviour of solid Al-Mg alloys; information

gathered from morphological investigations is required.

A common observation of aluminium—-magnesium (Al-Mg) alloys is

that unlike aluminium, oxidised surfaces have a characteristic
blackened appearance. Experimental work by Heine and Guminski, [123]
and Smeltzer [125] supports the view held by de Brouckere [59] that
the dark oxide appearance is due to discrete particles of free

metal dispersed in the oxide film. Despite similar kinetic results

specimens appear more blackened when oxidised in argon in comparison

with air formed films.

At low temperatures, an 'amorphous' oxide film is present on
oxidised aluminiummagnesium alloys, the thickness of which is
dependent on the temperature [59,102,%55]. Analyses show that as
Al-Mg alloy oxidation proceeds above 350-400°C magnesiumis
progressively enriched in the oxide film, usually in the form of MgO
[59,123]. The concentration profile of the magnesium enrichment in
the oxide film closely follows-the oxidation curve [123]. Lelighly &
Alam [127] mathematically describe the magnesium depletion, equating
the magnesium loss from a low magnesium containing alloy, as

equivalent to the concentration of magnesium found in the oxide.
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Magnesium is known to diffuse from bulk alloy at temperatures
above 350°C [59,125]. Above 350°C,Al-8%Mg [59] and Al-2.37Mg [77]
alloys were found to give reflection electron diffraction patterns of

magnesia (Mg0). 1In addition to Mg0, metallic aluminium and MgA1204

were identified in oxide powders taken from oxidised Al-3%Mg (60
hours at 550°C) [125]. The contrast may be due in part to the
techniques used. Reflection electron diffraction is sensitive to the
outer specimen surface 1-3nm. Oxide powders taken for X-ray
diffraction are possibly less representative of surface material
only. However, it is the authors opinion.that the detection of
magnesium aluminate reflects its development during the long exposure

period.

Ritchie et al [130] used TEM to investigate evaporated thin
films of Al-1.27Mg. Oxidation at 350°C in dry oxygen gave a series
of reaction products as a function of time. The original 'amorphous'

film contained firstly crystalline Mg0O, then a mixture of Mg0 and
MgA1204. Ultimately only MgA1204 could be detected. This study did

not establish whether the experimental observations were typical of
bulk alloy oxidation or a thin film artefact due to magnesium

depletion. Similar results were observed by Lee et al at 500-575°C
with Al-1.8%Mg [128].

Grauer and Schmoker [129] suggest that a critical limit of
magnesium content 1s passed as oxidation proceeds, which accounts for
different oxidation products. Hence, a succession of oxidation
products may form on an alloy with progressively decreasing magnesium

content.

A thermodynamic stability diagram constructed for the Al-Mg-0
system by Grauer and Schmoker is shown in Figure 3.14. Three

regions can be distinguished:

4 At%) Y-Al1,0, 1s stable at the metal-oxide

a. For ng <].0_6 (<10 994

interface.
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b. 1In the region 10 ° Xy <1072 (10”2 to 1 At%) the spinel phase

is stable.

c. For XMg >10m2 (1 AtZ) MgO is the stable phase at the metal-

oxide interface.

Literature available for oxidation products on alloys varying
with magnesium concentration tend to support this proposal. In low
magnesium containing aluminium alloy [127], (less than 2Z Mg)
below 350~-400°C, formation of MgO is entirely suppressed in favour of
crystalline alumina growth hence 'Y'-A1203 nucleation is enhanced
[59,131]. At 580°C, with 500ppm magnesium, MgAl,O, is obtained at

24
the oxide/air interface with a trace of MgO below. MgO predominates

with more magnesium (1000pmm) [127].

From investigations carried out on the oxidation of low
magnesium containing aluminium alloys a picture of an oxidation

mechanism starts to emerge. Davies and Treverton [132] discuss the

operation of two mechanisms at 400°C. At low magnesium

concentrations (30ppm) oxygen diffuses inwards through the oxide to
the oxide-metal interface. At higher magnesium levels (100ppm)
magnesium diffusion to the oxide surface predominates over oxygen
diffusion and magnesium is concentrated at the metal-oxide interface.
Scamans and Butler [61] infer that magnesium stimulates increased
oxygen diffusion to the metal-oxide interface. Leighly and Alam
[127] find that the migration of metal ions from the metal-oxide

interface to the oxide leaves a large concentration of vacanciles.

Grauer and Schmoker describe the initial development of M’gAJ.zO4
spinel on low magnesium alloy (0.17Z) taking place beneath an
‘amorphous' overlayer. Magnesia forms at a later stage giving rise
to the film structure shown schematically in Figure 3.15. For Al-Mg
alloys containing 4.6Z and 1.552 Mg, crystalline MgO grows beneath
'amorphous"Y-Alzoa [129]. Brock and Hine [62] used stripped films
of Al-3%Mg to show that MgO crystals form at the metal-oxide

interface.
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It was suggested [62] that the crystals form as a result of

solid state reduction of the 'amorphous' overlayer of Y -A1203 by

magnesium. The aluminium may subsequently reoxidise:
3Mg + Al,0, ==—=—-—- » 3Mg0 + 2Al 3.4
2A1 + 3/2 0, ===--- > Al.0 3.5

The possibility of this reaction was first discussed by de
Brouckére [59], although she proposed that the most likely mechanism
for magnesia formation was by direct oxidation at the oxide~oxygen

interface. Grauer and Schmoker [129] supported these ideas although

different morphologies for alumina were postulated:

A1,0, (1) + 3Mg + 3/2 0, —----- A1,0, (II) + 3MgO 3.6

Where A1203(I) is 'amorphous' and unstructured and A1203(II) is

secondary reaction product present in granular form.

Other investigators [102,133] describe the formation of primary
and secondary magnesia according to equations 3.4 and 3.5. Primary
and secondary magnesia crystals have been characterised by electron
optics [133]. The primary oxide phase is formed by direct reaction
of magnesium and oxygen at the oxide-~metal interface. The secondary

oxide phase is formed by reduction, transformation or decomposition

of an existing alumina oxide film [102].

TEM of back polished surfaces of Al-4.2Mg oxidised in dry 20%

02/air shows that primary magnesia coarsens as a function of
temperature from 50nm in diameter at 400°C to 200nm at 520°C. Finer
secondary oxide crystals remain relatively constant at approximately
Snm [133]. Thicker films develop by the repeated nucleation growth
of primary MgO [102]}.
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Thus, although a degree of confusion still exists concerning the
oxidation products formed, a base is established from which a model
of solid Al-Mg alloy oxidation can be developed. Attempts to
correlate the oxidation kinetics with morphology have been attempted
mainly by Grauer and Schmoker [129], and Field [102], although the

models are not always entirely supported by kinetic results.

Grauer and Schmoker [129], propose that the 'amorphous' film
thickens following logarithmic kinetics. The second stage of
oxidation (S-shape) proceeds with MgO crystal formation (or M.gA1204
with 0.17%Mg) beneath this 'amorphous' film. MgO crystal development
continues by secondary reduction of A1203 by magnesium as in equation
3.4 and subsequent re—-oxidation of aluminium as in equation 3.5.
Continued oxidation takes place with a linear weight gain. At lower
magnesium concentrations spinel crystals form below the amorphous
oxide. As conditions for spinel formation are present for a short
time only, oxide growth continues with MgO formation as above.
Investigations however, were not sensitive enough to provide

morphological evidence for the observed parabolic kinetics at

elevated oxidation temperatures.

In early studies accelerated oxidation rates and rapid oxide

thickening were explained in terms of the porous nature of the
covering film of MgO [125] or oxide film disruption. Wefers [134]
suggests that at moderate temperatures (400~-500°C) the change from
parabolic to linear kinetics is a reflection of crystal formation at

the oxide-metal interface generating cracks and openings in the

'amorphous' layer from the metal to the surface. It is proposed that

thick densely packed MgO crystallites form around these pathways.

Work by Field [102] supports the model outlined above for Al-Mg
alloy oxidation between 400-575°C. The following description refers

to figure 3.16:

a. Mg diffuses into the 'amorphous' ¥-Al,0, layer.
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b. Nucleation and growth of primary MgO crystals occurs according
to logarithmic kinetics until fracture occurs. An overlayer of
Y-Alzo3 forms over the fracture area.

c. Oxide thickening takes place by the repeated nucleation and
growth of primary MgO crystals from the base of the existing

oxide.

d. This gives rise to a corregated interface of stacked oxide peaks
which develop rapidly during the transformation branch of
paralinear kinetics at 520°C. Troughs are depleted of
magnesium. The effective surface area for primary nucleation

is increased and the oxidation rate accelerates.

3.5.1c Oxidation of Solid Al-Mg alloy in different environments

In the presence of water vapour in the atmosphere hydroxyl ions
are thought to stabilise the 'amorphous' overlayer and increase the
parabolic oxidation period [102,133). Heine and Guminski [123]

attribute the reduced oxidation in humid air to the incorporation of
hydroxyl ions in the MgO lattice thereby favouring formation of a
film with an increased volume ratio Mg(OH)2 or a protective layer of

boehmite.

Small blisters develop on the Al-Mg surface on grain boundaries
in moist air but not in dry air. Blistering disrupts the oxide and
exposes fresh metal surface to the atmosphere resulting in faster

oxidation [77,123]. This does not account however for rapid

oxidation in dry air.

Oxidationhof Al-Mg alloy is suppressed in an atmosphere of
carbon dioxide at all concentrations [124]). The carbonate ion 1is
thought to be incorporated in the oxide. Thus the very low oxidation

rate is the result of compound formation rather than exclusion of

oxygen. Use of a nitrogen stream to protect Al-Zn-Mg proved

ineffective [131].
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3.5.2. Oxidation Of Molten Alumimium-Magnesium

3.5.2a Kinetics of Molten Aluminium-Magnesium Alloy Oxidation

Thiele [111] found that at 700 and 800°C magnesium additions
(0.9wtZ) to aluminium markedly increased the rate of oxidation as
Figures 3.9 and 3.101il1lustrate. Due to the insensitivity of the

thermogravimetric apparatus used, Thiele was unable to determine the

initial oxidation curve and oxidation periods of 8-170 hours were
studied. Investigators found that the oxidation rate increases as
the concentration of magnesium increases [111,114,115]. This trend

is illustrated by Baliki [135] in Figure 3.17,showing Al-Mg alloys
oxidation at 700°C over a 60 minute period.

From studies of Al-Mg (1-147) melts at 600-1100°C Cochran et al.
[124] discuss three oxidation stages. Initially the oxidation rate
is low, its duration is termed the induction period. A period of

rapid breakaway oxidation follows and finally the rate decreases.

Oxidation weight gains-time curves constructed by Haginoya and
Fukusako [136] for holding molten Al-Mg (2.12%) alloys in air, fall
into two different groups of low (650-750°C) and high oxide weight
gains (800-900°C). He attributes this behaviour to the formation of
two different oxides Mg0O and M.gA1204 respectively. The two groups
of curves are shown in Figure 3.18. It is now appropriate to

consider literature pertaining to morphology of oxides formed on
Al-Mg melts.

3.5.2b Morphology of oxides of Molten Aluminium-Magnesium alloys

A mixture of MgO0 and MgA1204 oxides 1s reported on melt surfaces
formed in air at 700°C containing 1Z Mg or less [114], and with
alloys containing up to 3%Z Mg [120] after 30 hours oxidation [11l1].

Under the same conditions films consisting entirely of MgO were found

on melts with greater than 1% Mg [59,114]. With longer oxidation




68

times (30 hours) a mixture of magnesia and spinel is obtained [120]
and Belitskus [137] reports that only spinel forms on Al-4¥Mg in air
at 750°C after 75-100 hours.

As a result of observations by thermogravimetry, X-ray
diffractometry and electron probe microanalysis at 650~-900°C on Al-Mg
(2-12%) melts, Haginoya and Fukusako {[136] proposed a two stage

reaction:
Mg + %‘02 -------- > MgO ' 3.7
3 0 emmemme-
Mg0 + 2Al1 + > 02 > MgA1204 3.8

Magnesium is initially selectively oxidised to MgO. The
production of magnesia produces pores which introduce air into
alloys, thus more MgO forms. During the second stage an amorphous

oxide produces crystallites growing inwards from the surface from the

oxide-air to metal-oxide interface. Fine MgA1204 particles develop

within this layer [136]. 1In support, Haginoya and Fukusako noted

that during oxidation the mass of MgA1204 increased as the quantity
of MgO decreased. At temperatures above 775°C this two step

reaction occurs in one [136].

Haginoya [138] discussed these oxides as aggregates of minute
particles assigning them into typical groups; granular, layer,
globular or filmy type. Granular oxide (usually MgO) is found

irregularly distributed around pores open to the alloy surface and is

dispersed into molten metal (as is filmy oxide). M.gA1204 is a mixed
layer oxide composed of fine oxide particles and metal. Globular MgO

tends to float on the molten metal surface.

Cochran et al [124] correlated observed oxidation kinetics with
oxide morphology although no distinction was made between conditions
favouring MgO or MgA1204 formation. The initial oxidation rate was -
kept low by a protective amorphous MgO £film on the metal. Parameters

found to influence the duration of the protective interval are
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summarised in Figure 3.19. The protective interval ends with a
sudden increase iIn oxidation rate, accompanied by crystallisation of

MgO and MgAl,0, [124].

The onset of breakaway oxidation is increased by slow melting.
Cochran et al anticipated that with slow melting the first liquid to
form will be richer in magnesium. However, if the solid is
homogenised just below the melting range before rapid melting the
protective interval is extended. The same authors [124] investigated
seeding the melt with MgO or MgA1204 crystals to initiate breakaway
oxidation. They noted that the crystals had to break the film and be
wet by the melt to promote rapid oxidation shortly after melting.
Refractory containers of MgO or M.gA1204 did not encourage oxide

nucleation.

Cochran et al suggest that breakaway oxidation ceases only when
all magnesium has been consumed. Other suggestions are that G-A1203
may form on melt surface when all magnesium is depleted from the
melt. Thus the corresponding decrease in oxidation rate is. thought
to be due to the formation of complete layers of MgA1204 and ¢ =-A1,0

273
(139].

The oxidation behaviour of 5182 alloy was studied by Wenz [159]
in combustion atmospheres ranging from a slight excess of gas to 50%
or more excess air. No change in the amount of skim generated was
observed. Wenz concluded from the behaviour of the alloy that there
is sufficient 02, CO2 and/or water vapour present in all air-fuel
ratios to produce the same amount of oxidation at a constant
temperature. Combustion gas 1s protective to Al-47Mg oxidation, but
less so than carbon dioxide [117,124). The protective action of CO

2
is enhanced with a small amount of moisture (0-38° dew point) in

comparison with rapid oxidation in very dry CO2 (-78° dew point) and
with very wet CO2 (88° dew point). However, bubbling carbon dioxide

through an Al-Mg melt encourages faster oxidation than under static

conditions {117]. Magnesium ( 0.7Z) is oxidised in two stages for

both quiescent and bubbling conditions. Firstly o, is reduced to
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carbon monoxide at a rate independent of the concentration of
reactants, reduction to carbon then occurs. The reaction is first

order with respect to the carbon monoxide concentration [117].

.In nitrogen the protective oxidation period on Al-2Z melts at
750 and 800°C was prolonged. No nitride phases were detected by

X-ray diffraction [124]. Argon substitution for CO2 or nitrogen
promoted breakaway oxidation [124].

In comparison with air, rapid oxidation of molten Al-47Mg alloy
is reduced in SOz-air and st-air atmospheres [137]. Heating for one
hour in 802 ( >10%) provided protection from further heating in air

alone. Belitskus [137] suggests that the inhibiting effect of SO
(or the more effective HZS) probably involves oxidation to SO

2
3which

reacts with the initial amorphous Mg0 film forming MgSOA. Protection
is maintained until MgO crystals form. X-ray diffraction showed MgO
and very small amounts of hydrated MgSOA. No supporting evidence is
given for the greater effectiveness of hydrogen disulphide.

Drouzy and Richard [131] find that the oxidation of Al-Zn-Mg
alloys melts is not greatly influenced by atmospheric composition
with the exception of fluoride containing atmospheres. Introducing
fluorine to the melt (even in very small amounts) by thermal
dissociation of solid fluoride reduces the formation of large oxide
growths on Al-Mg-Zn melts at 800°C, leaving a white powder. 2Zinc is
proposed to be responsible for the formation of growths although no

explanation is given [131]. Most authors [111, 124,131] record the
existence of growths which form on the oxide surface during breakaway
oxidation. The growths are filled with metal and contain more MgO
on the surface than the surrounding area [124). The growths tend to

be larger in the presence of moist air.

Cochran and Sleppy [7/7] report difficulty in reproducing
results. Their use of machined samples creates an irregular metal
surface which may induce irregular oxide growth. It is possible that
localised oxide growths form at non-specific favourable sites.

Thiele [111] observed that the heat generated by exothermic reaction

of oxide growth formation accelerates further oxidation in the area.
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In a study of aluminium brazing alloys at temperatures between
555-590°C in vacuum (10_3Pa), materials containing magnesium above a
critical level of 0.257ZMg, disrupt their own oxide by a process of
alloy exudation [140,141). As the temperature increases exudations
on the surface swell to the point of collapse when molten metal flows
over the surface. It is postulated that the driving force for this
disruption 1s vapourisation of magnesium which reduces the alumina

above 400°C [102,141]). Magnesium, diffusing into the surface oxide

film renders the oxide porous to more magnesium vapour [140]. Loss
of magnesium correlates well with measured weight loss and the
reduction in moisture level as magnesium getters the environment
[142]. According to Winterbottom and Gilmour [l143] the now porous
film allows liquid metal to travel up to the oxide surface producing
a clean wettable layer of molten metal. Another investigator,
Anderson [l144] acknowledged that magnesium first modified the oxide
film, but that rupture of the film permitted exudation of molten

metal.

3.5.3. Effect of Trace Additions On Aluminium-Magnesium alloy
Oxidation

Al-Mg alloy oxidation is very sensitive to impurities and trace
additions [102,145]. Most work has been conducted with higher

concentration of elements than used in production. In this latter

area literature i1s deficient.

Beryllium additions (up to 1000ppm) to Al-Mg have been found to
be particularly effective in inhibiting oxidation both in the solid
state [102,123,145] and on melts [111,135]. 1Its use is restricted
however, due to the extreme toxicity of the metal and its compounds
[146]. Minimal levels of beryllium additions are sought. Further,
an understanding of the mechanism of the protective role of beryllium
is essential for development of a general oxidation mechanism for
Al-Mg alloys, and in the search for alternative effective oxidation
inhibitors. In this respect, boron [135,137] and calcium additions

[102] have been proposed to reduce oxidation. The increased use of
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lithium as an alloying element ensures that traces of lithium
impurity will be expected in primary and secondary aluminium (from
scrap bins). Lithium is known to be particularly detrimental to the
oxidation of Al-Mg [102] and most, 1f not all, aluminium alloys.
Available literature will be divided into two sections, elements
which inhibit and enhance oxidation.

3.5.3a Oxidation Inhibitors
Berylium (Be)

The beneficial effect of additions of beryllium in reducing
oxidation rates of molten {131,135,146] and solid [123,145]) Al-Mg
alloys has been known for many years. On melts, Thiele [111] finds
that increased magnesium concentrations require increased levels of
beryllium additions to provide absolute protection against oxidation.
This is illustrated in Table 3.3. Al-10%ZMg requires at least
0.0047%Be for up to 170 hours protection in air at 700°C. Sharova
[119] equated the oxidation of a Al1-107Mg-0.077% Be alloy in air at
750°C to that of 99.7% Al. Whittaker and Heath [145] found that
oxidation weight gains increased with increasing beryllium content
for A1-10ZMg at 580°C in steam, following a logarithmic law. The
authors reported that the inhibiting effect of beryllium was
increasingly removed by additions of sodium (up to 0.06%). Balicki
[135] found beryllium additio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>